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NOTE TO THE READER

The term 'carcinogenic risk' in the lARC Monographs series is taken to mean the
probabilty that exposure to an agent wil lead to cancer in humans.

Inclusion of an agent in the Monographs does not imply that it is a carcinogen,
only that the pub Ii shed data have been examined. Equally, the fact that an agent has
not yet been evaluated in a monograph does not me an that it is not carcinogenic.

The evaluations of carcinogenic risk are made by international working groups
of independent scientists and are qualitative in nature. No recommendation is giv-
en for regulation or legislation.

Anyone who is aware of published data that may alter the evaluation of the car-
cinogenic risk of an agent to humans is encouraged to make this information avail-
able to the Unit of Carcinogen Identification and Evaluation, International Agency
for Research on Cancer, 150 cours Albert Thomas, 69372 Lyon Cedex 08, France, in
order that the agent may be considered for re-evaluation by a future Working
Group.

AIthough every effort is made to prepare the monographs as accurately as possi-
ble, mistakes may occur. Readers are requested to communicate any errors to the
Unit of Carcinogen Identification and Evaluation, so that corrections can be re-
ported in future volumes.

. -11-
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IAC MONOGRAHS PROGRAME ON THE
EVALUATION OF eARelNOGENIC RlSKS TO HUMANSI

PREAMBLE

1. BACKGROUND
ln 1969, the International Agency for Research on Cancer (IAC) initiated a

programme to evaluate the carcinogenic risk of chemicals to hum 

ans and to pro-duce monographs on individual chemicals. The Monographs programme has since
been expanded to inc1ude consideration of exposures to complex mixures of chemi-
cals (which occur, for example, in some occupations and as a result of human hab-
its) and of exposures to other agents, such as radiation and viruses. With Supple-
ment 6(1), the title of the series was modified from IARC Monographs on the
Evaluation of the Carcinogenic Risk of Chemicals to Humans to lARC Monographs
on the Evaluation ofCarcinogenic Risks to Humans, in or der to reflect the widenedscope of the programme.

The criteria established in 1971 to evaluate carcinogenic risk to humans were
adopted by the working groups whose deliberations resulted in the first 16 volumes
of the lARC Monographs series. Those criteria were subsequently re-evaluated by
workinggroups which met in 1977(2), 1978(3), 1979(4), 1982(5) and 1983(6). The
present preamble was prepared by two working groups which met in September
1986 and January 1987, prior to the preparation of Supplement 7(7) to the Mono-
graphs and was modified by a working group which met in November 1988(8).

2. OBJECTIVE AND SCOPE

The objective of the programme is to prepare, with the help of international
working groupsof experts, and to publish in the form of monographs, critical

IThis project is supported by PHS Grant No. 5 ua 1 CA33193-o7 awarded by the US National Cancer

Institute, Department of HeaIth and Human Servce, and with a subcntract to Tracor Technology
Resource, Ine. Since 1986, this programme has also ben supported by the Commission of the Euro-
pean Communities.
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reviews and evaluations of evidence on the carcinogenicity of a wide range of human
exposures. The Monographs may also indicate where additional research efforts are
needed.

The Monographs represent the first step in carcinogenic risk assessment, which
involves examination of aIl relevant information in order to assess the strength of
the available evidence that certain exposures could alter the incidence of cancer in
humans. The second step is quantitative risk estimation, which is not usually at-
tempted in the Monographs. Detailed, quantitative evaluations of epidemiological
data may be made in the Monographs, but without extrapolation beyond the range
of the data avaIlable. Quantitative extrapolation from experimental data to the hu-
man situation is not undertaken.

These monographs may assist national and international authorities in making
risk assessments and in formulating decisions concerning any necessary preventive
measures. The evaluations of lAC working groups are scientific, qualitative
judgements about the degree of evidence for carcinogenicity provided by the avail-
able data on an agent. These evaluations represent only one part of the body of
information on which regulatory measures may be based. Other components of reg-
ulatory decisions may vary from one situation to another and from country to coun-
try, responding to different socioeconomic and national priorities. Therefore, no
recommendation is given with regard to regulation or legilation, which are the respon-
sihility of individual govemments and/or other international organizations.

The lARC Monographs are recognized as an authoritative source of informa-
tion on the carcinogenicity of chemicals and complex exposures. A users' survey,
made in 1988, indicated that the Monographs are consulted by various agencies in 57
countries. Each volume is generally printed in 400 copies for distribution to gov-
ernments, regulatory bodies and interested scientists. The Monographs are also
available via the Distribution and Sales Service of the World Health Organization.

3. SELECTION OF TOPICS FOR MONOGRAPHS

Topics are selected on the basis of two main criteria: (a) that they concern
agents and complex exposures for which there is evidence of human exposure, and
(b) that there is sorne evidence or suspicion of carcinogenicity. The term agent is
used to include individual chemical compounds, groups of chemical compounds,
physical agents (such as radiation) and biological factors (such as viruses) and mix-
tures of agents such as occur in occupational exposures and as a result of personal
and cultural habits (like smoking and dietary practices). Chemical analogues and
compounds with biological or physical characteristics similar to those of suspected
carcinogens may also be considered, even in the absence of data on carcinogenicity.

The scientific literature is surveyed for published data relevant to an assess-
ment of carcinogenicity; the IAC surveys of chemicals being tested for carcinoge-
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nicity(9) and directories of on-going research in cancer epidemiology(10) often indi-
cate those exposures that may be scheduled for future meetings. Ad-hoc working
groupsconvened by !AC in 1984 and 1989 gave recommendations as to which
chemicals and exposures to complex mixures should be evaluated in the lARC
Monographs series( Il,12).

As significant new data on subjects on which monographs have already been
prepared become available, re-evaluations are made at subsequent meetings, and
revised monographs are published.

4. DATA FOR MONOGRAPHS

The Monographs do not necessarily cite all the literature concerning the subject
of an evaluation. Only those data considered by the Working Group to be relevant
to making the evaluation are included.

With regard to biological and epidemiological data, only reports that have
been published or accepted for publication in the openly available scientific litera-
ture are reviewed by the working groups. In certain instances, government agency
reports that have undergone peer review and are widely available are considered.
Exceptions may be made on an ad-hoc basis to inc1ude unpublished reports that are
in their final form and publicly available, if their inclusion is considered pertinent to
making a final evaluation (see pp. 33 et seq.). In the sections on chemical and physi-
cal properties and on production, use, occurrence and analysis, unpublished

sources of information may be used.

S. THE WORKING GROUP
Reviews and evaluations are formulated by a working group of experts. The

tasks of this group are five-fold: (i) to ascertain that aIl appropriate data have been
collected; (ii) to select the data relevant for the evaluation on the basis of scientific
merit; (iii) to prepare accurate summaries of the data to en able the reader to follow
the reasoning of the Working Group; (iv) to evaluate the results of experimental and
epidemiological studies; and (v) to make an overall evaluation of the carcinogenicity
of the exposure to humans.

Working Group participants who contributed to the considerations and evalu-
ations within a particular volume are listed, with their addresses, at the beginning of
each publication. Each participant who is a member of a working group serves as
an individual scientist and not as a representative of any organization, government
or industry. ln addition, representatives from national and international agencies
and industrial associations are invited as observers.

6. WORKING PROCEDURES
Approximately one year in advance of a meeting of a working group, the topics

of the monographs are announced and participants are selected by IAC staff in
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consultation with other experts. Subsequently, relevant biological and epidemiolog-
ical data are collected by IARC from recognized sources of information on carcino-
genesis, including data stotage and retrieval systems such as Chemical Abstracts,
Medline and Toxline - including EMIC and ETIC for data on genetic and related
effects and teratogenicity, respectively.

The major collection of data and the preparation of first draftsof the sections
on chemical and physical properties, on production and use, on occurrence, and on
analysis are carried out under a separate contract funded by the US National Can-
cer Institute. Efforts are made to supplement this information with data from other
national and international sources. Representatives from industrial associations
may assist in the preparation of sections on production and use.

Production and trade data are obtained from governmental and trade publica-
tions and, in some cases, by direct contact with industries. Separate production
data on sorne agents may not be available because their publication could disclose
confidential information. Information on uses is usually obtained from published
sources but is often complemented by direct contact with manufacturers.

Six months before the meeting, reference material is sent to experts, or is used
by IAC staff, to prepare sections for the first drafts of monographs. The complete
first drafts are compiled by IARC staff and sent, prior to the meeting, to aIl partici-
pants of the Working Group for review.

The Working Group meets in Lyon for seven to eight days to discuss and final-
ize the texts of the monographs and to formulate the evaluations. After the meeting,
the mas ter copy of each monograph is verified by consulting the original literature,
edited and prepared for publication. The aim is to publish monographs within ni ne
months of the Working Gr~up meeting.

7. EXPOSURE DATA

Sections that indicate the extent of past and present hum an exposure, the

sources of exposure, the persons most likely to be exposed and the factors that con-
tribute to exposure to the agent, mixture or exposure cIrcumstance are included at
the beginning of each monograph.

Most monographs on individual chemicals or complex mixtures include sec-
tions on chemical and physical data, and production, use, occurrence and analysis.
In other monographs, for example on physical agents, biological factors, occupa-
tional exposures and cultural habits, other sections may be included, such as: his-
torical perspectives, description of an industry or habit, exposures in the work place
or chemistry of the complex mixure.

The Chemical Abstracts Services Registry Number, the latest Chemical Ab-
stracts Primary Name and the IUPAC Systematic Name are recorded. Other syn-
onyms and trade names are given, but the list is not necessarily comprehensive.
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Some of the trade names may be those of mixtures in which the agent being eva-
luated is only one of the ingredients.

Information on chemical and physical properties and, in particular, data rele-
vant to identification, occurrence and biological activity are included. A separate
description of technical products gives relevant specifications and includes avail-
able information on composition and impurities.

The dates of first synthesis and of first commercial production of an agent or
mixure are provided; for agents which do not occur naturally, this information may
allowa reasonable estimate to be made of the date before which no human exposure
to the agent could have occurred. The dates of first reported occurrence of an expo-
sure are also provided. In addition, methods of synthesis used in past and present
commercial production and different methods of production which may give rise to
different impurities are described.

Data on production, foreign trade and uses are obtained for representative re-
gions, which usually include Europe, Japan and the USA. It should not, however, be
inferred that those areas or nations are necessarily the sole or major sources or us-
ers of the agent being evaluated.

Some identified uses may not be current or major applications, and the cover-
age is not necessarily comprehensive. In the case of drugs, mention of their thera-
peutic uses does not necessarily represent current practice nor does it imply judge-
ment as to their clinical efficacy.

Information on the occurrence of an agent or mixture in the environment is
obtained from data derived from the monitoring and surveillance of levels in occu-
pational environments, air, water, soil, foods and animal and human tissues. When
available, data on the generation, persistence and bioaccumulation are also in-
cluded. In the case of mixures, industries, occupations or processes, information is
given about all agents present. For processes, industries and occupations, a histori-

cal description is also given, noting variations in chemical composition, physical
properties or levels of occupation al exposure with time.

Statements concerning regulations and guidelines (e.g., pesticide registrations,
maxmal levels permitted.in foods, occupational exposure limits) are included for
some countries as indications of potential exposures, but they may not reflect the
most recent situation, since such limits are continuously reviewed and modified.
Theabsence of information on regulatory status for a country should not be taken to
imply that thatcountry does not have regulations with regard to the exposure.

The purpose of the section on analysis is to give the reader an overview of cur-
rent methods cited in the literature, with emphasis on those widely used for regula-
tory purposes. No critical evaluation or recommendation of any of the methods is
meant or implied.Methods for monitoring human exposure are also given, when
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available. The lAC publishes a series of volumes, Environmental Carcinogens:

Methods of Analysis and Exsure Measurement(13), that describe validated meth-
ods for analysing a wide variety of agents and mixures.

8. BIOLOGICAL DATA RELEVANT TO THE EVALUATION OF CARCINO-
GENICITY TO HUMANS
The term 'carcinogen' is used in these monographs to denote an agent or mix-

ture that is capable of increasing the incidence of malignant neoplasms; the induc-
tion of benign neoplasms may in some circumstances (see p. 26) contribute to the
judgement that the exposure is carcinogenic. The terms 'neoplasm' and 'tumour'
are used interchangeably.

Sorne epidemiological and experimental studies indicate that different agents
may act at different stages in the carcinogenic process, probably by fundamentally
different mechanisms. ln the present state ofknowledge, the aim of the Monographs
is to evaluate evidence of carcinogenicity at any stage in the carcinogenic, process
independently of the underlying mechanism involved. There is as yet insufficient
information to implement classification according to mechanisms of action(6).

Definitive evidence of carcinogenicity in humans can be provided only byepi-
demiological studies. Evidence relevant to human carcinogenicity may also be pro-
vided by experimental studies of carcinogenicity in animaIs and by other biological
data, particularly those relating to humans.

The avaIlable studies are summarized by the Working Group, with particular
regard to the qualitative aspects discussed below. In general, numerical findings
are indicated as they appear in the original report; units are converted when neces-
sary for easier comparison. The Working Group may conduct additional analyses
of the published data and use them in their assessment of the evidence and may
include them in their summary of a study; the results of such supplementary analy-
ses are given in square brackets. Any comments are also made in square brackets;
however, these are kept to a minimum, being restricted to those instances in which it
is felt that an important aspect of a study, directly impinging on its interpretation,
should be brought to the attention of the reader.

For experimental studies with mixures, consideration is given to the possibil-
ity of changes in the physicochemical properties of the test substance during collec-
tion, storage, extraction, concentration and delivery. Either chemical or toxicologi-
cal interactions of the components of mixures may result in nonlinear
dose-response relationships.

An assessment is made as to the relevance to human exposure of samples
tested in experimental systems, which may involve consideration of: (i) physical and
chemical characteristics, (ii) constituent substances that indicate the presence of a
class of substances, (iii) tests for genetic and related effects, including genetic activ-
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ity profiles, (iv) DNA adduct profiles, (v) oncogene expression and mutation; sup-
pressor gene inactivation.

9. EVIDENCE FOR CARCINOGENICITY lN EXPERIMENTAL ANlMALS

For several agents (e.g., 4-aminobiphenyl, bis(chloromethyl)ether, diethylstil-
boestrol, melphalan, 8-methoxypsoralen (methoxsalen) plus ultra-violet radiation,
mustard gas and vinyl chloride), evidence of carcinogenicity in experimental ani-
maIs preceded evidence obtained from epidemiological studies or case reports. In-
formation compiled from the first 41 volumes of the lARe Monographs(14) shows
that, of the 44 agents and mixures for which there is suffcient or limited evidence of
carcinogenicity to humans (see p. 34), all 37 that have been tested adequately exper-
imentaIly produce cancer in at least one animal species. Although this association
cannot establish that aIl agents and mixtures that cause cancer in experimental ani-
maIs also cause cancer in humans, nevertheless, in the absence of adequate data on
humans, it is biologically plausihle and prudent to regard agents and mixures for which
there is suffcient evidence of carcinogenicity in experimental animaIs (see pp. 34-35) as
ifthey presented a carcinogenic nsk to humans.

The monographs are not intended to summarize all published studies. Those
that are inadequate (e.g., too short a duration, too few animaIs, poor survival; see
below) or are judged irrelevant to the evaluation are generally omitted. They may be
mentioned briefly, particularly when the information is considered to be a useful
supplement to that of other reports or when they provide the only data available.
Their inclusion does not, however, imply acceptance of the adequacy of the exper-
imental design or of the analysis and interpretation of their results. Guidelines for
adequate long-term carcinogenicity experiments have been outlined (e.g., 15).

The nature and extent of impurities or contaminants present in the agent or
mixure being evaluated are given when available. Mention is made of aIl routes of
exposure that have been adequately studied and of aIl species in which relevant ex-
periments have been performed. Animal strain, sex, numbers per group, age at
start of treatment and survival are reported.

Exeriments in which the agent or mixure was administered inconjunction
with known carcinogens or factors that modify carcinogenic effects are also re-
ported. Experiments on the carcinogenicity of known metabolites and derivatives
may be included.

(a) Qualitative aspects

An assessment of carcinogenicity involves several considerations of qualitative
importance, including (i) the experimental conditions under which the test was per-
formed, including route and schedule of exposure, species, strain, sex, age, duration
of follow-up; (ii) the consistency of the results, for example, across species and
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target organes); (iii) the spectrum of neoplastic response, from benign tumours to
malignant neoplasms; and (iv) the possible role of modifying factors.

Considerations of importance to the Working Group in the interpretation and
evaluation of a particular study include: (i) how clearly the agent was defined and, in
the case of mixures, how adequately the sample characterization was reported; (H)
whether the dose was adequately monitored, particularly in inhalation experiments;
(iii) whether the doses used were appropriate and whether the survival of treated
animaIs was similar to that of con troIs; (iv) whether there were adequate numbers of
animaIs per group; (v) whether animaIs of both sexes were used; (vi) whether ani-
maIs were allocated randomly to groups; (vii) whether the duration of observation
was adequate; and (viii) whether the data were adequately reported. If available,
recent data on the incidence of specific tumours in historical controls, as weIl as in
concurrent controls, should be taken into account in the evaluation of tumour re-
sponse.

When benign tumours occur together with and originate from the same cell
type in an organ or tissue as malignant tumours in a particular study and appear to
represent a stage in the progression to malignancy, it may be valid to combine them
in assessing tumour incidence. The occurrence of les ions presumed to be preneo-
plastic may in certain instances aid in assessing the biological plausibility of any
neoplastic response observed.

Of the many agents and mixures that have been studied extensively, few in-
duced only benign neoplasms. Benign tumours in experimental animaIs frequently
represent a stage in the evolution of a malignant neoplasm, but they may be 'end-
points' that do not readily undergo transition to malignancy. However, if an agent
or mixure is found to induce only benign neoplasms, it should be suspected ofbeing
a carcinogen and it requires further investigation.

(b) Quantitative aspects

The probabilty that tumours wil occur may depend on the species and strain,
the dose of the carcinogen and the route and period of exposure. Evidence of an
increased incidence of neoplasms with increased level of exposure strengthens the
inference of a causal association between the exposure and the development of neo-
plasms.

The form of the dose-response relationship can vary widely, depending on the
particular agent un der study and the target organ. Since many chemicals require
metabolic activation before being converted into their reactive intermediates, both
metabolic and pharmacokinetic aspects are important in determining the dose-re-
sponse pattern. Saturation of steps such as absorption, activation, inactivation and
elimination of the carcinogen may produce nonlinearity in the dose-response rela-
tionship, as could saturation of processes such as DNA repair(16,17).
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(c) Statistical analysis of long-term exeriments in animais
Factors considered by the Working Group inc1ude the adequacy of the infor-

mation given for each treatment group: (i) the number of animaIs studied and the
number examined histologically, (ii) the number of animaIs with a given tumour
type and (iii) length of survivaL. The statistical methods used should be clearly
stated and should be the generally accepted techniques refined for this pur-
pose(17,18). When there is no difference in survival between control and treatment
groups, the Working Group usually compares the proportions of animaIs develop-
ing each tumour type in each of the groups. Otherwise, consideration is given as to
whether or not appropriate adjustments have been made for differences in survivaL.
These adjustments can include: comparisons of the proportions of tumour-bearing
animaIs among the 'effective number' of animaIs alive at the time the first tumour is
discovered, in the case where most differences in survival occur before tumours ap-
pear; life-table methods, when tumours are visible or when they may be considered
'fatal' because mortality rapidly follows tumour development; and the Man-
tel-Haenszel test or logistic regression, when ocult tumours do not affect the ani-
maIs' risk of dying but are 'incidental' findings at autopsy.

ln practice, c1assifying tumours as fatal or incidental may be difficult. Several
survival-adjusted methods have been developed that do not require this distinc-
tion(17), although they have not been fully evaluated.

10. OTHER RELEVANT DATA lN EXPERIMENTAL SYSTEMS AND lN
HUMANS

(a) Structure-activity considerations

This section describes structure-activity correlations that are relevant to an
evaluation of the carcinogenicity of an agent.

(b) Absorption, distribution, excretion and metabolism
Concise information is given on absorption, distribution (inc1uding placental

transfer) and excretion. Kinetic factors that may affect the dose-reponse relation-
ship, such as saturation ofuptake, protein binding, metabolic activation, detoxifica-
tion and DNA repair processes, are mentioned. Studies that indicate the metabolic
fa te of the agent in experimental animaIs and humans are summarized briefly, and
comparisons of data from animaIs and humans are made when possible. Compara-
tive information on the relationship between exposure and the dose that reaches the
target site may be of particular importance for extrapolation between species.

(c) Toxicity

Data are given on acute and chronic toxic effects (other th an cancer), such as
organ toxicity, immunotoxicity, endocrine effects and preneoplastic lesions. Effects
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on reproduction, teratogenicity, feto- and embryotoxicity are also summarized
briefly.

(d) Genetic and related effects
Tests of genetic and related effects may indicate possible carcinogenic activity.

They can also be used in detecting active metabolites of known carcinogens in hu-
man or animal body fluids, in detecting active components in complex mixures and
in the elucidation of possible mechanisms of carcinogenesis.

The adequacy of the reporting of sample characterization is considered and,
where necessary, commented upon. The available data are interpreted critically by
phylogenetic group according to the endpoints detected, which may include DNA
damage, gene mutation, sister chromatid exchange, micronuclei, chromosomal ab-
errations, aneuploidy and cell transformation. The concentrations (doses)

employed are given and mention is made ofwhether an exogenous metabolic system
was required. When appropriate, these data may be represented by bar graphs (ac-
tivity profiles), with corresponding summary tables and listings of test systems, data
and references. Detailed information on the preparation of these profiles is given În
an appendix to those volumes in which they are used.

Positive results in tests using prokaryotes, lower eukaryotes, plants, insects and
cultured mammalian cells suggest that genetic and related effects (and therefore
possibly carcinogenic effects) could occur in mammals. Results from such tests
may also give information about the types of genetic effect produced and about the
involvement of metabolic activation. Some end points described are clearly genetic
in nature (e.g., gene mutations and chromosomal aberrations), others are to a great-
er or lesser degree associated with genetic effects (e.g., unscheduled DNA synthe-
sis). In-vitro tests for tumour-promoting activity and for cell transformation may
detect changes that are not necessarily the result of genetic alterations but that may
have specific relevance to the process of carcinogenesis. A critical appraisal of
these tests has been published(15).

Genetic or other activity detected in the systems mentioned above is not always
manifest in whole mammals. Positive indications of genetic effects in experimental
mammals and in hum ans are regarded as being of greater relevance than those in
other organisms. The demonstration that an agent or mixure can induce gene and
chromosomal mutations in whole mammals indicates that it may have the potential
for carcinogenic activity, although this activity may not be detectably expressed in
anyor all species tested. Relative potency in tests for mutagenicity and related ef-
fects is not a reliable indicator of carcinogenic potency. Negative results in tests for
mutagenicity in selected tissues from animaIs treated in vivo provide less weight,
partly because they do not exclude the possibility of an effect in tissues other than
those examined. Moreover, negative results in short-term tests with genetic end-
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points cannot be considered to provide evidence to rule out carcinogenicity of
agents or mixures that act through other mechanisms. Factors may arise in many
tests that could give misleading results; these have been discussed in detail else-
where(15).

The adequacy of epidemiological studies of reproductive outcomes and genet-
ic and related effects in humans is evaluated by the same criteria as are applied to
epidemiological studies of cancer.

11. EVIDENCE FOR CARCINOGENICITY lN HUMANS

(a) Types of studies considered

Three types of epidemiological studies of cancer contribute data to the assess-
ment of carcinogenicity in humans - cohort studies, case-control studies and cor-
relation studies. Rarely, results from randomized trials may be available. Case re-
ports of cancer in hum ans are also reviewed.

Cohort and case-control studies relate individual exposures under study to the
occurrence of cancer in individuals and provide an estimate of relative rIsk (ratio of
incidence in those exposed to incidence in those not exposed) as the main measure
of association.

In correlation studies, the units of investigation are usually whole populations
(e.g., in particular geographical areas or at particular times), and cancer frequency
is related to a summary measure of the exposure of the population to the agent,
mixure or exposure circumstance under study. Because individual exposure is not
documented, however, a causal relationship is less easy to infer from correlation
studies than from cohort and case-control studies.

Case reports generally arise from a suspicion, based on c1inical experience,
that the concurrence of two events - that is, a particular exposure and occurrence
of a cancer - has happened rather more frequently than would be expected by

chance. Case reports usually lack complete ascertainment of cases in any popula-
tion, definition or enumeration of the population at risk and estimation of the ex-
pected number of cases in the absence of exposure.

The uncertainties surrounding interpretation of case reports and correlation
studies make them inadequate, except in rare instances, to form the sole basis for
inferring a causal relationship. When taken together with case-control and cohort
studies, however, relevant case reports or correlation studiesmay add materially to
the judgement that a causal relationship is present.

Epidemiological studies of benign neoplasms and presumed preneoplastic le-
sions are also reviewed by working groups. They may, in some instances, strengthen
inferences drawn from studies of cancer itself.

\
\
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(b) Quality of studies considered

It is necessary to take into account the possible roles of bias, confounding and
chance in the interpretation of epidemiological studies. By 'bias' is meant the oper-
ation of factors in study design or execution that lead erroneously to a stronger or
weaker association than in fact exists between disease and an agent, mixure or ex-
posure circumstance. By 'confounding' is meant a situation in which the relation-
ship with disease is made to appear stronger or to appear weaker than it truly is as a
result of an association between the apparent causal factor and another factor that
is associated with either an increase or decrease in the incidence of the disease. In
evaluating the extent to which these factors have been minimized in an individual
study, working groups consider a number of aspects of design and analysis as de-
scribed-In the report of the study. Most of these considerations apply equally to
case-control, cohort and correlation studies. Lack of c1arity of any of these aspects
in the reporting of a study can decrease its credibility and its consequent weighting
in the final evaluation of the exposure.

Firstly, the study population, disease (or diseases) and exposure should have
been weIl defined by the authors. Cases in the study population should. have been
identified in a way that was independent of the exposure of interest, and exposure
should have been assessed in a way that was not related to disease status.

Secondly, the authors should have taken account in the study design and analy-
sis of other variables that can influence the risk of disease and may have been re-
lated to the exposure of interest. Potential confounding by such variables should
have been dealt with either in the design of the study, such as by matching, or in the
analysis, by statistical adjustment. ln cohort studies, comparisons with local rates
of disease may be more appropriate than those with national rates. InternaI com-
parisons of disease frequency among individuals at different levels of exposure
should also have been made in the study.

Thirdly, the authors should have reported the basic data on which the conclu-
sions are founded, even if sophisticated statistical analyses were employed. At the
very least, they should have given the numbers of exposed and unexposed cases and
controls in a case-control study and the numbers of cases observed and expected in
a cohort study. Further fabulations by time since exposure began and other tempo-
ral factors are also important. ln a cohort study, data on aIl cancer sites and all
causes of death should have been given, to avoid the possibilityof reporting bias. ln
a case-control study, the effects of investigated factors other than the exposure of
interest should have been reported.

FinaIly, the statistical methods used to obtain estimates of relative risk, abso-
lute cancer rates, confidence intervals and significance tests, and to adjust for con-
founding should have been clearly stated by the authors. The methods used should
preferably have been the generally accepted techniques thathave been refined since
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the mid-1970s. These methods have been reviewed for case-control studies(19) and
for cohort studies(20).

(c) Quantitative considerations

Detailed analyses of both relative and absolu te risks in relation to age at first
exposure and to temporal variables, such as time since first exposure, duration of
exposure and time since exposure ceased, are reviewed and summarized when avail-
able. The analysis of temporal relationships can provide a useful guide in formulat-
ing models of carcinogenesis. ln particular, such analyses may suggest whether a
carcinogen acts earlyor late in the process of carcinogenesis( 6), although such spec-
ulative inferences cannot be used to draw firm conclusions concerning the mec 

ha-
ni sm of action and hence the shape (linear or otherwise) of the dose-response rela-
tionship below the range of observation.

(d) Criteria for causality.

After the quality of individual epidemiological studies has been summarized
and assessed, a judgement is made concerning the strength of evidence that the
agent, mixture or exposure circumstance in question iscarcinogenic for humans. ln
making their judgement, the Working Group considers several criteria for causality.
A strong association (Le., a large relative risk) is more likely to indicate causality
than a weak association, although it is recognized that relative risks of small magni-
tude do not imply lack of causality and may be important if the disease is common.
Associations that are replicated in several studies of the same design or using differ-
ent èpidemiological approaches or under different circumstances of exposure are
more likely to represent a causal relationship th an isolated observations from single
studies. If there are inconsistent results among investigations, possible reasons are
sought (such as differences in amount of exposure), and results of studies judged to
be ofhigh quality are given more weight than those from studiesjudged to be meth-
odologically less sound. When suspicion of carcinogenicity arises largely from a
single study, these data are not combined with those fröm later studies in any subse-
quent reassessment of the strength of the evidence.

If the risk of the disease in question increases with the amount of exposure, this
is considered to be a strong indication of causality, although absence of a graded
response is not necessarily evidence against a causal relationship. Demonstration
of a decline in risk after cessation of or reduction in exposure in individuals or in
whole populations also supports a causal interpretation of the findings.

AIthough a carcinogen may act upon more than one target, the specificity of an
association (Le., an increasedoccurrence of cancer at one anatomical site or of one
morphological type) adds plausibilty to a causal relationship, particularly when ex-
cess cancer occurrence is lImited to one morphological type within the same organ.
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AIthough rarely available, results from randomized trials showing different
rates among exposed and unexposed individuals provide particularly strong evi-
dence for causality.

When several epidemiological studies show little or no indication of an associ-
ation between an exposure and cancer, the judgement may be made that, in the ag-
gregate, they show evidence of lack of carcinogenicity. Such a judgement requires
first of all that the studies giving rise to it meet, to a sufficient degree, the standards
of design and analysis described above. Specifically, the possibility that bias, con-
founding or misclassification of exposure or outcome could explain the observed
results should be considered and excluded with reasonable certainty. ln addition,
all studies that are judged to be methodologically sound should be consistent with a
relative risk of unity for any observed level of exposure and, when considered to-
gether, should provide a pooled estimate of relative risk which is at or near uni ty and
has a narrow confidence interval, due to sufficient population size. Moreover, no
individual study nor the pooled results of all the studies should show any consistent
tendency for relative risk of cancer to increase with increasing level of exposure. It is
important to note that evidence oflack of carcinogenicity obtained in this way from
several epidemiological studies can apply only to the type(s) of cancer studiedand
to dose levels and intervals between first exposure and observation of disease that
are the same as or less than those observed in aIl the studies. Experience with hu-
man cancer indicates that, in some cases, the period from first exposure to the de-
velopment of clinical cancer is seldom less than 20 years; latent periods substantial-
ly shorter than 30 years cannot provide evidence for lack of carcinogenicity.

12. SUMMARY OF DATA REPORTED

ln this section, the relevant experimental and epidemiological data are summa-
rized. Only reports, other than in abstract form, that meet the criteria outlined on
p. 21 are considered for evaluating carcinogenicity. Inadequate studies are general-
ly not summarized: such studies are usually identified by a square-br~cketed com-
ment in the text.

(a) Expsures
Human exposure is summarized on the basis of elements such as production,

use, occurrence in the environment and determinations in human tissues and body
fluids. Quantitative data are given when available.

(b) Experimental carcinogenicity data

Data relevant to the evaluation of carcinogenicity in animaIs are summarized.
For each animal species and route of administration, it is stated whether an in-
creased incidence of neoplasms was observed, and the tumour sites are indicated.
If the agent or mixure produced tumours after prenatal exposure or in single-dose
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experiments, this is also indicated. Dose-response and other quantitative data may
be given when available. Negative findings are also summarized.

(c) Human carcinogenicity data
Results of epidemiQlogical studies that are considered to be pertinent to an

assessment of human carcinogenicity are summarized. When relevant, case reports
and correlation studies are also considered.

(d) Other relevant data

Structure-activity correlations are mentioned when relevant.
Toxicological information and data on kinetIcs and metabolism in experimen-

tal animaIs are given when considered relevant. The results of tests for genetic and
related effects are summarized for whole mammals, cultured mammalian cells and
nonmammalIan systems.

Data on other biological effects in humans of particular relevance are summa-
rized. These may inc1ude kinetic and metabolic considerations and evidence of
DNA binding, persistence of DNA lesions or genetic damage in exposed humans.

When available, comparisons of such data for hum 

ans and for animaIs, andparticularly animaIs that have developed cancer, are described.

13. EVALUATION

Evaluations of the strength of the evidence for carcinogenicity arising from hu-
man and experimental animal data are made, using standard terms.

It is recognized that the criteria for these evaluations, described below, cannot
encompass all of the factors that may be relevant to an evaluation of carcinogenici-
ty. In considering aH of the relevant data, the Working Group may assign the agent,
mixure or exposure circumstance to a higher or lower category than a strict inter-
pretation of these criteria would indicate.

(a) Degrees ofevidence for carcinogenicity in humans and in exerimental ani-
mais and supporting evidence

It should be noted that these categories refer only to the strength of the evi-
dence that an exposure is carcinogenic and not to the extent of Its carcinogenic ac-
tivity (potency) nor to the mechanism involved. A classification may change as new
information becomes available.

An evaluation of degree of evidence, whether for a single substance or a mix-
ture, is limited to the materials tested, and these are chemically and physically de-
fined. When the materials evaluated are considered by the Working Group to be
sufficiently c10sely related, they may be grouped for the purpose of a single evalua-
tion of degree of evidence.
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(i) Human carcinogenicity data
The applicabilty of an evaluation of the carcinogenicity of a mixure, process,

occupation or industry on the basis of evidence from epidemiological studies de-

pends on the variabilty over time and place of the mixures, processes, occupations
and industries. The Working Group seeks to identify the specific exposure, process
or activity which is considered most likely to be responsible for any excess risk. The
evaluation is focused as narrowly as the available data on exposure and other as-
pects permit.

The evidence relevant to carcinogenicity from studies in humans is classified
into one of the following categories:

Suffcient evidence of carcinogenicity The Working Group considers that a
causal relationship has been established between exposure to the agent, mixure or
exposure circumstance and huinan cancer. That is, a positive relationship has been
observed between the exposure and cancer in studies in which chance, bias and con-
founding could be ruled out with reasonable confidence.

Limited evidence of carcinogenicity A positive association has been observed
between exposure to the agent, mixure or exposure circumstance and cancer for
which a causal interpretation is considered by the Working Group to be credible,
but chance, bias or confounding could not be ruled out with reasonable confidence.

lnadequate evidence of carcinogenicity: The available studies are of insufficient
quality, consistency or statistical power to permit a conclusion regarding the pres-
ence or absence of a causal association.

Evidence suggesting lack of carcinogenicity There are several adequate studies
covering the full range of levels of exposure that hum an beings are known to encoun-
ter, which are mutually consistent in not showing a positive association between
exposure to the agent, mixure or exposure circumstance and any studied cancer at
any observed level of exposure. A conclusion of 'evidence suggesting lack of carci-
nogenicity' is inevitably limited to the cancer sites, conditions and levels of exposure
and length of observation covered by the available studies. ln addition, the possibil-
ity of a very small risk at the levels of exposure studied can never be excluded.

ln some instances, the above categories may be used to classify the degree of
evidence for carcinogenicity for specific organs or tissues.

(ii) Experimental carcinogenicity data

The evidence relevant to carcinogenicity in experimental animaIs isclassified
into one of the following categories:

Suffcient evidence of carcinogenicity: The Working Group considers that a
causal relationship has been established between the agent or mixture and an in-
creased incidence of malignant neoplasms or of an appropriate combination ofbe-
nign and malignant neoplasms(as described on p. 26) in (a) two or more species of
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animaIs or (b) in two or more independent studies in one species carried out at dif-
ferent times or in different laboratories or under different protocols.

Exceptionally, a single study in one species might be considered to provide suf-
ficient evidence of carcinogenicity when malignant neoplasms OCcur to an unusual
degree with regard to incidence, site, type of tumour or age at onset.

In the absence of adequate data on humans, it is biologically plausible and pru-
dent to regard agents and mixtures for which there is suffcient evidence of carcino-
genicity in experimental animaIs as if they presented a carcinogenic risk to humans.

Limited evidence of carcinogenicity The data suggest a carcinogenic effect but

are limited for making a definitive evaluation because, e.g., (a) the evidence of carci-
nogenicity is restricted to a single experiment; or (b) there are unresolved questions
regarding the adequacy of the design, conduct or interpretation of the study; or (c)
the agent or mixture increases the incidence only of benign neoplasms or lesions of
uncertain neoplastic potential, or of certain neoplasms which may Occur sponta-
neously in high incidences in certain strains.

lnadequate evidence of carcinogenicity: The studies cannot be interpreted as

showing either the presence or absence of a carcinogenic effect because of major
qualitative or quantitative limitations.

Evidence suggesting lack of carcinogenicity: Adequate studies involving at least

two species are available which show that, within the limits of the tests used, the
agent or mixture is not carcinogenic. A conclusion of evidence suggesting lack of
carcinogenicity is inevitably limited to the species, tumour sites and levels of expo-
sure studied.

(iii) Supporting evidence of carcinogenicity

Other evidence judged to be relevant to an evaluation of carcinogenicity and of
suffcient importance to affect the overall evaluation is then described. This may
include data on tumour pathology, genetic and related effects, structure-activity re-
lationships, metabolism and pharmacokinetics, physicochemical parameters,
chemical composition and possible mechanisms of action. For complex exposures,
including occupational and industrial exposures, the potential contribution of car-
cinogens known to be present as well as the relevance of materials tested are consid-
ered by the Working Group in its overall evaluation of human carcinogenicity. The
Working Group also determines to what extent the materials tested in experimental
systems are relevant to those to which humansare exposed. The available exper-
imental evidence may help to specify more precisely the causal factor(s).

(b) Overal/ evaluation

Finally, the body of evidence is considered as a whole, in order to reach an
overall evaluation of the carcinogenicity to humans of an agent, mixture or circum-
stance of exposure.
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An evaluation may be made for a group of chemical compounds that have been
evaluated by the Working Group. In addition, when supporting data indicate that
other, related compounds for which there is no direct evidence of capacity to induce
cancer in animaIs or in hum ans may also be .carcinogenic, a statement describing
the rationale for this conclusion is added to the evaluation narrative; an additional
evaluation may be made for this broader group of compounds if the strength of the
evidence warrants it.

The agent, mixture or exposure circumstance is described according to the
wording of one of the following categories, and the designated group is given. The
categorization of an agent, mixture or exposure circumstance is a matter of scientif-
ic judgement, reflecting the strength of the evidence derived from studies in humans
and in experimental animaIs and from other relevant data.

Group 1 - The agent (mixure) is carcinogenic ta humans.
The exsure circumstance entails exosures that are carcinogenic to humans.

This category is used only when there is suffcient evidence of carcinogenicity in
humans.

Group 2

This category includes agents, mixtures and exposure circumstances for which,
at one extreme, the degree of evidence of carcinogenicity in hum 

ans is almost suffi-
cient, as weIl as those for which, at the other extreme, there are no human data but
for which there is experimental evidence of carcinogenicity. Agents, mixures and
exposure circumstances are assigned to either 2A (probably carcinogenic) or 2B
(possibly carcinogenic) on the basis of epidemiological, experimental and other
relevant data.

Group 2A - The agent (mixure) is probably carcinogenic to humans.
The exsure circumstance entails exosures that are probably carcinogenic to hu-
mans.

This category is used when there is limited evidence of carcinogenicity in hu-
mans andsuffcient evidence of carcinogenicity in experimental animaIs. Exception-
ally, an agent, mixure or exposure circumstance may be classified into this category
solely on the basis of limited evidence of carcinogenicity in hum 

ans or of suffcient
evidence of carcinogenicity in experimental animaIs strengthened by supporting evi-
dence from other relevant data.

Group 2B - The agent (mixure) is possibly carcinogenic to humans.
The exsure circumstance entails exosures that are possibly carcinogenic to humans.

This category is generally used for agents, mixtures and exposure circum-
stances for which there is limited evidence of carcinogenicity in humans in the ab-
sence of suffcient evidence of carcinogenicity in experimental animaIs. It may also
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be used when there is inadequate evidence of carcinogenicity in humans or when
human data are nonexistent but there is suffcient evidence of carcinogenicity in ex-
perimental animaIs. ln some instances, an agent, mixure or exposure circumstance
for which there is inadequate evidence of or no data on carcinogenicity in humans
but limited evidence of carcinogenicity in experimental animaIs together with sup-
porting evidence from other relevant data may be placed in this group.

Group 3 - The agent (mixure, exsure circumstance) is not classifable as to ils car-
cinogenicity to humans.

Agents, mixures and exposure circumstances are placed in this category when
they do not fall into any other group.

Group 4 - The agent (mixure, exosure circumstance) is probably not carcinogenic to
humans.

This category is used for agents, mixures and exposure circumstances for
which there is evidence suggesting lack of carcinogenicity in humans together with
evidence suggesting lack of carcinogenicity in experimental animaIs. In some in-
stances, agents, mixtures or exposure circumstances for which there is inadequate
evidence of or no data on carcinogenicity in humans but evidence suggesting lack of
carcinogenicity in experimental animaIs, consistently and strongly supported by a
broad range of other relevant data, may be c1assified in this group.
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GENERA REMAS

This forty-ninth volume of lARe Monographs covers chromium and its com-
pounds, nickel and its compounds and occupational exposures in welding. Chro-
mium and nickel are widely used as components of stainless steel and other high
alloy steels. Even though mild steel is the most common material welded, a consid-
erable proportion of welders are regularly or occasionally exposed to fumes from
stainless steel containing chromium and nickel compounds.

Chromium and its compounds have been evaluated previously in the Mono-
graphs (!AC, 1973, 1979, 1980, 1982, 1987). The monograph on chromium and
chromium compounds is, for practical purposes, divided into subsections, on the
basis of the oxidation state and solubilty of the compounds. The principal oxida-
tion states of chromium are 0, III and VI; in addition, oxidation states II, iv and V
occur, and sometimes the agents tested were of mixed or unknown oxidation states.
The latter are described under the title 'other chromium compounds'. The com-
pounds tested for carcinogenicity are described in more detail than other com-
pourids of the group in sections on chemical and physical properties, production,
use and occurrence. Welding of stainless steel with exposure to chromium is de-
scribed in detail in the monograph on welding and is cross-referenced in the mono-
graph on chromium and chromium compounds.

ln general, stainless-steel welders (mostly fabricators) are exposed primarily to
fumes that differ from those in mild-steel welding mainly in their comparatively
high content of chromium and nickeL. Mild-steel welders work on a variety of mate-
rials in a range of situations (e.g., shipyards, construction work), which lead to expo-
sure to a range of particulates such as fume, grinding dust and asbestos (see lAC,
1977) and to gaseous substances (e.g., from pyrolytic decomposition of antirust
paint on construction plates and the oxides of nitrogen).

Nickel and its compounds have also been evaluated previously (lAC, 1973,
1976, 1979, 1982, 1987). As for chromium, the present monograph on nickel and
nickel compounds has been divided into subsections. The purpose of this subdivi-
sion was prompted by the fact that since a wide variety of nickel compounds has
been tested for carcinogenicity, a grouping of data on individual nickel compounds
would be useful. The studies on stainless-steel welding and on welders exposed to
nickel are described in the monograph on welding. These studies are, however,
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cross-referenced in the monograph on nickel and nickel compounds when they are
considered to contribute to the evaluation of nickel and its compounds.

Welding and welding fumes have not been evaluated previously, although sorne
of the studies on welders are reviewed in the monographs on chromium and nickeL.
The chemical composition ofwelding fumes and gases is determined by the materi-
al being welded (e.g., mild steel, stainless steel, aluminium) and the welding tech-
nique used (manu al metal arc, metal inert gas, tungsten inert gas). When painted
steel is welded, the basic components of welding fumes - the metals, metal oxides
and metal salts - may be accompanied by a complex mixure of other compounds.
ln addition to welding fumes and gases, welders are also often exposed to ultraviolet
light (see IAC, 1986), to electromagnetic fields and, in sorne cases, to other agents
originating from their work (e.g., grinding dust) or from other work carried out at
the same place (e.g., asbestos in shipyards).

The epidemiological studies summarized in the monograph on welding were
selected on the basis that the majority of the population under study probably con-
sisted of welders. For example, if the occupational group studied was specified as
'welders and solderers', the study was included because the number of solderers is
usually much lower th an that ofwelders. On the other hand, studies on 'metal work-
ers' and 'sheet metal workers' were excluded, although in these wide occupational
categories there is a minority of pers ons who are involved in welding operations.
Similarly, it is probable that the studies on 'welders' as an unspecified occupation
may have included a fair number of stainless-steel welders. It should be noted that
laboratory experiments with samples of welding fume may not reflect, in terffS of
chemical composition, human exposures du 

ring the welding process.

Solubility

Chromium and nickel compounds are often classified as 'soluble' or 'insolu-
ble'. Such a classification can be useful for describing the physical properties and
industrial applications of the various compounds, but has sometimes also been
used as a crude index of bioavailability in toxicological investigations. Some confu-
sion has arisen because the terms 'soluble' and 'insoluble' have not always been de-
fined adequately and because a variety of test methods has been used. ln the prepa-
ration of the monographs in this volume, use was made of the accepted physical
definitibn of'solubilty' in terms of the equilbrium concentration of a singlechemi-
cal substance in saturated solution in a specified solvent at a given temperature.
The 'soluble fraction' of a substance or mixture is usually measured by leaching the
substance for a specified time under defined test conditions, and the results ob-
tained are highly dependent upon the precise method used. It should be noted that
different forms of nominally the same compound can have very different solubilities
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and rates of dissolution, and the dissolution rate is affected by particle size, purity
and crystallnity.

The dissolution process can involve physical and chemical mechanisms, and
the resulting compounds in solution might be chemically different from the source
compound in the test material. For example, nickel subsulfide (Ni3Si) can be oxi-
dized by dissolved oxygen, entering solution as nickel sulfate (Ciccarell & Wetter-
hahn, 1984). Interpretation of the results of leaching measurements can be difficult:
a low result, for example, might imply either a mixure with a small soluble fraction
or a pure soluble material which dissolves relatively slowly. In few cases can the
results of such tests, or data on solubility, for a substance in one solvent system be
extrapolated reliably to other solvent systems.

Bioavailahility
'Bioavailability' is a term used to denote the fraction of a substance that is ab-

sorbed, delivered to a target site and/or is responsible for a specific toxic or carcino-
genic effect. Clearly, water solubility of an agent wil often be an important factor in
its availability within the body. It is, however, not the only relevant determinant of
bioavailabilty. AlI dissolved chromium species, for example, may not pass equally
through celI membranes: chromates in solution readily cross cell membranes, while
Cr(IIIJ does not. Chromates, moreover, have a range of solubilties in water and in
body fluids, and agents such as lead chromate may release very few chromate ions
for passage through cell membranes. Passage through cell membranes is only one
route by which an agent may reach a target within a cell: particulate compounds of
chromium and nickel may be phagocytized and thus become bioavailable.

The bioavailabilty of a potentially carcinogenic entity that is common to other
members of its class of closely related compounds is an important factor in its carci-
nogenic potency, as demonstrated by differences in the levels of carcinogenic re-
sponse observed in experimental and epidemiological studies. Not only is sufficient
delivery of metal ion important, but in excess it can produce toxic effects (e.g., inhib-
itory phagocytosis), limiting uptake or survival of preneoplastic cells.

The classification scheme used in the lARC Monographs is qualitative and is
based solely on the strength of evidence from the studies considered. Because of
differences in observed levels of carcinogenic response, potency, and therefore dis-
solution and bioavailabilty as well, play a role in this qualitative evaluation. Alter-
natively, differences in the degree of evidence may merely reflect the fact that the
entity has not been adequately tested over the range of compounds in which it oc-
curs.

Biological monitoring
Biological monitoring of chromium, nickel and welding exposures shows that

absorption into the human body has taken place. Such studies were considered, but
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several factors, such as sampling time, toxicokinetic factors and analytical validity,
were taken into account, and the Working Group did not attempt to use such data to
compare absorbed doses in different exposure situations.

Availability and reporting of data
There is a paucity of evidence for and against the possible carcinogenic haz-

ards of oral exposures to chromium or nickel compounds in foods or potable water.
There is also a lack of precision in characterizing the chemical species and physical
properties of the tested compounds and welding processes described in these
monographs, which hinders interpretation of the data.

Adequacy of animal exeriments

Chromium and nickel are major world commodities, and these metals and
their compounds constitute occupational exposures, principally by inhalation, for
many milions of workers. Many long-term tests for carcinogenesis have been car-
ried out by application to internaI tissues (by injection or implantation); however,
few bioassays of exposure by inhalation were available for evaluation. The paucity
of data on the effects of inhalation of these compounds is partially offset by evi-
dence from studies by intratracheal and intrabronchial exposure.

Carcinogenic effect is often strongly related to duration of exposure, in both
humans and animaIs; thus, negative results for a single application of a soluble com-
pound in an animal experiment cannot provide reasonable evidence that an agent
wil not be carcinogenic under conditions of prolonged or repeated application.
This fact may provide a possible explanation for some of the negative results ob-
served. In the absence of data from studies of soluble, acutely toxic substances by
prolonged inhalation, sorne evidence may be obtained from repeated exposure of
the same target cell population, as by repeated multiple injections of a toxic nick-
el-containing compound into the peritoneal cavity. The requirements for the carci-
nogenicity testing of metals need further elaboration.

Genetic and related effects
Most of the available short-term test results have been incorporated in the text.

These include the results of anchorage-independent growth assays using Syrian
hamster BHK21 fibroblasts. This assay in particular demonstrated that many met-
al compounds can'induce changes in the normal growth pattern of the cells; howev-
er, neither this assay nor that for fetal mouse cell transformation was evaluated for
the final summary (Section 4.4), because technical and interpretative difficulties are
associated with both of them.

lnterpretation of moderately elevated lung cancer rates
Apparently moderate elevations in lung cancer rates among occupationally ex-

posed groups may occur as a result of confounding exposures to cigarette smoke
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and other carcinogens. Accurate smoking histories are rarely available in epide-
miological studies of industrial workers, and, due to the differences in smoking
prevalences, national or even regional lung cancer rates may not provide an appro-
priate basis for calculating expected numbers in industrial cohort studies. Further-
more, workers in a particular industry may also be exposed to carcinogens in other
occupations during their working lives. For example, in several recent industrial
studies, high lung cancer rates have been reported among short-term workers,
which seem unlikely to be due to the specific period of employment. In the absence
of an increasing trend with duration of exposure, a relative risk for lung cancer lower
th an about 1.5 should be interpreted with caution, although larger excesses are un-
likely to be due entirely to smoking or to other exposures.
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CHROMIUM AND eHROMIUM eOMPOUNDS

Chromium and chromium compounds were considered by previous IAC
Working Groups, in 1972, 1979, 1982 and 1987 (lARe, 1973, 1979, 1980a, 1982,
1987a). Since that time, new data have become available, and these are included in
the present monograph and have been taken into consideration in the evaluation.

1. ehemical and Physical Data

The list of chromium alloys and compounds given in Table 1 is not exhaustive,
nor does it necessarily reflect the commercial importance of the various chro-
mium-containing substances, but it is indicative of the range of chromium alloys
and compounds available.

1.1 Synonyms, trade names and molecular formulae of chromium and selected
chromium-containing compouDds

Table 1. Synonyms (Chemical Abstracts Service names are given iD bold), trade
names and atomic or molecular formulae of chromium and selected chromium
compounds

Chemical
na me

Chem. Abstr. Synonyms and trade names
Seivices Reg.
No. 

a
Formulab

Metallc chromium (0) and chromium (0) alloys

Chromium 7440-47-3

Cobalt-chro-
mium alloyC

Cobalt-chro-
mium-molyb-
denum
alloyC

11114-92-4
(91700-55-9)

12629-02.;
(8064-15-1;
11068-92-1;
12618-69-8;
55345-18- 1;

Chrome

Chromium alloy (nonbase), Co, Cr; cobalt alloy (non-
base), Co, Cr

Cobalt alloy (base), Co 56-68, Cr 25-29, Mo 5-6, Ni
1.8-3.8, Fe 0-3, Mn 0-1, Si 0-1, C 0.2-0.3 (ASTM A567-1)

Cr

-49-
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Table 1 (contd)

Chernical Chern. Abstr. Synonyrs and trade narnes Forrulab
narne Servces Reg.

No.a

60382-64-1; Akrit CoMo35; AMS 5385D; Celsit 290; F 75; HS 21;
83272-15-5; Protasul-2; Stellte 21; Vinertia; Vitalliurn; X25CoCr-
85131-98-2; M062 28 5; Zirnalloy
94076-26-3)

Chrorniurn- 71631-40-8 Iron alloy (base), Fe 6472, Cr 21-23, Ni 4.5-6.5, Mo
containing (51204-69-4, 2.5-3.5, Mn 0-2, Si 0-1, N 0.1-0.2 (ASTM A276-
stainless 59601-19-3, S31803)
steelsc 84723-14-8,

94197-89-4, AF 22; AF 22-130; AISI 318L; Alloy 2205; Arosta
98286-69-2) 4462; AST 2205; Avesta 2205; Avesta 223FAL CR22;

22Cr; 22Cr5Ni; CrNiMoN22-5-3; DIN 1.4462; ES
2205; FAL 223; 744LN; Mann AF-22; Nirosta 4462;
NKK-Cr22; Novonox FALC 223; NU 744 LN; NU
stainless 744LN; Rernanit 4462; SAF 2205; Sandvik
SAF 2205; SS 2377; Stainless steel 2205; Uddeholrn
Nu744LN; UHB 744LN; UNS S31803; Uranus 45N;
UR45N; Vallourec VS22; VEW A903; VLX 562; VS
22; X2CrNiMoN2253; Z2 CND 22.5 AZ

Ferro- 11114-46-8 Chromium alloy (base), Cr, C, Fe, N, Si; ferrochromium;
chrorned (11133-75-8, carbon ferrochrornium; chrome ferroalloy; chromium

11143-43-4, ferroalloy
12604-52-3)

Iron-nickel- 11121-96-3 Iron alloy (base), Fe 39-47, Ni 30-35, Cr 19-23, Mn
chromium 0-1.5, Si 0-1, Cu 0-0.8, AI 0-0.6, Ti 0-0.6, C 0-0.1
alloy (ASTM 8163-800)

AFNOR ZFeNC45-36; AISI 332; Alloy 800; Alloy
800NG; Cr20Ni32TiAI; 20Cr32NiTiAI; DIN 1.4876;
FeCr21Ni32TiAI; lN 800; Incoloy 800; 1IS NCF800;
N800; NCF800; NCF 800 II; NCF steel; Nickel 800;
Nicrofer 3220; Ni33Cr21TiAI; POLDI AKR 17; Pyra-
met 800; Sanicro 31; Thermax 4876; TIG N800

Nickel-chro- 12605-70-8 Nichrome; Nickel alloy (base), Ni 57-62, Fe 22-28, Cr
mium alloy 14-18, Si 0.8-1.6, Mn 0-1, C 0-0.2 (ASTM 8344-60 Ni,

16 Cr)

Chromel C; Kh15N60N; NiCr6015; PNKh; Tophet C

Chromium (III) compounds

Basic chro- 12336-95-7 Basic chromium sulfate; chromium hydroxide sulfate Cr(OH)S04
mie sulfate (39380-78-4) (Cr(OHXS04)); chromium sulfate; monobasic chromium

sulfate; sulfuric acid, chramium salt, basic

Chromedol; Chrome tan; Chrome tan; Peachrome

64093-79-4 Neochromium Cr(OH)S04'
Na2S04.H20
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Table 1 (contd)
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Chemical
name

FonnulabChem. Abstr.
Semees Reg.
No.a

Synonyms and trade names

Potassium
chromic
sulfate

10141-00-1
(14766-82-6;
81827-72-7;
81827-73-8)

Chromium(V) eompounds

Ammonium
chromate

Ammonium
dichromate

Barium
chromate

Basic lead
chromate

Calcium
chromate

7788-98-9

7789-09-5

10294-40-3
(12000-34-9;
12231-18-4)

1344-38-3
(54692-53-4)

13765-19-0

Chrome alum; chrome potash alum; chromic potassium
sulfate; chromium potassium sulfate; potassium chro-
mium alum; potassium chromium sulfate; potassium
disulfatochromate riii); sulfurie acid, ehromium (3 + )
potassium salt (2:1:1)

KCr(S04)2

Chrome Alum 0% Basicity; Crystal Chrome Alum

Chromic acid, ammonium salt; ehromie acid (H2Cr04), (NH4)2Cr04
diammonium salt; diammonium chromate; neutral am-
monium chromate

Ammonium bichromate; ammonium chromate; ehromie (NH4)2Cr207
acid (H2Cr207), diammonium salt; diammonium dichro-
mate; dichromic acid, diammonium salt

Barium chromate (V); barium chromate (1:1); barium BaCr04
chromate oxide; ehromie acid (H2Cr04), barium salt
(1:1); CI. 77103; CI. Pigment Yellow 31

Baiya Yellow; Lemon Chrome; Lemon Yellow; Penna-
nent Yellow; Steinbuhl Yellow; Ultramarine Yellow

CI. 77601; C.I. Pigment Orange 21; CI. Pigment Red;

lead chromate oxide
PbO.PbCr04

Arancio Cromo; Austrian Cinnabar; Basic Lead Chro-
mate Orange; Chinese Red; Chrome Orange; Chrome
Orange 54; Chrome Orange 56; Chrome Orange 57;
Chrome Orange 58; Chrome Orange Dark; Chrome
Orange Extra Light; Chrome Orange G; Chrome Orange
Medium; Chrome Orange NC-22; Chrome Orange R;
Chrome Orange 5R; Chrome Orange RF; Chrome
Orange XL; Chrome Red; c.P. Chrome Orange Dark
2030; CP. Chrome Orange Extra Dark 2040; CP.
Chrome Orange Light 2010; c.P. Chrome Orange Me-
dium 2020; Dainichi Chrome Orange R; Dainichi
Chrome Orange 5R; Genuine Acetate Orange Chrome;
Genuine Orange Chrome; Indian Red; International
Orange 2221; Irgachrome Orange OS; Light Orange
Chrome; No. 156 Orange Chrome; Orange Chrome;
Orange Nitrate Chrome; Pale Orange Chrome; Persian
Red; Pigment Orange 21; Pure Orange Chrome M; Pure
Orange Chrome Y; Red Led Chromate; Vynamon
Orange CR

Calcium chromium oxide; calcium monochromate; ehro- Cacr04
mie acid (H2Cr04), calcium salt (1:1); C.I. 77223; CI.
Pigment Yellow 33

Calcium Chrome Yellow; Gelbin; Yellow Ultramarine
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Table 1 (contd)

Chemieal Chem. Abstr. Synonyms and trade names Fonnulabname Services Reg.
No.a

Chromium 14986-48-2 Chromium hexachloride; (OC-6-11)-hromium chloride CrCla
(VI) chlo- (CrCla)
ride

Chromium 1333-82-0 Chromia; chromic acid; chromic (VI) acid; chromic acid, cr03trioxide (12324-05-9; solid; chromic anhydride; chromic trioxide; chromium
12324-08-2) oxide (cr03); chromium (VI) oxide; chromium (6 + )

trioxide; monochromium trioxide

Chromyl 14977-61-8 Chlorochromic anhydride; chromium chloride oxide; CrOzClzchloride chromium dichloride dioxide; chromium, dichloro-
dioxo-T-4); chromium dioxide dichloride; chromium
di?xychloride; chromium oxychloride; dichlorodioxochro-
mlUm

Lead chro- 7758-97-6 Chromic acid (HZCr04), lead (2 + ) salt (1:1); Cr. 77600; PbCr04mate (8049-64-7) Cr. Pigment Yellow 34; crocoite; lead chromium oxide;
phoenicochroite; plumbous chromate

Canary Chrome Yellow 40-2250; Chrome Green; Chrome
Green UC61; Chrome Green UC74; Chrome Green
UC76; Chrome Lemon; Chrome Yellow; Chrome YelIow
5G; Chrome Yellow GF; Chrome Yellow LF; Chrome
Yellow Light 1066; Chrome Yellow Light 1075; Chrome
Yellow Medium 1074; Chrome Yellow Medium 1085;
Chrome Yellow Medium 1295; Chrome Yellow Medium
1298; Chrome Yellow Primrose 1010; Chrome Yellow
Primrose 1015; Cologne YelIow; Oainichi Chrome YelIow
G; LO Chrome Yellow Supra 70 FS; Leipzig Yellow; Paris
Yellow; Pigment Green 15; Primrose Chrome Yellow;
Pure Lemon Chrome L3GS

Molybde- 12656-85-8 C.I. Pigment Red 104 PbMoû4.PbCr04°num orange
PbS04

Chrome Vermilion; Krolor Orange RKO 7860; Lead
chromate molybdate sulfate red; Mineral Fire Red
500S; Mineral Fire Red 5GGS; Mineral Fire Red 5GS;

Molybdate Orange; Molybdate Orange Y 7860; Molyb-
date Orange YE 4210; Molybdate Orange YE 6980;
Molybdate Red; Molybdate Red AA 3; Molybden Red;
Molybdenum Red; Renol Molybdate Red RGS; Vynamon
Scarlet BY; Vyamon Searlet y

Potassium 7789-00-6 Bipotassium chromate; chromic acid (HZCr04), dipotas- KZCr04chromate sium salt; dipotassium chromate; dipotassium monochro-
mate; neutral potassium chromate; potassium chromate
(VI)
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Table i (contd)

Chemical
name

Chem. Abstr. Synonyms and trade names
Servces Reg.

No.a

Fonnulab

Potassium 7778-50-9 Chromic acid (H2Cr207), dipotassium salt; dichromic K2Cr207
dichromate acid, di 

potassium salt; di potasium bichromate; dipotas-
sium dichromate; potassium bichromate; potassium di-
chromate (VI)

Sodium 7775-11-3 Chromic acid (H2Cr04), disoium salt; chromium di- Na2Cr04
chromate sodium oxide; chromium soium oxide; disoium chro-

mate; neutral sodium chromate; soium chromium oxide

Sodium 10588-01-9 Bichromate of soda; chromic acid (H2Cr207), disodium Na2Cr207
dichromate (12018-32-5) salt; chromium soium oxide; dichromic acid, disoium

salt; disodium dichromate; soium bichromate; soium
dichromate (VI)

Strontium 7789-06-2 Chromic acid (H2Cr04), strontium salt (1:1); c.I. Pig- srCr04
chromate (54322-60-0) . ment Yellow 32; strontium chromate (VI); strontium

chromate (1:1)

Deep Lemon Yellow; Strontium Chromate 12170; Stron-
tium Chromate A; Strontium Chromate X-2396; Stron-
tium Yellow; Sutokuro T

Zinc chro- 13530-65-9 Chromic acid (H2Cr04), zinc salt (1:1); chromium zinc ZnCr04
ma tee (1308-13-0; oxide; zinc chromium oxide; zinc tetraoxychromate; zinc

1328-67-2; tetroxychromate
14675-41-3)

Buttercup YeIlow

Zinc chro- 15930-94-6 Basic zinc chromate; chromic acid (H6Cr06), zinc salt Zn2Cr04(OH)2
mate hy- (12206-12-1; (1:2); chromic acid (H4Cr05), zinc salt (1:2), monohy- and others
droxides 66516-58-3) drate; chromium zinc hydroxide oxide; zinc chromate

hydroxide; zinc chromate (VI) hydroxide; zinc chromate
oxide (ZniCr04)O), monohydrate; zinc hydroxychro-

mate; zinc tetrahydroxychromate; zinc yellowf

Zinc potas- 11103-86-9 Basic zinc potassium chromate; chromic acid (H6Cr209)' KZniCr04)2(OH)
sium chro- (12527-08-1; potassium zinc salt (1:1:2); potassium hydroxyoctaoxo- and others
mates 37809-34-0) dizincatedichromate(I-); potassium zinc chromate hydrox-
(hydroxides) ide; zinc yellowf

Other chromium compounds

Chromium 13007-92-6 Chromium carbonyl (Cr(CO)6); chromium hexacarbonyl; Cr(CO)6
carbonyl (13930-94-4) hexacarbonyl chromium

Chromic 24613-89-6 Chromic acid (H2Cr04), chromium (3 + ) salt (3:2); chro- Cr2CCr04h
chromate mium chromate

Chromium 10049-05-5 Chromium chlonde (CrCI2); chromium dichloride; chro- CrCl2
(II) chloride mous chloride
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Table 1 (contd)

ChemicaJ Chem. Abstr. Synonyms and trade names
name Servces Reg.

No.a
Fonnulab

Chromium 12018-01-8 Chromium dioxide; chromium oxide (cr02); chromium
(IV) dioxide (IV) oxide cr02

aReplaced CAS Registry numbers are given in parentheses.

bCompounds with the same synonym or trade name can have different fonnuJae.

cThousands of alloys of chromium with other metals are Jisted by the Chemical Abstracts Registry Service;
approximately 1300 contain cobalt, over 400 also con tain molybdenum and nearly 100 are chromium-con-
taining stainless steels. An exampJe of each is Iisted here.
á Chemical Abstracts Registry Servce lists several ferrochromium alloys; one example is given.

eThe tenn 'zinc chromate' is also used to refer to a wide range of commercial zinc and zinc potassium chro-

mates.

¡'Zinc yellow' can refer to several zinc chromate pigments; it has the CAS No. 37300-23-5.

1.2 Chemical and physical properties of pure substances

Known physical properties of some ofthe chromium compounds considered iD
this monograph are given in Table 2. Data on solubilty refer to saturated solutions
in water or other specified solvents. Hexavalent chromium compounds are custom-
arily classed as soluble or insoluble in water; such a classification is useful in indus-
try but might not be relevant to determining the biological properties of a com-
pound. There is thus no general agreement on the definition of solubility: in
practice, the aqueous solubiltyofCr(VI) compounds has been classified as prompt
(1 min) and short-term (30 min) (Van Bemst et al., 1983). In laboratory studies, solu-
bilzation depends on, e.g., the medium used in in-vitro tests; for human exposures,
solubilty is related to the chemical environment in the respiratory tract. Examples
of soluble hexavalent chromium compounds are sodium chromate (873 g/l at 300C)
and potassium chromate (629 g/l at 20°C). Hexavalent chromium compounds
c1assed as insoluble inc1ude barium chromate (4.4 mg/l at 28°C) and lead chromate

(0.58 mg/l at 25°C) (Windholz, 1983; Weast, 1985). Compounds with solubilities
towards the middle of this range are not easily classified, and technical-grade com-
pounds, such as the various zinc chromates, can have a wide range of solubilities.

1.3 Technical products and impurities

(a) Chromite ore

Chromite ore consists of varying percentages of chromium, iron, aluminium
and magnesium oxides as the major components. It has been classified into three

kajo
Rectangle



VI
0"

Table 2. Physical properties of chromium and chromium compoundsa

Chemical name Atomic/ Melting- Boiling- Typical Solubility
molecular point point physical
weight (OC) (OC) description

Metallc chromium (0)
Chromium 51. 996 1900 2642 Steel-grey, lus trous met- Insoluble inwater; soluble in dilute hydrochlo- ¡.

al or powder ric acid and sulfuric acid; insoluble in nitric ~acid or nitrohydrochloric acid n
Chromium(III) compounds ~
Basic chromic 165.06 -- -- Green powder Soluble in water (approximately 700 g/l at 0

sulfateb 35°C~
Z0

Chromic acetate 229.14 -- -- Grey-green powder Slightly soluble in water; insoluble in ethanol; Ci

(hydrate) (247.15) (blue-violet needles) soluble in cold water, acetone (2 g/l at 15°C)
~and methanol (45.4 g/l at 15°C) ::

Chromic chloride 158. 36 1150 Sublimes at Violet crystalline scales Anhydrous fori is insoluble in cold water, CI

(hexahydrate) (266.45) (83) 1300 slightly soluble in hot water, but insoluble in ~
ethanol, acetone, methanol and diethyl ether. 0
The hydrated fori is very soluble in water t
(585 g/l), soluble in ethanol, slightly soluble in ~
acetone and insoluble in diethyl ether. tr

..
Chromic nitrate 238.03 - - Pale-green powder Soluble in water. Bath hydrated foris soluble \C

(7.5 hydrate) (373,13) (100) Decomposes (brown crystals) in water; the nonahydrate is soluble in acids,
(nonahydrate) (400. 15) (60) Decomposes (deep-violet crystals) alkali, ethanol and acetone

at 100

Chromic oxide 151.99 2435 4000 Light to dark-green, fine Insoluble in water, acids, alkali and ethanol
crystals

Chromic phosphate 147 :; 18oo°C -- Violet crystallne solid Insoluble in water. Hydrated fori is slightly
(dihydrate) (183.00) soluble in cold water; soluble in most acids

and alkali but not in acetic acid
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Table 2 (contd)

Chemical name Atomicl Melting- Boilng- Typical Solubility
molecular point point physical
weight (OC) (OC) description

Chromic sulfate 392 16 -- -- Violet or red powder Insoluble in water; slightly soluble in ethanol; (j
insoluble in acids i:

Potassium chromic 283.23 (89) (40) (Violet ruby-red to black Hydrated fonn is soluble in water (243.9 g/l at
~
0sulfate (499.39) crytals) 25°C; 500 g/l in hot water); slightly soluble in ~

(docecahydrate) dilute acids; insoluble in ethanol -
C
~Chromium(VI) compounds

~Ammonium 15207 180 -- Yellow acicular crystals Soluble in water (405 g/l); insoluble in ethanol,
Uchromate slightly soluble in ammonia, acetone and (jmethanol i:

Ammonium 25206 170 (decY -- Orange-red crystals Soluble in water (308 g/l at 15°C; 890 g/l at ~0dichromate 30°C) and ethanol; insoluble in acetone ~Barum chromate 253.33 Yellow crytals Very slightly soluble in water (4.4 mg/l at --- --
C

28°C); soluble in mineraI acids ~
Basic lead 546.37 -- -- Red crystalline powder Insoluble in water; soluble in acids and alkali (j

chromate 0
~Calcium chromate 156.09 -- Yellow crystallne Slightly soluble in water and ethanol; soluble ~

(dihydrate) (19210) (20) powder in acids. Hydrated fonn is soluble in water 0
(163 g/l at 20°C; 182 g/l at 45°C), acids and C

Zethanol U
Chromium trioxide 99.99 196 Decomposes Dark-red crystals, flakes Soluble in water (625 g/l at20°C; 674.5 g/l at CI

at 250c or granular powder ioo°C~ ethanol, diethyl ether and sulfuric and
nitric acids

Chromyl chloride 154.90 -96.5 117 Dark-red volatile liquid Decomposes in water and ethanol; soluble in
ether, acetic acid, carbon tetrachloride, carbon
disulfide, benzene, nitrobenzene, chlorofonn
and phosphorous oxychloride

VI~
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Table 2 (contd) 00

Chemical name Atomic/ Melting- Boiling- Typical Solubilty
molecular point point physical
weight (OC) (OC) description

Lead chromate 323.18 844 Decomposes Yellow to orange-yellow Very slightly soluble in water (0.58 mg/l at
crystallne powder 25°C); soluble in most acids and alkali but not

in acetic acid or ammonia

Nickel chromate 174.71 - -- -- Insoluble in water; soluble in nitric acid and -
hydrogen peroxide

~
Potasium 194.20 968.3 Decompoesc Lemon-yellow crytals Soluble in water (629 g/l 8t 20°C; 792 g/l at ~chromate 100°C); insoluble in ethanol 0
Potassium 294.19 398 Decomposes Bright orange-red Soluble in water (49 g/l at O°C; 1020 g/l at Z0dichromate at 500 crytals 100°C); insoluble in ethanol 0
Sodium chromate 161.97 792 Decompoesc Yellow crytals Soluble in water (873 g/l at 30°C) and metha-

~nol (3.44 g/l at 25°C); slightly soluble in etha-
nol ~

CI
Sodium dichromate 26200 356.7 Decomposes Reddish to bright- Soluble in water (2380 g/l at O°C; 5080 g/l at

â(dihydrate) (298.00) at 40c orange crystals 80°C); and methanol (513.2 g/l at 19.4°C); in-
soluble in ethanol B

Strontium 203.61 Decom- -- Yellow crystallne Slightly soluble in water (1.2 g/l at 1SoC; 30 g/l ~
chromate poSd powder at 100°C); soluble in hydrochloric, nitric and tT

.i
acetic acids and ammonium salts 1.

Zinc chromate 181.37 - - Lemon-yellow crytals Insluble in cold water; decompos in hot
water; soluble in acids and liquid ammonia

Zinc chromate 280.74 - - Fine yellow powder Slightly soluble in water; soluble in dilute
hydroxide acids, including acetic acid

Other chromium compounds

Chromium cabonyl 22.06 Decom- Explodes at Colourless crytals or Insoluble in water; slightly soluble in cabon
pos at 210 white solid tetrachloride and iodoform; insoluble in etha-
110 nol, diethyl ether and acetic acid
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Table 2 (contd)

Chemical name Atomicl Melting- Boiling-
molecular point point
weight (OC) (OC)

Chromium (II) 12290 824
chloride

Chromium dioxide 83.99 300

Typical
physical
description

White lus trous needles
or fused fibrous mass

Brown-black crytalline
powder

Insoluble in water; soluble in nitric acid

aprom Windholz (1983) and Weast (1985~ unless otherwse specified
bfrom British Chrome & Chemical Ltd (1988)

Cfrom Udy (1956)

dprom Hartford (1979)

Solubility

Soluble in water; insoluble in ethanol and
diethyl ether

n
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general grades associated with their use and chromic oxide content: metallurgical
(greater th 

an 46%), chemical (40-46%) and refractory (less than 40%) grades (Papp,
1985). During the past two decades, technological advances have allowed consider-
able interchangeabilty among the various grades, particularly the so-called chemi-
cal grade which can be utilzed in all three industries. A more definitive classifica-
tion is: (i) 'high-chromium' chromite (metallurgical-grade), containing a minimum
of 46% chromic oxide and a chi'omium:iron ratio greater than 2:1; (ii) 'high-iron'
chromite (chemical-grade), with 40-46% chromic oxide and a chromium:iron ratio
of 1.5:1 to 2:1; and (ii) 'high-aluminium' chromite (refractory-grade), containing
more than 20% aluminium oxide and more than 60% aluminium oxide plus chromic
oxide (Papp, 1983).

Chromite from one US processor had the following typical analysis: chro-
mium (as chromic oxide), 45.57%; iron (as ferric oxide), 29.80%; aluminium (as alu-
minium oxide), 13.80%; magnesium (as magnesium oxide), 9.28%; silicon (as silicon
dioxide), 1.13%; and calcium (as calcium oxide), 0.40% (Cyprus Specialty Metals,
1988).

(b) Metallic chromium and chromium alloys

Chromium (pure) metal is a minor product of the metallurgical processing of
chromium. It is available as electrolytic chromium (98.7-99.5% Cr; Elkem Metals
Co., 1986), aluminothermic chromium (98.3% Cr (Morning, 1975) and 99.0-99.8%
Cr (Delachaux, 1989)) and vacuum aluminothermic chromium (99.5-99.8% Cr; De-
lachaux, 1989). Electrolytic chromium and aluminothermic chromium typically
contain traces of silicon, carbon, phosphorus, sulfur, iron, aluminium, nitrogen, ox-
ygen and hydrogen (Elkem Metals Co., 1986; Belmont Metals, 1989). Chromi um
metal rapidly forms an oxide layer at the surface in air; such oxidation of finely di-
vided chromium powder can result in the conversion of a large fraction of the metal
to metal oxide upon prolonged storage (Sunderman et al., 1974).

Ferrochromiums are the main intermediates in the metallurgical processing of
chromium. There are three categories: high-carbon, low-carbon and ferrochro-
mium silicon. The compositions of typical ferrochromiums are given in Table 3
(Morning, 1975).

Chromium-containing steels are usually stainless steels and are iron-base al-
loys. Some representative analyse~ of various grades are given in Table 4.

Chromium alloys can be categorized as nickel-chromium, cobalt-chromium
and iron-nickel-chromium alloys. Some representative analyses are given in Table
5.

A range of chromium-containing alloys is used for surgical implants. Specifi-
cations of the American Society for Testing and Materials for such alloys are given
in Table 6.
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Table 3. Composition of typical ferrochromium and chromium metalsa

Grade Chromium Silcon Carbon Sulfur Phosphorus
(max) (max)

High-crbon 65-70 1-2 5-6.5 0.04 0.03
Charge chromium:

50-55% chromium 50-55 3-6 6-8 0.04 0.03
6670% chromium 6670 3 5-6.5 0.04 0.03

Low-carbon:

0.025% carbon 67-75 1 0.025 0.025 0.03
0.05% carbon 67-75 1 0.05 0.025 0.03

Ferrochromium-silicon

36/40 grade 35-37 39-41 0.05
40/43 grade 39-41 42-45 0.05

tlrom Morning (1975)

Table 4. Elemental analysis of representative grades of stainless steel a

Grade of steel Elements in presence of iron (weight %)

Cr Ni Mn Mo C Si S P N

Austenitic

AIS 1-20 1 16.0-18.0 3.5-5.5 5.5-7.5 0.15 1.0 0.03 0.06 0.25
AISI-302 17.0-19.0 8.0-10.0 2.0 0.15 1.0 0.03 0.05
AISI-304 18.0-20.0 8.0-10.5 2.0 0.08 1.0 0.03 0.05
AISI-316 16.0-18.0 10.0-14.0 2.0 2.0-3.0 0.08 1.0 0.03 0.05

Ferrtic
AISI-45 11.5-14.5 1.0 0.08 1.0 0.03 0.04
AISI-430 16.0-18.0 1.0 0.12 1.0 0.03 0.04
AISI -42 18.0-23.0 1.0 0.20 1.0 0.03 0.04

Martensitic

AISI-403 11.5-13.0 1.0 0.15 0.50 0.03 0.04
AISI-44 A 16.0-18.0 1.0 0.75 0.60-0.75 1.0 0.03 0.04

tlrom Nickel Development Institute (1987a)
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Table 5. Elemental analyses of representative chromium aIIoys (weight %)

Alloy Cr Ni Co Fe Mo W Ta Nb Al Ti Mn Si C B Zr

Nickel base

Cast alloys

Cast alloy 625 21.6 63.0 - 2.0 8.7 - - 3.9 0.2 0.2 0.06 0.20 0.20 -
Nimocast alloy 263 20.0 55.0 20.0 0.5 5.8 - - - 0.5 2.2 0.50 - 0.06 0.00 0.04

~Udimet 500 18.0 52.0 19.0 - 4.2 - - - 3.0 3.0 - - 0.07 0.007 0.05

Wrought alloys ~0
Hastelloy alloy X 22.0 47.0 1.5 18.5 9.0 0.6 - - - - 0.50 0.50 0.10 - - Z
Inconel alloy 617 22.0 54.0 12.5 9.0 1.0 0.07

0- - - - - - - - - 0
Nimonic alloy PE 16 16.5 43.5 - 34.4 3.2 - - - 1.2 1.2 - - 0.05 0.003 0.04

~Cobalt base ::
Cast alloys en

Haynes alloy 1002 22.0 16.0 BaL. 1.5 - 7.0 3.8 - 0.3 0.2 0.70 0.40 0.60 - 0.30 â
WI-52 21.0 - 63.0 2.0 - 11.0 - 2.0 - - 0.25 0.25 0.45 - - 5

Wrought alloy ~
tr

Haynes alloy 188 22.0 22.0 39.0 3.0 - 14.0 - - - - 1.25 0.40 0.10 - - +:
(max) (max)

\0

Iron-nickel base
Wrought alloys

Haynes alloy 556 22.0 20.0 20.0 29.0 3.0 2.5 0.9 0.1 0.3 - 1.50 0.40 0.10

Incoloy alloy 800 21.0 32.5 - 46.0 - - - - 0.4 DA 0.80 0.50 0.05

'Trom Nickel Development Institute (1987b); Bal, balance
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(c) Chromium flllj compounds

Basic chromic sulfate is produced by one company in the UK, as 67% basic
chromic sulfate and 25-37% sodium sulfate (British Chrome & Chemical Ltd,
1988).

Chromic acetate is available as a 50% green aqueous solution with the following
typical analysis; chromium, 11.4%; sulfate, less than 0.2%; chloride, less th an 0.1%
(McGean-Rohco,1984).

Chromic chlonde hexahydrate is available as a 62% green aqueous solution,
typically containing 12% chromium and less th an 0.2% sulfate (McGean-Rohco,
1984).

Chromic nitrate is available as a hydrate (Cr(N03)3.7.5-9H20) in granules;
12.5-13.5% chromium and as the nonahydrate in liquid form (6.5-10.9% chromium)
(McGean-Rohco,1984).

Chromic oxide is available in several grades depending on its use in metallurgi-
cal and refractory industries. A typical analysis of a metallurgical grade is 99.4%
chromium (as chromic oxide) and less than 0.1% moisture. A typical analysis of a
refractory grade is 98.5-99.4% chromium (aschromic oxide), 0.1% alkali metals (as
sodium oxide), 0.1% other metal oxides (mainly aluminium, iron and magnesium),
and average particle size, 0.5-3.5 J1m (American Chrome & Chemicals, undated
a,b,c,d). Chromic oxide pigment (dark chromium oxide) typicallycontains ~ 99.0%
chromium as chromic oxide (Mineral Pigments Corp., undated a).

Chrome base spinels are part of the family of mixed metal oxide organic col-
oured pigments. Two such pigments are (i) chromium iron nickel black spinel, the
composition of which may include any one or a combination of cupric oxide, man-
ganese oxide and manganese sesquioxide as modifiers, and (ii) chrome manganese
zinc brown spinel, which may contain any one or a combination of aluminium oxide,
nickel monoxide, silcon dioxide, stannous oxide and titanium dioxide as modifiers
(Dry Color Manufacturers' Association, 1982).

Chromic phosphate tetrahydrate is available with a purity of 99.9% (National
Che mi cal Co., undated a).

Analytical reagent-grade chromium sulfate hydrate is available with the follow-
ing impurities: ammonium, 0.01% max; chlotide, 0.002% max; insoluble matter,
0.01 % max; and iron, 0.01% max. Analytical reagent-grade potassium chromic sul-
fate dodecahydrate is available at a purity greater than 98.0%. Potassium chromic
sulfate with various degrees of hydration is available commercially as Chrome
Alum Crystal (violet crystals) containing 10% chromium and Chrome Alum 0%
Basicity (green powder) containing 15.4% chromium (McGean-Rohco, 1984).
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Cd) ChromiumfVJ compounds

Ammonium dichromate is available as analytical reagent-grade crystals
(99.5%) and as purified-grade crystals and granules with the following impurities:
chloride, 0.005% max; fixed alkalis (as sulfate), 0.1-0.2% max; insoluble matter,
0.005% max; and sulfate, 0.005% max.

Calcium chromate Is available at a purity of 96% min (Barium & Chemicals,
1988a). When used as a pigment for primer applications, it has the following typical
analysis: chromium oxide, 45%; calcium oxide, 44%; chloride, less than 0.001%;
sulfate, less than 0.001%; and moisture, 0.01% (National Chemical Co., undated b).

Chromium trioxide is available commercially at a purity of 99.9%

(McGean-Rohco, 1984; Occidental Chemical Corp., 1987a; American Chrome &
Chemicals, undated e). Two grades available from one company in Europe contain
maxima of 20 and 100 mg/kg metallc impurities.

Analytical reagent-grade potassium chromate (crystals) is available at a purity
of99.0%. Potassium dichromate is available at a purity of 99.8% (Occidental Chem-
ical Corp., 1987b).

Technical-grade anhydrous sodium chromate is available at a purity of 99.5%
(Occidental Chemical Corp., 1987c). Sodium dichromate di hydrate is available at apurity of 100.0% (American Chrome & Chemicals, undated f). Anhydrous sodium
dichromate is available at a purity of 99.70% (American Chrome & Chemicals, un-
dated g).

Barium chromate is available at a purity of 98.5-99% (Atomergic Chemetals
Corp., 1980; Barium & Chemicals, 1988b; National Chemical Co., undated c).

The term 'zinc chromate' is a generic term for a series of commercial products
with three kinds of molecular structure: (i) 'zinc chromate' type (like ZnCr04); (ii)
'basic zinc chromate' type (like zinc tetrahydroxychromate (ZnCr04.4Zn(OH)2);
and (iii) '(basic) zinc potassium chromate' type (like 3ZnCr04.Zn(OH)2.K2Cr04'
2H20). Several different commercial 'zinc chromates' are also referred to as 'zinc
yellow' .

Analytical reagent-grade lead chromate powder is available at a purity of
~ 98%. The commercial lead chromate pigments, Primrose Chrome Yellow, Light
Chrome Yellow and Medium Chrome Yellow, contain 65-89% lead chromate (Min-
eral Pigments Corp., undated b,c; National Chemical Co., undated d).

Molybdenum orange is described as a complex of lead molybdate, lead chro-
mate and lead sulfate (National Chemical Co., undated e). One composition com-
prises 65% lead, 12% chromium and 3% molybdenum (Wayne Pigment Corp.,
1985a,b).
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Strontium chromate is available at a purity of 99% (National Chemicai Co., un-
dated t). A strontium chromate pigment is available with a typical analysis of 41.4%
strontium and 46.7-47.3% chromium (Mineral Pigments Corp., undated d).

2. Production, Use, Occurrence and Analysis

The early history of chromium compounds, Încluding synthetic methods used
in their preparation, has been reviewed (Mellor, 1931).

2.1 Production

Chromium was first isolated and identified as a metal by the French chemist,
Vauquelin, in 1798, working with a rare mineraI, Siberian red Iead (crocoite,
PbCr04).

A generalized flow diagram for the production processes used now to lead
from chromite ore to the major products containing chromium is shown in Figure 1.

(a) Chromite ore

Although chromium is found in various mineraIs, chromite is the sole source of
chromium used commercially (Stern, 1982). From 1797 until 1827, chromite from
the Ural Mountains of Russia was the principal source of world supply, primarily
for chemical use. After chromite ore was discovered in the USA in 1827, that coun-
try became the principal source for the limited world demand; it no longer produces
it. Large Turkish deposits were developed in 1860 to supply the world market. Table
7 presents world production figures by region in 1976, 1982 and 1987.

(b) Metallic chromium and chromium alloys

Chromium metal is made commercially in the USA by two processes: (i) an
electrolytic method in which a chromium-containing electrolyte, prepared by dis-
solving a high-carbon ferrochromium in a solution of sulfuric acid and chromium
potassium sulfate, is subjected to electrolysis; and (ii) an aiuminothermic reduction
method in which chromic oxide is reduced with finely divided aluminium (Bacon,
1964; Papp, 1983).

ln 1970, US production. of chromium metal and metal alloys, other than fer-
rochromium alloys, was 14 thousand tonnes (about 75% by the electrolytic method;
IARC, 1980a); this had increased to 18 thousand tonnes by 1976 (Morning, 1978).
Production included chromium briquets, exothermic chromium additives and mis-
cellaneous chromium alloys, in addition to chromium metal. By 1987, US produc-
tion of chromium metal and ferrochromium-silicon (including exothermic chro-
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Fig. 1. Simplified Dow chart for the production ofmetallic chromium, chromium
compounds and selected products from chromite ore. Processes for which occu-
pational exposure levels to chromium are available are indicated by ..a
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mium additives and other miscellaneous chromium alloys) had dropped to 190
tonnes (Papp, 1988).

Table 7. World mine production of chromite ore by region (thon-
sand tonnes)a

Regionb 1976 1982 1981

Albania 794 675 830

Brazil 172 276 227

Cuba 32 27 122

Cyprus 9 3 0

Egyt 1 0 0

Finland 414 345 712

France (New Caledonia) 10 50 62

Greece 27 29 64

India 401 364 522

Iran 160 41 56

J apan 22 11 12

Madagascar 221 44 100

Oman 0 0 6

Pakistan 11 4 8

Philppines 427 322 172

South Africa 24 2431 c 3787c

Sudan 22 19 8

Turkey 740 453 599

USSR 2120 2939 3148

Viet Nam 9 16 15

Yugoslavia 2 0 0

Zimbabwe 608 432 540

Total 8611 8481 10 990

tlrom Moming (1978); Papp (1987, 1988)
bJn addition to the regions listed, Argentina, Bulgaria, China, Colombia, the
Democratie Republic of Korea and Thailand may also have produced chromite
ore, but output was not reported quantitatively and available general information
wa inadequate for formulation of reliable estimates of production.
CJncludes production by Bophuthatswana

Chromium met al has been produced in J apan since 1956, where it is manufac-
tured by two companies by electrolysis of an ammonium chromic sulfate solution.
About 900 tonnes were produced in 1977; there were no reported imports or ex-
ports (IARC, 1980a).
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Ferrochromium Is produced by treatment of chromite ore in electric furnaces
using coke as a reducing agent. Worldwide production figures for all grades of fer-
rochromium are summarized in Table 8.

Tabié 8. World production offerrochromium (ail grades, in thousands
of metric tonnes)a

Country
1983 1985 1987

Albania
35 13 35Brazl
80 136.2 113.5Finland
58.7 133 143France
18.1 0 0Germany, Federal Republic of
45 70 23Greece
18.5 45 45India
53.5 78.5 122.1Italy
45.4 57.6 59J apan

329.1 379.7 291Philippines
27 51 59South Mrica

699.5 851 948Spain
18 30 17.6Sweden

119.4 135 110Turkey
30.1 53.3 54USAh
33 99.7 106.7USSR

634 415 NAYugoslavia
68 73 80Zimbabwe

140 180 185
'Prom Chromium Association (1989)
hJncludes Land HC ferrochromium, FeSiCr, Cr metal and other miscllaneous
alloys
NA, not avaIlable

Chromium-containing steels (stainless steels and others) are produced by melt-
ing cast iron and adding ferrochromium and/or steelscraps in large electric fur-
naces. The melt is transferred to a refining vessel to adjust the carbon content and
impurity levels and is then cast Into ingots or continuously into casting shapes. De-
fects in the cast steel are repaired by cutting or scarfing or by chippIng or grinding.
The desired shapes are produced primarily by rollng, and their surfaces are condi-
tioned by a variety of operations, inc1uding grinding, polishing and pickling (Warn-
er, 1984).

Production figures are given in Table 9.

Chromium alloys are produced by technology very similar to that used for steel
production, except that the melting and decarburizing units are generally smaller
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and greater use is made of vacuum melting and remelting (Warner, 1984). No data
were available on production volumes of these alloys.

Table 9. Stainless-steel production in selected countriesa
(in thousands or metric tonnes)

Country 1987 1988

Austria 54 67

Belgium 182 254

Finland 189 20
France 720 784

Germany, Federal Republic of 957 1186

Italy 550 623

Japan 2722 3161

Spain 327 426

Sweden 457 482

UK 393 427

USA 1840 1995

Yugoslavia 30 30

tlrom ERAET-SLN (1989)

Cobalt-chromium alloys were first made in 1907 by fusion of cobalt with
10-60% chromium (Haynes, 1907). Commercial production began shortly there-
after, and since 1920 more than 75% of the cobalt used in the USA has been for the
manufacture of alloys with chromium (Sibley, 1976).

Eight US companies produced chromium alloys in 1975, but separate data on
the quantity of cobalt-chromium alloys produced were not available (Morning,

1978). Stellte (usually 53% Co, 35% Cr and the remainder tungsten) has been pro-
duced by one company in the UK (Roskil Information Services, 1974).

(c) Chromium llll) compounds

Solutions of chromic acetate are produced by dissolving freshly prepared hy-
drous chromic oxide in acetic acid (IARC, 1980a). Commercial mixtures of chromic
acetate with sodium acetate have been prepared by reduction of sodium dichro-
mate with glucose or corn sugar in the presence of acetic acid (Copson, 1956).

Chromic acetate was produced by five companies in the USA, but no data on
volumes were available (IARC, 1980a); it is now produced by one company (Chemi-
cal Information Services Ltd, 1988). Annual production in J apan has been about 30
tonnes (IAC, 1980a). Chromic acetate is currently produced by two companies
each in Japan and the UK and one each in Australia, Canada and Italy (Chemical
Information Services Ltd, 1988).
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Chromic ch/onde hexahydrate is prepared by dissolving freshly prepared chro-
mium hydroxide in hydrochloric acid. Anhydrous chromic chloride can be pro-
duced by passing chlorine over a mixture of chromic oxide and carbon (Sax & Le-
wis, 1987). Chromic chloride has been produced by two companies in the USA, but
no data on volumes were available.

In Japan, chromic chloride has been produced from chromic sulfate by con-
verting it to purified chromic carbonate, which is treated with hydrochloric acid.
About 100 tonnes of chromic chloride were produced by one J apanese company in
1977; there were no reported imports or exports. Four companies currently produce
chromic chloride in Japan (Chemical Information Services Ltd, 1988).

Chromic chloride is also produced by three companies in the UK, two in the
Federal Republic of Germany and one each in Australia and the German Demo-
cratic Republic (Chemical Information Services Ltd, 1988).

Chromic hydroxie is produced by adding a solution of ammonium hydroxide
to the solution of a chromium salt (Sax & Lewis, 1987). It is produced by one com-
panyeach in Argentina, Brazil, France, Japan and Turkey, two each in Austria,
Spain, the UK and the USA and four in India (Chemical Information Services Ltd,
1988).

Chromic nitrate may be produced by the action of nitric acid on chromium hy-
droxide (Sax & Lewis, 1987). It is produced by three companies each in Japan, the
UK and the USA, two each in Italy and Spain and one in the Federal Republic of
Germany (Chemical Information Services Ltd, 1988).

Anhydrous chromic onde is produced commercially by heating chromic hy-
droxide, by heating dry ammonium dichromate, or by heating sodium dichromate
with sulfur and washing out the sodium sulfate (Sax & Lewis, 1987). The hydrated
material is made commercially by calcining sodium di 

chromate with boric acid and
hydrolysing chromic borate (IARC, 1980a).

Chromic oxide was produced by six companies in the USA in 1977. US pro-
duction of the most important type of chromic oxide, chromic oxide green, was re-
ported to be about 600 tonnes in 1971 (lAC, 1980a), about 3700 tonnes in 1976

and 2700 tonnes in 1977 (Hartford, 1979). It is now produced by one company in the
USA (Chemical Information Services Ltd, 1988). Chromic oxide has been pro-
duced in Japan by two companies, either by heating hydrous chromic oxide or chro-
mium trioxide or by reducing sodium dichromate with carbon. An estimated 2700
tonnes were produced iD 1977 (lAC, 1980a). It is also produced by two companies
each in the Federal Republic of Germany and the UK and one each in France, India,
Italy, Spain and Switzerland (Chemical Information Services Ltd, 1988).

A violet hexahydrate fonÌ of chromic phosphate is formed by mixng cold.solu-
tions of potassium chromium sulfate (chrome alum) with disodium phosphate. A
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green crystallne di hydrate is obtained by boilng the violet hexahydrate with acetic
anhydride or by heating it in dry air (Udy, 1956).

Chromic phosphate is produced by two companies in the USA and one each in
Australia, Austria, the Federal Republic of Germany, India, Japan and the UK
(Chemical Information Services Ltd, 1988).

Solutions of mixed hydrated chromic sulfates are obtained by dissolving chro-
mic oxide in concentrated sulfuric acid and allowing it to stand until crystals of the
hydrated chromIc sulfate separate. The anhydrous form is produced by heating any
of the hydrates to 400°C in air or to 280°C in a stream of carbon dioxide (!AC,
1980a). Mixtures of basic chromic sulfates (containing mainly Cr(OH)S04)with so-
dium sulfate are produced commercially by the organic reduction (with such sub-
stances as molasses) of a solution of sodium dichromate in the presence of sulfuric
acid or by reduction of dichromate solutions with sulfur dioxide (Copson, 1956).

Two companies in the USA produce chromium sulfate and one produces basic
chromic sulfate, but no data on volumes were available (Chemical Information Ser-
vices Ltd, 1988).

Both chromium sulfate and basic chromic sulfate have been produced in Ja-
pan since about 1950, by reduction of sodium dichromate with glucose. The com-
bined production of the two producers in 1977 (which are stil operating) was about
2000 tonnes basic chromic sulfate and about 120 tonnes chromium sulfate (IARC,
1980a).

Chromium sulfate is also produced by one company each in Brazil, France,
India and New Zealand, two each in the Federal Republic of Germany and Spain
and three in the UK. Basic chromic sulfate is also produced byone company each
in Australia, Brazil, Colombia, Italy, Mexico, Pakistan, Turkey and the USSR, two
each in China and India and three in the UK (Chemical Information Services Ltd,
1988).

Potassium chromic sulfate dodecahydrate (potassium chrome alum) is pro-

duced commercially by the reduction of potassium dichromate with sulfur dioxide
(Copsón, 1956). One company in the USA currently produces potassium chromic
sulfate, but no data on volumes were available (Chemical Information Services Ltd,
1988). It was produced commercially in J apan before 1940. Production reached
about 20-30 tonnes in 1970; subsequently, the annual quantity produced decreased
rapidly, and only about one.tonne was produced in 1977 (IARC, 1980a).

Potassium chromic sulfate is also produced by one company in Brazil and one
company in Czechoslovakia (Chemical Information Services Ltd, 1988).

(d) ChromiumfVl compounds

Hexavalent chromium compounds that are commonly manufactured include
sodium chromate, potassium chromate, potassium dichromate, ammonium di-
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chromate and chromium trioxide. Other materials that contain chromium(VI) are
paint and primer pigments, graphic art supplies, fungicides, wood preservatives
and corrosion inhibitors (National Institute for Occupational Safety and Health,
1975). Each chromate-producing process involves the roasting of chromIte ore with
soda and lime at about 11oo°C in a furnace or rotary kiln (Gafafer, 1953). Wa-
ter-soluble hexavalent chromium compounds do not OCcur in the ore but comprise
part of roast, residue and product materials (Kuschner & Laskin, 1971). The pres-
ence of lime ensures that aluminium and silcon oxides in the ore are converted to
insoluble compounds, the soluble sodium chromate being recovered bya leaching
and crystallzation process (National Institute for Occupation 

al Safety and Health,1975). Chromium trioxide is produced by acidifying the leachate solution with sul-
furic acid (Gafafer, 1953). In the manufacture of pigments, chromium trioxide or
alkali chromates are reacted with soluble compounds of zinc, lead, iron, molybde-
nu m, strontium and other metals (Stern, 1982). The insoluble precipitates are
wasped, filtered and dried in the wet department of the processing plant and th 

enground, blended and packed in the dry departments, where conditions are often
dustiest (Gafafer, 1953).

Ammonium dichromate is produced by a crystallzation process involving
equivalent amounts of sodium dichromate and ammonium sulfate. When low alkali
salt content is required, it can be prepared by the reaction of ammonia with chro-
mium trioxide (Hartford, 1979).

Ammonium dichromate is produced by one company each in Argentina, Aus-
tralia, Brazil, France, Japan, Spain and Switzerland, by two each in the Federal Re-
public of Germany and India, by four in the USA, and by five in the UK (Chemical
Information Services Ltd, 1988).

Calcium chromate is produced commercially by the reaction of calcium chlor-
ide with sodium chromate. Hydrated forms can be made, but the anhydrous salt is
the only product of commercial significance (IARC, 1980a).

Calcium chromate is currently produced by three companies in the USA, but
no data on volumes were avaIlable (Chemical Information Services Ltd, 1988). Cal-
cium chromate was formerly produced in Japan at an annual rate of about 100
tonnes, but it has been produced recently in only small amounts for reagent use
(IARC,1980a). It is also produced by one company each in Australia and the UK
and two in France (Chemical Information Services Ltd, 1988).

Chromium trioxide is produced commercially by the reaction of sodium di-
chromate with concentrated sulfuric acid (Hartford, 1979). In 1978, there were two
US producers of chromium trioxide, each with a capacity to produce 18 thousand
tonnes peryear (Anon., 1978). Annual US production in 1977was in the range of 

26thousand tonnes (Hartford, 1979). ln 1988, there were six US producers (Chemical
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Information Servces Ltd, 1988) with a combined capacity of 52 thousand tonnes
per year (Anon., 1988a).

Commercial production in J apan was started before 1940. ln 1977, three com-
panies produced a total of 8300 tonnes, of which 120 tonnes were exported; there
were no reported imports (lAC, 1980a). Four companies currently produce chro-

mium trioxide in Japan (Chemical Information Services Ltd, 1988).
Chromium trioxide is also produced by four companies each in the Federal

Republic of Germany, India and the UK, three in China, two each in Argentina,
Brazil and Mexico and one each in France, Italy, Pakistan, Poland and the USSR
(Chemical Information Services Ltd, 1988).

Potassium chromate is produced by the reaction of potassium dichromate with
potassium hydroxide or potassium carbonate (Hartford, 1979).

There was one US producer in 1977, but no data on volumes were available;
combined US imports of potassium chromate and potassium dichromate in that
year were 2.7 tonnes (US Department of Commerce, 1978). There are currently two
US producers, but no data on volumes were available (Chemical Information Ser-

vices Ltd, 1988). Combined US imports of the two compounds in 1985, 1986 and
1987, respectively, were 580, 750 and 1000 tonnes from the UK (52%), the US 

SR

(22%), the Federal Republic of Germany (13%) and Canada (11%); combined US
exports for the same years were 64, 19 and 9 tonnes to the Philippines (40%), the.
Republic of Korea (30%) and Panama (30%) (Papp, 1988).

The two J apanese producers made about one tonne in 1977 for reagent uses;
there were no reported imports or exports (IARC, 1980a). One company currently
produces potassium chromate in Japan (Chemical Information Services Ltd, 1988).
It is also produced by five companies in the UK, four in Brazil, three each in India
and Italy, and one each in Argentina, Canada, the Federal Republic of Germany,
Spain and Switzerland (Chemical Information Services Ltd, 1988).

Potassium dichromate is produced industrially by roasting chrome ore with po-
tassium carbonate (IAC, 1980a), or, preferably, by reacting sodium dichromate
with potassium chloride (Hartford, 1979). Combined US production of potassium
dichromate and potassium chromate in 1966 was estimated to be 2600-3800 tonnes,
the potassium dichromate believed to be the more important industrially (IAC,
1980a ).

Three companies in the USA produce potassium di chromate (Chemical Infor-
mation Services Ltd, 1988). Current information on imports/exports is given above.
Potassium dichromate was first produced commercially in J apan before 1940. Pro-
duction by twû companies in 1978 amounted to about 1000 tonnes, weU below the

320 tonnes level of 1972 and below the 1977 level of 1400 tonnes. Exports are be-
lieved to be minor (IARC, 1980a).
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Potassium dichromate is also produced by six companies in India, five in the
UK, four in Brazil, two each in the Federal Republic of Germany and Italy, and one
each in Argentina, Romania, Spain, Switzerland, Turkey, Yugoslavia and the USSR
(Chemical Information Services Ltd, 1988).

Sodium chromate is produced commercially by roasting chromite ore with so-
dium carbonate, or with sodium carbonate and calcium oxide, and leaching to dis-
solve the sodium chromate. After treatment to remove hydrated alumina, the so-
dium chromate solution is either marketed directly or evaporated to produce
hydrated or anhydrous crystals (Hartford & Copson, 1964). Sodium chromate may
also be produced from sodium di chromate by treatment with sodium hydroxide.

Two companies produced sodium chromate in the USA in 1978. The com-
bined US production of sodium chromate and sodium di 

chromate increased from123 thousand tonnes in 1967 to 144 thousand tonnes in 1977 (Hartford, 1979), and
was 159 thousand tonnes in 1978. Currently, three companies in the USA have been
reported to produce sodium chromate, but data on production volumes were not
avaIlable (Chemical Information Services Ltd, 1988).

Commercial production in Japan started before 1940. Production in 1977 by
the two producing companies was less than 10 tonnes (lARC, 1980a); two compan-
ies currently produce this compound (Chemical Information Services Ltd, 1988).
It is also produced by five companies in India, four in Brazil, three in the UK, two in
the Federal Republic of Germany and one in Spain (Chemical Information Services
Ltd, 1988).

Sodium dichromate is produced commercially by the reaction of sulfuric acid
with sodium chromate (Hartford, 1979). Three companies in the USA produced
this compound in 1976. In 1988, two of five companies that produced it (Chemical
Information Sciences Ltd, 1988) had a combined capacity of 144 thousand tonnes
per year (Anon., 1988b).

Sodium di chromate was first produced commercially in Japan in about 1908.
ln 1978, the combined production of two companies was estimated to be 20.7 thou-
sand tonnes, slightly below the 19771evel of 21 thousand tonnes (IAC, 1980a).
Three companies currently produce it in that country (Chemical Information Ser-
vices Ltd, 1988).

Sodium dichromate is also produced by five companies in India, four each in
Brazil and the UK, three in China, two each in the Federal Republic of Germany
and Turkey, and one each in Argentina, Czechoslovakia, Italy, Mexico, Pakistan,
Poland, Romania, Spain, Switzerland and the USSR (Chemical Information Ser-
vices Ltd, 1988).

Barium chromate is produced commercially by the reaction of barium chloride
with sodium chromate (Copson,)956). Five companies in the USA produced this
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chemical in 1977 (IARC, 1980a), and now there are four (Chemical Information Ser-
vices Ltd, 1988), but no data on volumes were avaIlable. Barium chromate is pro-
duced by one company in Japan (Chemical Information Services Ltd, 1988). Pro-
duction in 1977 was estimated to have been less than 50 tonnes; there were no
reported imports or exports (IAC, 1980a). It is also produced by four companies
in France, two in the UK, and one each in Australia, Austria, Belgium, the Federal
Republic of Germany, India, Italy and Spain (Chemical Information Services Ltd,
1988).

Basic lead chromate (Chrome Orange) is produced by the reaction of lead oxide
with sodium dichromate in the presence of acetic acid or by the reaction of lead
nitrate with sodium chromate in the presence of sodium carbonate (Chalupski,
1956). No information on production of this compound in the USA was available,
but combined production of Chrome Yellow and Chrome Orange, containing vari-
ous proportions of basic lead chromate, amounted to 32.1 thousand tonnes in 1976
and 28.2 thousand tonnes in 1977 (Hartford, 1979). Basic lead chromate is also pro-
duced by one company each in Argentina, Colombia, the Federal Republic of Ger-
many, Italy, Japan, Poland and Spain (Chemical Information Services Ltd, 1988).

Lead chromate (Chrome YeIlow) can be produced by reacting sodium chro-
mate with le ad nitrate, or by reacting lead monoxide with chromic acid solution. By
varying the proportion of reactants, either le ad chromate (PbCr04) or lead chro-
mate oxide (basic le ad chromate; PbO.PbCr04) can be produced. High le 

ad chro-
mate content is associated with yellow pigments; increasing the le 

ad chromate oxide
content gives orange colours; and mixing with lead molybdate gives red pigments
(Chalupski, 1956).

No information on production of this compound in the USA was available, but
combined production of Chrome Yellow and Chrome Orange pigments was 32.1
thousand tonnes in 1976 and 28.2 thousand tonnes in 1977 (Hartford, 1979). Assum-
ing an average of 70% le ad chromate in these pigments, about 20 thousand tonnes of
lead chromate were produced in the USA or imported for use in these pigments in
that year. Lead chromate is currently produced by five companies in the USA
(Chemical Information Services Ltd, 1988).

Commercial production in J apan was started in about 1910, and there were
three major producers and one minor producer in 1977. Production in 1977was 10.8
thousand tonnes and exports were 1800 tonnes. Six companies currently produce
lead chromate in Japan (Chemical Information Services Ltd, 1988). Production of
Chrome Yellow in 1984, 1985 and 1986, respectively, was 990, 8500 and 790 tonnes

(Sasaki, 1985, 1986, 1987).

Lead chromate is also produced by six companies in Spain, five in Italy, three
in Belgium, two each in Argentina, Austria, Canada, China, the Federal Republic of
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Germany, France, the Netherlands and Turkey, and one each in Australia, Colom-
bia, Mexico, Poland, Taiwan and the UK (Chemical Information Servces Ltd, 1988).

Molybdenum orange pigments are variable complexes of lead sulfate, lead
chromate and lead molybdate, made by pouring sodium dichromate, sulfurIc acid
and sodium molybdate into excess lead nitrate, preferably cold, at pH3. An ageing
step is required in precipitation to permit development of the orange tetragonal
form (Hartford, 1979).

Molybdenum orange is currently produced by four companies in the USA
(Chemical Information Services Ltd, 1988). US imports for 1985, 1986 and 1987,
respectively, were 980, 750 and 1100 tonnes from Canada (78%), the Federal Repub-
lic of Germany (16%) and J apan (6%) (Papp, 1988). Four companies currently pro-
duce molybdenum orange and molybdenum red in Japan (Chemical Information
Services Ltd, 1988), and production of molybdenum red in 1984, 1985 and 1986, re-
spectively, was 290, 2600 and 220 tonnes (Sasaki, 1985, 1986, 1987).

Molybdenum orange (including molybdenum red) is also produced by one
company each in Australia, Austria, Canada, Colombia, India, Italy, Mexico and
Taiwan, two each in Belgium, the Federal Republic of Germany, France and the
Netherlands and four in Spain (Chemical Information Services Ltd, 1988).

Strontium chromate is prepared by adding a solution of a strontium salt to a
solution of sodium chromate (Lalor, 1973).

Production of strontium chromate by three companies in the USA in 1970 was
estimated to be 680 tonnes (Lalor, 1973). US imports in 1977 were 242 tonnes, most-
ly from Canada (US Department of Commerce, 1978). It is currently produced by
fIve companies in the USA, but no data on volumes are available (Chemical Infor-
mation Services Ltd, 1988). US imports for 1985, 1986 and 1987, respectively, were
390, 120 and 120 tonnes from France (61 %), the Federal Republic of Germany (15% )
and Canada (11%) (Papp, 1988).

Production inJapan began after 1940. The combined production ofthreecom-
panies in 1977 was about 600 tonnes, comparable with that of the previous seven
years; there were no reported imports or exports (!AC, 1980a). Two companies
currently produce strontium chromate in that country (Chemical Information Ser-
vices Ltd, 1988).

Strontium chromate is also produced by four companies In France, two each in
Australia, Italy, Spain and the UK and one each in Austria, Belgium, Brazil and the
Federal Republic of Germany (Chemical Information Services Ltd, 1988).

Zinc chromates have been produced commercially since about 1940. Basic zinc
chromates (including 'zinc chromates') are prepared by reaction between a solution
of chromium trioxide and a slurry of zinc oxide. Zinc potassium chromates are pre-

kajo
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pared bya reaction between a solution of sodium dichromate, a slurry of zinc oxide
and a solution of potassium chloride (Lalor, 1973).

Zinc chromate (zinc tetroxychromate) is currently produced by three compan-
ies each in Belgium, France, Italy, Japan, Spain and the USA, two each in Argentina
and Austria, and one each in Australia, Canada, Colombia, India, the Netherlands,
Norway, Poland, Taiwan, Turkey and the UK. Zinc potassium chromate is pro-

duced by two companies in Austria, one each in Belgium, France, Italy, Norway,
Turkey and the USA (Chemical Information Services Ltd, 1988), and probably else-
where. Production of 'zinc chromate' in J apan in 1984, 1985 and 1986 was 1530, 1280
and 100 tonnes, respectively (Sasaki, 1985, 1986, 1987).

(e) Other chromium compounds

Chromium carbonyl is produced by the reaction of carbon monoxide with chro-
mic chloride and aluminium metal (IARC, 1980a). Two companies in the USA pro-
duce this chemical, but no data on volumes are available. Chromium carbonyl is
also produced by one company in the Federal Republic of Germany (Cheffical In-
formation Services Ltd, 1988).

2.2 Use

An early use of chromium compounds was as pigments, particularly chrome
yellow. Basic chromic sulfate was used in tanning hides, as the reaction of chro-
mium with collagen rais es the hydrothermal stabilty of the leather and renders it
resistant to bacterial attack. The most important use of chromium, namelyas an
alloying element, developed gradually during the nineteenth century and led to the
introduction of chromium steels (Westbrook, 1979).

Chromium is currently used in such widely diversified products as stainless,
tool and alloy steels, heat- and corrosion-resistant materials, special purpose alloys,
alloy cast iron, pigments, metal plating, leather tanning, chemicals, and refractory
materials for metallurgical furnaces. It is used in the metallurgical industry to en-
hance such properties as hardenability (response to quenching), creep (unit stress
that wil produce plastic deformation at a specified rate and temperature), strength
and impact strength and resistance to corrosion, oxidation, wear and gallng; its ma-
jor use is in the production of stainless steel. Chromium pigments represent the
largest use of chromium in the chemical industry (Papp, 1983).

(a) Chromite ore

Use of chromite ore in the USA decreased from 1.3 millon tonnes in 1974 to
912 thousand tonnes in 1976, when utilization by the three consuming industries was
as follows: metallurgical, 59.3%; refractory, 20.1%; and chemical, 20.6% (Morning,
1978). US consumption of chromite ore (and concentrate) was 504 thousand tonnes
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in 1987, 91 % of which was used by the chemical and metallurgical industries and 9%
by the refractory industry (Papp, 1988).

The metallurgical grade is used primarily to produce ferrochromium alloys,
which are used in the production of stainless and other special steels (Bacon, 196).
The major use of chromite refractory materials in 1974 was in iron and steel pro-
cessing, nonferrous alloy refining, glass making and cement processing (Morning,
1975); in 1987, the primary use was in refractory bricks to line metallurgical furnaces
(Papp, 1988). Chemical-grade chromite ore is converted (by a series of operations
involving roasting with soda ash and/or lime and leaching, with appropriate control
of acidity) to sodium dichromate, used as such and in the production of many other
chromi um chemicals (Copson, 1956).

The major use of chromite ore in Japan has been in the production of ferro-
chromium (90%), the balance being used in the manufacture of refractory materials
(6%), chromium compounds (3%) and chromium metal (1%) (lAC, 1980a).

(b) Metal/ic chromium and chromium al/oys

Chromium metal (pure) is used to prepare alloys with high purity specifica-
tions. Chromium is thus an important and widely used alloying element iD ferrous
and nonferrous alloys, inc1uding those based on nickel, iron-nickel, cobalt, alumini-
um, titanium and copper. In alloys based on nickel, iron-nickel and cobalt, chro-
mium is used primarily to confer oxidation and corrosion resistance. In alloys of
aluminium, titanium and copper, chromium is used to control microstructure.
Stainless steel contains at least 12% and may contain up to 36% chromium. Chro-
mium-containing tool steels contain 1-12% chromium. Most full alloy steels con-
tain 0.5-9% chromium, but sorne grades contain up to 28%. Cast irons contain

0.5-30% chromium (Papp, 1983).

ln 1976, 70% (170 thousand tonnes) of all US chromium metal and metal alloys
were used in the production of stainless steel. Of the total of chromium metal and
alloys used in the production of commercial alloys, about 60% was in high-carbon
ferrochromium, 11% in low-carbon ferrochromium, 21% in ferrochromium-silicon
and 7.4% in other alloys, chromium briquets, exothermic additives and chromium
metal (Morning, 1978). ln 1987, 82% (330 thousand tonnes) of all US chromi um
ferroalloys, metal and other chromium-containing materials were used in the pro-
duction of stainless steel. Of the total of chromium metal and alloys used in the
production of commercial alloys, about 88% was in high-carbon ferrochromium,
6.5% in low-carbon ferrochromium, 4% in ferrochromium-silcon, 0.5% iD other
alloys and 1% in chromium metal (Papp, 1988).

Chromium-containing steels are widely used in, for instance, general engineer-
ing, architectural panels and fasteners, pollution control equipment, chemIcal
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equipment, cryogenic uses, hospital equipment, domestic equipment, automotive
parts, engine components and food processing (Eurométaux, 1986).

Chromium alloys are used in a large variety of applications, including jet engine
parts, nuclear plants, high-temperature reaction vessels, chemical industry equip-
ment, high temperature-resistant equipments, coinage, desalinization plants, ships'
propellers, acid-resistant equipment, cutting tools and implants (National Re-
search Council, 1974).

Cobalt-chromium alloys were originally developed for use in cutting tools.
Subsequently, because of their corrosion resistance, they were also used for equip-
ment in contact with acids and other chemicals. They are used for facing valves and
seats in internaI combustion engines; wearing surfaces or cutting edges of hot
shears, trimming dies, cam gauges, punches and turbine blades; pipeline linings;
and pumps for corrosive liquids (Cobalt Development Institute, 1985). Stellte al-
loys are used in high-temperature applications. The superalloys are used for tur-
bine discs and blades and nozzle vanes in jet engines; grates and quenching baskets
in furnaces; and high-temperature springs and fasteners (Roskil Information Ser-
vices, 1974). Vitallum alloy (27 wt% Cr, 5% Mo, 0.5% C, balance Co) is most com-
monly used as a denture alloy (Sullvan et aL., 1970).

(c) ChromiumlIIIj compounds

Chromic acetate is used in printing and tanning, as a textile mordant, a poly-
merization and oxidation catalyst, and an emulsion hardener (Hartford, 1979; Sax
& Lewis, 1987). Most of the chromic acetate produced in J apan has been used in
dyeing processes (IAC, 1980a).

Chromic ch/oride is used for the production of commercial solutions of 
the ba-

sic chlorides (Cr(OH)2CI) by reaction with sodium hydroxide. These solutions have
been reported to have minor special applications, such as use as a mordant for aliz-
arin dyes on cotton yarn and certain cyamine dyes on silk. In J apan, they are also
used for decorative chromium plating (IARC, 1980a).

Anhydrous chromic chloride has been used as a catalyst for polymerizing ole-
fins, for chromium plating (including vapour plating), for preparing sponge chro-
mium and other chromium salts, as an intermediate, and for waterproofing (Sax &
Lewis, 1987).

Chromic hydroxide has been used as a catalyst, a tanning agent, a mordant, and
in the preparation of Guignet's green (hydrated chromic oxide green) (Sax & Lewis,
1987).

Chromic nitrate has been used as a catalyst and a corrosion inhibitor (Sax &
Lewis, 1987). It has also been used in textiles and in the manufacture of chromium
dioxide (Hartford, 1979).
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Most chromic oxide (anhydrous and hydrated) is used as a pigment. A sub-
stantial portion is also used in metallurgy in the manufacture of chromium metal
and aluminium-chromium master alloys and, to a lesser extent, as a catalyst, in re-
fractory brick, and as a chemical intermediate (IARC, 1980a; Sax & Lewis, 1987).

Anhydrous chromic oxide is the most stable green pigment known and is used
in applications requiring resistance to heat, light and chemicals (e.g., in glass and
ceramics). It is used in dyeing polymers, and its resistance ta al kali makes it a valu-
able colourant for latex paints. It has special use in colouring cement and granules
for asphalt roofing and in camouflage paints. Metallurgical-grade anhydrous chro-
mic oxide is used in the manufacture of chromium metal and aluminium-chromium
master alloys. It is used as a catalyst in the preparation of methanol, butadiene and
high-density polyethylene. Chromic oxide is also used in refractory brick as a minor
component to improve performance. When used as a mild abrasive for polishing
jewellery and fine metal parts, it is known as 'green rouge' (IARC, 1980a).

Hydrated chromic oxide is also used as a green pigment, especially for automo-
tive finishes (IARC, 1980a).

ln Japan, chromic oxide has been used for the production of refractory materi-
aIs (36%), pigments (35%), abrasives (15%) and other uses, such as glaze for glass
(14%) (IARC, 1980a).

Chromic phosphate is used in pigments, phosphate coatings and wash primers,
and as a catalyst (Hartford, 1979; Sax & Lewis, 1987).

Chromic sulfate is used in chrome plating, chromium alloys, green paints and
varnishes, green inks, ceramic glazes, and as a mordant for textile dyeing. Basic
chromic sulfate is the principal chemical used in leather tanning (Sax & Lewis,
1987).

Potassium chromic sulfate (chrome alum) has been reported to be used as a
mordant prior to application of mordant dyes. It is also used to treat cotton that has
been dyed with certain direct cotton dyes and sulfur dyes, rendering the dyed textile
faster to washing. Another important application is in the preparation of hydrous
chromic oxide, which, in turn, is used to make many of the trivalent chromium mor-
dants (Howarth, 1956). It has also been used in chrome-tan liquors for tanning, in
photographic fixing baths, and in ceramics (Sax & Lewis, 1987).

(d) ChromiumfVl compounds

Ammonium dichromate has a variety of uses, including a mordant for dyeing;
in pigments; in the manufacture of alizarin, potassium chromic sulfate and cata-
lysts; in oil purification; in pickling; in leather tanning; in synthetic perfumes; in
photography; in process engraving and lithography; and in pyrotechnics (Sax &
Lewis, 1987).
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Calcium chromate is largely used as a corrosion inhibitor and as a depolarizer
in batteries (Hartford, 1979). Its addition to protective coatings for steel and light
metals is sometimes reported as a pigment use, but its primary function in these
products is to inhibit corrosion. It is also used in ceramics and in paint pigments
(Barium & Chemicals, undated). The use of calcium chromate as a pigment was
discontinued in Japan sorne years ago (!AC, 1980a).

A major use of chromium trioxide has been in chromium plating, particularly in
the production of automobiles. Uses in other metal-finishing operations include
aluminium anodizing, particularlyon miltary aircraft; chemical conversion coat-
ings, which provide both decoration and corrosion protection; and the production
of phosphate films on galvanized iron or steel (IARC, 1980a). Other uses of chro-
mium trioxide are as a wood preservative (Anon., 1988a), as a corrosion inhibitor
for ferrous alloys in recirculating water systems, as an oxidant in organic synthesis
and in catalyst manufacture. Small amounts are used to modify the properties of
basic magnesite refractories (!AC, 1980a).

US demand for chromium trioxide was 31.5 thousand tonnes in 1978 (Anon.,
1978) and 57 thousand tonnesIn 1988 (Anon., 1988a). The pattern of use in the USA
in 1978 was as follows: metal treating and plating, 80%; wood treatment, 10%;
chemical manufacturing, 5%; and other, 5% (Anon., 1978). The pattern of use in the
USA in 1988 was: wood treatment, 63%; metal finishing, 22%;other (including wa-
ter treatment, magnetic particles and catalysts), 7% (Anon., 1988a).

ln Japan, the major use of chromium trioxide (90%) has been in chromium
plating; 3% is used in pigments and 7% in other uses such as abrasives. The total
used in Japan dropped from 11800 tonnes in 1972 to 8300 tonnes in 1977 (lAC,
1980a).

Potassium chromate has limited applications in the textile industry - when a
potassium rather than a sodium salt is essential or when differences in solubility or
other physical properties make its use desirable (Howarth, 1956). Among these
uses are as a mordant for wool, in dyeing nylon and wool with mordant acid dyes, in
oxidizing vat dyes and indigosol dyes on wool, in dyeing with chromate colours, in
treating direct dyes and sorne sulfur dyes on cotton to render them faster to wash-
ing, in oxidizing anilne black, and in stripping dyed wool (IAC, 1980a).

Potassium dichromate was once the most important commercial chromium
compound, but it has largely been replaced in many applications by sodium dichro-
mate. It is used in many small-volume applications such as photomechanical pro-
cessing, chrome-pigment production and wool preservative formulations. The ma-
jor use for potassium dichromate in J apan has been pigment production (54%); dye
manufacture consumes an estimated 22%, with the remaining 24% used as an oxi-
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dizing agent in miscellaneous uses (as a catalyst and in other applications) (lARe,
. 1980a).

Sodium chromate is used in inks, leather tanning, wood preservation, corrosion
inhibition, as a pigment in paint, water treatment, driling muds, textile dyeing, cut-
ting oils, catalysts, and as a raw material for the production of other chromium com-
pounds (Sax & Lewis, 1987; American Chrome & Chemicals, undated h,i). ln J a-
pan, its principal use is as a mordant in dyeing operations (IARC, 1980a).

Sodium dichromate is the primary base material for the manufacture of chro-
mium chemicals, which are used in leather tanning, metal treatment, driling muds,
textile dyes, catalysts, and wood and water treatment (Papp, 1983).

Demand for sodium dichromate in the USA was 146 thousand tonnes in 1978
(Anon., 1979) and 149 thousand tonnes in 1988 (Anon., 1988b). The pattern of use in
1978 was as follows: manufacture of chromium trioxide, 28%; manufacture of pig-
ments, 24%; manufacture ofleather tanning che mi cals, 17%; corrosion control, 7%;
metal treatment, driling muds and textiles, 8%; and other (inc1uding chemical man-
ufacture, catalysts, and wood preservation), 8% (Anon., 1979). The pattern of use in
the USA in 1988 was as follows: manufacture of chromium trioxide, 54%; leather
tanning, 9%; manufacture of chromium oxide, 9%; manufacture of pigments, 8%;
wood preservation, 5%; and other (including drillng muds, catalysts, water treat-
ment and metal finishing), 5% (Anon., 1988b).

Barium chromate is used in pyrotechnics, in high-temperature batteries, in
safetymatches, as a corrosion inhibitor in metal-joining compounds, as a pigment
in paints, in ceramics, in fuses, in metal primers, and in ignition control devices
(Hartford, 1979; Sax & Lewis, 1987). ln Japan, the principal use was reported to be

in explosive fuses (IARC, 1980a).

Chrome orange pigments, consisting largely of basic le ad chromate, have been
widely used in paints, metal protective primers and linoleum (Chalupski, 1956). In
the early 1970s, use of chrome oranges in the USA was decreasing, although they
were stil being used in tints and rust-inhibiting paints (Schiek, 1973).

Lead chromate is used to make pigments for paints to be applied to both wood
and metal. Chrome yellows (containing 52-98% lead chromate) are considered to
be the most versatile of the inorganic pigments and are therefore found in many
formulations designed for a wide spectrum of uses. The largest use of chrome yel-
lows in the early 1970s was in paint for automotive finishes, farm machinery, archi-
tectural and air-dried finishes, and water-thinned coatings for exterior and interior
use. Medium chrome yellow paints make up about 30% of the paint used for traffic
control. Chrome yellows are also used as colourants in vinyls, rubber and paper.
The second largest use of chrome yellows is in printing inks (Schiek, 1973).
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The major use for lead chromate in Japan is in the production of pigments for
paint and inks (85%); other uses are as a colourant for synthetic resins (14%) and
miscellaneous applications (1%) (IARC, 1980a).

Molyhdenum orange pigments are used in coatings, inks and plastics (National
Chemical Company, undated e).

Strontium chromate was first used commercially (near the end of the nine-
teenth century) as a colourant in artists' paints, under the name 'citron yellow'. It
was replaced for this use by organic pigments in 1936, at which time it was also being
used for corrosion resistance on aluminium and magnesium alloys. Later, it was
used in chemical-resistant coatings because of its low reactivity, and in epoxy poly-
amide vehicles and vinyl sheeting because of its heat-resistant properties. ln 1973,
some strontium chromate was stil being used in vinyl sheeting and chemical-resis-
tant coatings and in primer coatings for water tanks, but most of it was used, either
alone or in combination with basic zinc chromate, in wash primers or in aluminium
flake coatings (Lalor, 1973). Strontium chromate has also been used as an additive
to control the sulfate content of solutions in electrochemical processes (Hartford &
Copson, 1964). ln J apan, the only known use has been as a corrosion inhibitor
(IARC, 1980a).

Zinc chromates are used as pigments in paints, varnishes and oil colours. Many
of them are used as a corrosion-resisting primer coatings and in metal conditioners
(wash primers) applied before priming; in this case, they are used more for thcir
chemical characteristics th an their hue (LaI or, 1973; Windholz, 1983).

(e) Other chromium compounds

Chromium carhonyl has reportedly been used as an isomerization and poly-
merization catalyst, as a gasoline additive, and as a chemical intermediate (Sax &
Lewis, 1987). It has also been used in the synthesis of'sandwich' compounds (Hart-
ford, 1979) from aromatic hydrocarbons, such as dibenzene(chromium) from ben-
zene. Some of these compounds have been investigated as possible sources of va-
pour-deposited chromium and for the production of carbides.

2.3 Occurrence

The occurrence and distribution of chromium in the environment has been re-
viewed (Sayato & Nakamuro, 1980; Sequi, 1980; Balsberg-Påhlsson et al., 1982;
Cary, 1982; Filiberti et al., 1983; Fishbein, 1984; Gauglhofer, 1984; Jin & Hou, 1984;
Barceló et aL., 1986; Poschenrieder et al., 1986; Camusso & Montesissa, 1988; Nriagu
& Nieboer, 1988).

(a) Natural occurrence

Chromium is widely distributed in the earth's crust but is concentrated in the
ultrabasic rocks. At an overall crust concentration of 125 mg/kg Cr (National Re-
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search Council, 1974), it is the twentieth most abundant element, ranking with vana-
dium, zinc, nickel, copper and tungsten (Westbrook, 1979). Only the trivalent and
hexavalent compounds are detected in the environment in significant quantities
(Fishbein, 1976). ln reducing environments, chromium(VI) is unstable relative to
chromium(III). The average concentration of chromium in basaIt, shale and granite
has been reported to be 200,100 and 20 ppm (mg/kg), respectively. The world aver-
age concentration of chromium in ultramafic, mafic, interilediate and felsic rock
has been reported to be 2000, 200, 50 and 25 ppm (mg/kg), respectively. Concentra-
tions in rock samples from Hawaiian lavas, from the Skaergaard intrusion in
Greenland and from tertiary lavas of northeastern Ireland ranged from less than 1
ppm to 1750 ppm (mg/kg) chromium (Cary, 1982).

Chromium is found in nature only in the combined state and not as the free
metal. It exists mainly as chromite, which has the idealized composition

FeO.Cr203, although this composition has been found in nature only in meteorites.
Chromite is a mixed metal oxide spinel containing iron, chromium, magnesium and
aluminium in 'various proportions (Hartford, 1963) and as such is found in consid-
erable quantities in Zimbabwe, the USSR, South Africa, New Caledonia and the
Philippines (National Research Council, 1974; World Health Organization, 1988); it
contains 40-50% chromium (Bidstrup & Case, 1956).

Of the chromium chemicals (other than chromite ore) included in this mono-
graph, only two are known to occur in nature in mineraI form: Iead chromate as
crocoite and potassium dichromate as lopezite (Hartford, 1963).

(b) Occupational exposures

OccupationaI exposures to a number of specific chromium compounds have
been reported. With respect to hexavalent compounds, the most important expo-
sures are to sodium, potassium, calcium and ammonium chromates and dichro-
mates during chromate production, to chromium trioxide during chrome plating, to
insoluble chromates of zinc and lead during pigment production and spray paint-
ing, to water-soluble alkaline chromates during steel smelting and welding and to
other chromates during cement production and use. Trivalent compounds that are
common in work place air include chromite ore during chromate production and in
the ferrochromium industry, chromic oxide during pigment production and use,
and chromic sulfate during Ieather tanning. ln addition, occupational exposures to
airborne dusts containing chromium metal may occur during production, welding,
cutting and grinding of chromium alloys (Stern, 1982; Nieboer et al., 1984; World
Health Organization, 1988; see the monograph on welding, pp. 463-474). A sche-
matic diagram of the production processes for sorne important commercial chro-
mium compounds was given in Figure 1, on which those operations for which expo-
sure data are available are indicated.
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Potential occupational exposure to chromium occurs through inhalation, in-
gestion or skin contact (National Research Council, 1974). The US National Insti-
tute for Occupational Safety and Health (1977) estimated that about two milion
workers are exposed to chromium and chromium compounds. Chromium ulcers or
chromate dermatitis, which are indicative of occupational exposure, have beenre-
ported in numerous occupations, involving manual handling of cement, leather,
plastics, dyes, textiles, paints, printing inks, cutting oils, photographic materials,
detergents, wood preservatives, anticorrosion agents and welding rods (Pedersen,
1982; Burrows, 1983; Polak, 1983; Nieboer et al., 1984; Table 10; see also section
3.3(b), p. 182).

Table 10. Occupations with potential exposure to chromiuma

Abrasives manufacturers
Acetylene purifiers
Adhesives workers
Aircraft sprayers
Alizarin manufacturers
Alloy manufacturers
Aluminium anodizers
Anodizers
Battery manufacturers
Biologists
Blueprint manufacturers
Boiler scalers
CandIe manufacturers
Cement workers
Ceramic workers

Chemical workers

Chromate workers
Chromium-alloy workers
Chromium-alum workers
Chromium platers
Copper etchers
Copper-plate strippers
Corrosion-inhibitor workers
Crayon manufacturers
Diesel locmotive repairmen
Drug manufacturers
Dye manufacturers
Dyers
Electroplaters
Enamel workers
Explosives manufacturers

Jewellers
Laboratory workers

Leather finishers
Linoleum workers

Lithographers
Magnesium treaters
Match manufacturers
Metal cleaners
Metal workers
Milk preservers

Oil drillers
Oil purifiers

Painters
Palm-oil bleachers
Paper waterproof ers
Pencil manufacturers
Perfme manufacturers
Photoengravers
Photographers
Platinum polishers
Porcelain decorators
Pottery frosters
Pottery glazers

Prnters .
Railroad engineers

Refractory-brick manufacturers
Rubber manufacturers
Shingle manufacturers
Silk-screen manufacturers
Smokeless-powder manufacturers

Soap manufacturers
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Table i 0 (contd)

Fat purifiers
Fireworks manufacturers
Flypaper manufacturers
Furniture polishers

Fur procssors
Glass-fibre manufacturers
Glass frosters
Glass manufacturers
Glue manufacturers

Histology technicians

Sponge bleachers
Steel workers
Tanners
Textie workers

Wallpaper printers
Wax workers
Welders
Woo-preservative workers

Woo stainers

'Prom National Research Council (1974)

This section sUffmarizes data on exposure to chromium in air and the results
of biological monitoring in various industries and occupations. The biological indi-
cator levels are influenced by the solubility of chromium compounds and by the
time of sampling. It should be noted that the chromium compounds, the timing of
collection of biological samples (normally at the end of a shift) and the analytical
methods used differ from study to study, and elevated levels of chromium in biologi-
cal fluids and tissue sam pIes are mentioned only as indications of uptake of chro-
mium. (See also section 3.3(b) and the monographs on nickel and nickel com-
pounds, and on welding.)

(i) Ferrochromium steel and high chromium al/oy production

During the electrothermal reduction of chromite ore with coke for the produc-
tion of ferrochromium, workers in the are a near the furnaces are exposed to fumes
containing 0.1-10% chroffium (Stern, 1982).

In 1959, an industrial hygiene survey was carried out in a US plant producing
ferrochromium, ferrosilcon and chromium alloys in electric furnaces. The mean
concentrations of chromium trioxide (values for chromium calculated by the Work-
ing Group in square brackets) in the air were 1 ( c: 1) J.g/m3 in the maintenance
shop, 26 (140) J.glm3 in the charging area, 317 (160) J.g/m3 in the casting area and
2470 (1300) J.g/m3 in the finishing area. The overall mean of 127 samples was 452

J.g/m3 chromium trioxide (230 l!g/m3 chromium) (Princi et al., 1962).
ln 1973, workplace concentrations ofhexavalent chromium were reported to be

30-60 J.g/m3 during the production of ferrochromium in the USSR (World Health
Organization, 1988).

Concentrations of total dust and chromium in 1975 in a NOfWegian ferrochro-
mium plant are shown in Table 11. In various occupations, the mean level of total
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Table 11. Air concentrations of total dust and chromium in a Norwegian ferro-
chromium planta

Occpation or area No. of
samples

Mean and range of
dust concentration
(mg/m3)

Mean and range of chro-
mium concentration
(¡.g/m3)

Potmen
Cleaner-balers
Crane drivers
Packers
Maintenance workers
Transport workers
Charge floor
Top electrode .
Packing area

20
5

10

10

9
9
5

3

18

6.3 (4.0-15.7)
18.2 (10.5-23.9)
4.6 (3.1-7.6)
4.9 (2.3-8.3)

15.6 (4.0-46.0)

12.8 (5.6-30.1)

4.8 (2.8-8.4)

15.5 (13.9-17.8)
1.9 (0.3-5.5)

40 (2070)
90 (50-130)

40 (10-50)
290 (50-1300)

90 (20370)
10 (10-30)
50 (30-70)

170 (150-190)
190 (10-1340)

'Prom Langård et al. (1980)

chromium was 10-290 J-g/m3, about 11-13% ofwhich was water-soluble (Langård et
al., 1980).

Among Swedish ferrochromium workers, exposure to hexavalent chromium
was estimated at 250 J-g/m3 during arc-furnace operations and 10-50 llg/m3 during

transport, metal grinding, maintenance and sample preparation. The total concen-
tration of metallc and trivalent chromium at the work sites was 500-2500 llg/m3
(Axelsson et al., 1980).

ln an Italian ferrochromium plant, dust samples contained 0.9-3.8% chro-
mi um, and air borne levels of total chromium were 20-158 llg/m3. The concentration
ofhexavalent chromium was below 1 J-glm3. Levels ofurinary chromium measured
at the beginning and end of a work shift were low (less th an 5 J-g/g creatinine), al-
though the results indicated absorption of chromium in sorne groups of workers
(Foa et al., 1988). .

In ten steel, 15 iron and 11 copper alloy foundries in Finland in 1973 and 1974,
furnacemen and casters were exposed to a me an level of 1-6 llg/m3 acid-soluble
chromi um (Tossavainen, 1976).

During the production of chromium carbide powder in the USSR, dust con-
centrations were 11-20 mglm3 during weighing of chromium(III) oxide, 260-640 mg!
m3 during miling and 24-20 mg/m3 during loading, screening and packing of the
product (Brakhnova, 1975). ln open-hearth steel works, concentrations of chro-
mium trioxide in work place air were 13-37 llg/m3 (7-20 J-g/m3 chromium) (Belits-
kaya, 1981).
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ln Sweden, the tissue concentrations of chromium in the lungs of 20 deceased
smelter workers were three to four times higher than those of eight control subjects

(median level, 0.29 and 0.08 J,g/g wet tissue, respectively) (Brune et al., 1980).
In Finland, fumes and dusts contained 6-15% chromium during ferrochro-

mium smelting, 1.5-5% during stainless-steel smelting, 0.2-0.3% during continuous
casting and 1.6-13% during grinding of stainless steel (Koponen et al., 1981). Air
concentrations of total chromium were 200 J,g/m3 during ferrochrome smelting and
10 J,g/m3 during continuous casting of stainless steel. The mean concentration of
hexavalent chromium during the production of stainless steel was 1.5 I-g/m3 (Kopo-
nen, 1985).

ln France, air concentrations of total chromium ranged from 15 to 300 J,g/m3 in
a steel production plant (Klein, 1985).

Triebig et al. (1987) measured the exposure of 230 workers in high-alloy steel
plants to chromium in the Federal Republic of Germany. Levels of chromium triox-
ide (chromium) in the airwere 10-2280 (5-1200) J,g/m3. Urinarylevels ofchromium
were 0.1-79 J,g/g creatinine, indicating some exposure to metal fumes and dusts in
steel smelting, cutting and grinding.

(ii) Production of chromates and of chromate pigments

Airborne concentrations of chromates (chromium) in four US chromate
plants over the period 1941-47were 10-4600 (5-2300 i.g/m3) at kilns and mils, 40-340

(20-170) J,g/m3 at dryers, 200-21000 (100-11000) J,g/m3 in packing areas and 3-2170
(2-1100) J,g/m3 in other parts of the factories (Mach le & Gregorius, 1948). Work-
place air concentrations of chromium(III), chromium(VI) and total chromium dur-
ing various operations in chromite ore processing were reported for a plant in Ohio
(USA) which produced sodium dichromate (Bourne & Yee, 1950) and for a chro-
mate production plant in the UK (Buckell & Harvey, 1951; see Table 12).

Table 12. Air concentrations of chromium(lII) and chromium(V) in usa
and UKb chromate factories

Operation Chromium(III) (mglm3) Chromium(VI) (mg/m3)

USA UK USA UK

Chromite and lime mixng 1.52 2.14 0.03 0.005
Roasting 0.39 0.17 0.26 0.029
Filtering 0.12 0.037 0.08 0.52
Shipping 0.30 0.005 0.2 0.88

'Prom Bourne & Yee (1950)
Trom Buckell & Harey (1951)
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In a chromate production plant in the USA, the levels ofwater-soluble hexava-
lent chromium were 100-90 llglm3 in 1945-49 and 5-100 l1g/m3 in 1950-59 (Braver et
al., 1985). In 1953, the US Public Health Service studied the health hazards asso-
ciated with the chromate-producing industry. Six plants were directly involved iD
the production of al kali ne chromates and dichromates from chromite ore. One of

the plants also manufactured chromium pigments. ln about 160 air samples, the
weighted average exposures by occupational groups were 7-890 l1g/m3 insoluble
chromium as chromite, 5-170 llg/m3water-soluble chromium(VI) and 10-470 l1g/m3
acid-soluble, water-insoluble chromium (Gafafer, 1953).

Concentrations of soluble and acid-insoluble chromium in lung tissues of 16
chromate manufacturing workers in the USA ranged from 3 to 161 llglg dry tissue
and 5 to 402 l1g/g dry tissue, respectively; the workers had been exposed to chromite
ore, sodium chromate, potassium di chromate and various intermediate chromium
compounds for 1.5-42 years (Baetjer et al., 1959a).

ln Italy, chromic acid and alkaline chromate production workers were exposed
to mean levels of 110-150 l1g/m3 chromates (60-80 llg/m3 hexavalent chromium)
(Vigliani & Zurlo, 1955). More recently, dust exposures and urinary excretion of
chromium were studied in another Italian factory that produces potassium dichro-
mate and chromic sulfate. A group of 22 potassium dichromate workers was ex-

posed to levels of 10-100 l1g/m3 chromium(III) and 8-212 l1g/m3 water-soluble chro-
mium(VI) (Mutti et al., 1984), and their mean urinary concentration of total
chromium was 31.5 llg/l (CavalIeri & Minoia, 1985). A group of 15 chromic sulphate
workers were exposed to levels of 46-1689 l1g/m3 chromium(III) and 2-23 l1g/m3
chromium(VI) (Mutti et al., 1984); their urinary chromium concentrations averaged
24.7 l1g/L. Chromium levels in serum and erythrocytes were also increased among
exposed workers (CavalIeri & Minoia, 1985).

In Japan, air concentrations of total chromium during sodium and potassium
dichromate and chromium trioxide production in one plant ranged from 19 to 219
llg/m3; in 1960, levels of chromium trioxide (chromium) were 390-20 170 (180-10000)
llg/m3 in this factory, where enclosures and local exhausts were not properly used.
Chromium content was measured in several organs of six chromate workers who
had been exposed for over ten .years and had died of lung cancer; the chromium
concentration in the lungs averaged 51.1 llg/g wet weight, while in unexposed con-
troIs it averaged 0.31 llg/g wet weight (Kishi et al., 1987). ln six Japanese studies, the
chromium contents of the lungs of chromate workers were 0.5-132 l1g1g wet weight
and 14-2368 l1g/g dryweight, as comparedto 0.05-3.72 l1g/gwet weight and 0.47-5.14

llg/g dry weight in men without occupational exposure (Adachi, 1987). High con-
centrations of chromium were found in the respiratory organs of chromate workers
who had died of cancer, and in the spleen, liver, kidney, brain, heart, bone marrow
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and skin (Hyodo et al., 1980; Teraoka, 1987). In 1957, chromiuni trioxide (chro-
mium) concentrations in the plant ranged from 40-8430 (20 to 43(0) J.g/m3, with a
me an of 520 (260) J.g/m3 (Hyodo et al., 1980).

Chromate pigment workers are exposed primarily to zinc and lead chromates
although they may also be exposed to other compounds, such as chromium trioxide,
sodium chromate and dichromate and zinc oxide (Davies, 1984a).

In three Norwegian pigment plants producing zinc and lead chromates, work-
ers mixing raw materials and fillng sacks were exposed to me an concentrations of
1.2-9.8 mg/m3 total dust and 10-1350 J.g/m3 chromium. The chromium levels to
which foremen are exposed were taken as a measure of general exposure in the
plants; in one plant it was 40 Jlg/m3, in another it was 190 J.glm3 (Langård & Nor-
seth, 1975).

In Jndia, the concentration of chromium in the urine of workers exposed to
chromates in two paint manufacturing factories was about ten fold that of unex-
posed persons (Tandon et al., 1977).

ln almost aIl positions at a US chromate pigment plant, production workers
were exposed to hexavalent chromium in the form of zinc and le ad chromates. Con-
centrations of airborne chromium were estimated to be more th an 2 mg/m3 for high-
ly exposed workers, between 0.5 and 2 mg/m3 for moderately exposed workers and
less th an 0.1 mg/m3 for the low-exposure category (Sheffet et al., 1982).

(iii) Leather tanning (see also lARC, 1981)

The most common tanning process involves the use of basic chromic sulfate
liquor. Tanning is accomplished in large vats where the hides are soaked with de-
hairing, neutralizing, pickling, colouring and finishing chemicals. In the two-bath
method, the hides are first immersed in a bath ofhexavalent chromium salts (potas-
sium or sodium dichromate), sodium chloride and sulfurIc acid, and then removed
and placed in a reduction bath to reduce the di chromate to trivalent chromic sul-
fate. An exothermic reaction takes place with a reduction agent such as sugar,
starch or sulfur dioxide. The majority of tanneries do not produce their own tanning
liquors, and a large number of proprietary products are available for direct use.
Occupational exposure to chromium in the tanning industry may occur through
contact with the trivalent chromium solutions. Wet, freshly tanned skins contain
1-2% chromium by weight, and dry leather powder contains 2-6% depending on the
method and degree of tanning (Stern, 1982; Stern et al., 1987).

Airborne levels of 20-50 Jlg/m3 trivalent chromium were measured in 1975 in
an Italian tannery when tanning baths were emptied (IARC, 1980a).

Air concentrations of trivalent chromium in a Finnish tannery were 1-29 J.g/m3
(personal samples). Two press operators were exposed to a mean level of 13 J.g/m3,
and their urinary chromium excretion varied du ring one working week from 5 to 62
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jlgll. A diurnal variation was evident, with the highest values occurring in post-shift
samples. Blood samples contained 10-22 jlg/l chromium in the plasma and 4.7-11
jlg/l in whole blood; plasma levels were c: 1 jlgll in workers who were less exposed to
tanning liquors. During press operations, splashes are common, and absorption
from the gastrointestinal tract was suggested to be the main route of exposure (Aitio
et aL., 1984).

Urine samples were collected from 34 male tannery workers in Turkey. The
mean urinary concentration of chromium was 6.6 jlg/l (5.6 jlg/g creatinine) in tan-
nery workers, 2.3 jlgli (1.9 jlg/ g creatinine) in office and kitchen workers at the same
factory and 0.22 jlg/l (0.26 jlg/ g creatinine) in unexposed con troIs (Saner et al., 1984).

ln two leather tanning facilties in the USA, the total concentration of chro-
mium in work place air was 0.2-54 jlg/m3, with a me an of 39 jlg/m3 (Stern et al.,
1987).

(iv) Chromium plating

There are two types of chromium electroplating: decorative ('bright') and hard
chromium plating. In decorative plating, a thin (0.5-1 jlm) layer of chromium is
deposited over nickel or nickel-type coatings to provide protective, durable, non-
tarnishable surface finishes. Hard chromium plating produces a thicker (5-10 jlm)
coating, usually directly on the base metal, to increase its heat, wear and corrosion
resistance. Plating baths contain chromium trioxide (250-350 g/I) and sulfuric acid
(2.5-3.5 g/l) or a mixure of sulfuric acid and fluoride or fluorosilicate, as well as
various organic additives. Electrolysis emits bubbles of oxygen and hydrogen that
generate chromium trioxide mist by bursting at the liquid surface. Surfactants and
floating balls may be used to control the mist emission (Guilemin & Berode, 1978;
Stern, 1982; Sheehy et aL., 1984). Exposure to substances other than chromium oc-
curs in a number of pretreatment and finishing operations: acid and al kali mists,
nitrogen oxides, cyanide and solvents may be released during pickling, acid dipping,
stripping and degreasing processes, and metal and abrasive dusts are released from
grinding and polishing. ln some plants, decorative-chrome platers also perform
nickel plating (Sheehy et al., 1984).

Air measurements made in metal plating plants since 1928 are summarized in
Table 13. It is apparent that exposures to chromium have been markedly reduced
with modern technology. ln most studies, the levels were measured as total wa-
ter-soluble chromium or hexavalent chromium and reported as a chromium triox-
ide concentration.
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Table 13. Workplace levels of hexavalent chromium during metal plating

Reference and country Procss and sampling data

Bloomfield & Blum (1928)
USA

Riley & Goldman (1937)
USA

Chromium plating
6 plants, 19 samples

Chromium plating
with no locl exhaust

with low locl exhaust

with high locl exhaust

Chromium plating
7 sam pIes

Chromium plating
with local exhaust
with plastic beads on the bath
with plastic beads and locl

exhaust

Chromium plating
with no locl exhaust

with local exhaust
with locl exhaust and plastic

beads on the bath
Chromium plating

16 plants

Decorative chromium plating
4 plants

Decorative chromium plating
with no local exhaust
with local exhaust

Chromium plating
8 plants

Chromium plating (stnpping)
with no locl exhaust

Gresh (1944)
USA

Molos (1947)
USA

Sheehy et aI. (1984)
USA

Lumio (1953)
Finland

Hama et aI. (1954)
USA

Kleinfeld & Rosso (1965)

USA

Hanslian et aI. (1967)
Czechoslovakia

Mitchell (1969)

UK

Gomes (1972)
Brazil

with locl exhaust

Chromium plating
8 hard chromium plants

63 decorative chromium plants

Chromium oxide
(chromium VI)
concentration
(,iglm3)

120690 (603800)

278~3680 (1~1910)
11 20 (580)

340 (180)

9~120 (45-6)

4500500 (2300-2500)
1900300 (95~ 1500)
2050 (10-25)

(1402960)
(0.5-270)
(0.5-5)

.( 3 ( .( 1.5)

2-6 (1-30)

18~140 (90-730)
2-9 (2-5)

23-61 (12-330)

2421300 (120
10 60)
1~30 (5-15)

.( 100140 ( .( 5~ 700)

.( 100700 ( .( 5~350)
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Table 13 (contd)

Reference and country Procss and sampling data Chromium oxide
(chromium VI)
concentration
(¡.glm3)

National Institute for Occpa-
tional Safety and Health
(1973-81)
(reviewed by Sheehy et al., 1984)
USA

Royle (1975a)

UK

Yunusova & Pavlovskaya
(1975)
(quoted by the World Health
Organization, 1988)

USSR
Michel-Briand & Simonin (1977)

France

Guilemin & Berode (1978)
Switzerland

Ekholm et al. (1983)
Sweden

Mutti et al. (1984)
Italy

Hard chromium plating
plant 1

plant 2
plant 3

plant 4
Decorative chromium plating

plant 5

plant 6
plant 7

plant 8

Nickel-chromium plating
plant 9

Zinc plating
plant 10

plant 11

Chromium plating
40 plants

2 plants

Chromium plating
8 plants

Chromium plating

Hard chromium plating
6 plants, 23 samples

Bright chromium plating
6 plants, 11 samples

Hard chromium plating
4 plants

Decorative chromium plating
9 plants

Chromium plating
24 hard chromium platers
16 bright chromium platers

(1.1-4.6)
(0.8-9.6)
(3.6-.0)
(3-6)

( .( 0.5-3)
(0.2-5.9)
(0.2-9.0)
( .( 3)

(2.9)

( .( 1.2-3.6)
(0.3)

.(30 (~15)
;: 30 ( ;: 15)

(4040)

5-15 (2.5-7.5)

2-655 (1-330)

2-26 (1-13)

.( 1-4

.( 1-2

(4-146)
(0-31)
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Table 13 (contd)

95

Procss and sampling data Chromium oxide
(chromium VI)
concentration
(p.g/m3)

Reference and country

Sheehy et al. (1984)
USA

Sorahan et al. (1987)
UK

Chromium, nickel, zinc, copper,
cadmium and silver plating, 8 plants

53 personal samples
293 tank area samples
39 general area samples

Decorative chromium plating
60 samples before 1973

numerous samples after 1973

(0(1-14)
(0( 1-11 00)
(0( 1-31)

0-800 (0-4)
0( 50 ( 0( 25)

Typical levels of chromium in post-shift urine samples from electroplaters are'
given in Table 14. In one study of21 electroplaters, chromium levels in serum were
0.2-1.3 J.g/1 (Verschoor et al., 1988). High concentrations of chromium were found
in the respiratory organs of two chromium platers as well as in the spleen, liver,
kidney and heart (Teraoka, 1987).

Table 14. Urinary concentrations of chromium in electroplaters

Reference and country Typ of workers
(no.)

Mean and range of
chromium concentra-
tions in urine (p.g/l or
p.g/g creatinine)

Franzen et al. (1970)
Federal Republic of Germany

Schaller et al. (1972)
Federal Republic of Germany

Guilemin & Berode (1978)
Switzerland

Saro et al. (1982)
Italy

Lindberg & Vesterberg (1983)
Sweden

Chromium platers
(133)

Chromium platers
(12)

Hard chromium platersa
(21)

Bright chromium platersa
(16)

0( 4-32 p.g/I

9.7 (1.4-24.6) p.g/I

23 p.g/I

(18 p.g/g)
5.6 p.g/I

(5.3 p.g/g)

6.1 p.g/ g

10.0 p.g/g

( 0( 0.3-98 p.g/l)
Calculated by the
Working Group from
plots

Bright chromium platers
(17)

Hard chromium platers
(21)

Chromium platers
(90)



96 lARe MONOGRAHS VOLUME 49

Table 14 (contd)

Reference and country Typ of workers
(no.)

Mean and range of
chromium concentra-
tions in urine (iig/l or
iiglg creatinine)

Mutti et al. (1984)
Italy

Verschoor et al. (1988)
Netherlands

Nagaya et al. (1989)
Japan

Hard chromium platersa
(24)

Bright chromium platersa
(16)

Chromium platers
(21)

Chromium platers
(44)

15.3 J.glg

5.8 iiglg

9 (1-34) J.glg

0.25 (0.05-1.54

iimolll)
(13 (3-80) iiglii

acorresponding air concentrations can be found in Table 13.

(v) Welding

Welding produces particulate fumes that have a chemical composition reflect-
ing the elemental content of the consumable used. For each couple of process/mat-
erial of application, there is a wide range of concentrations of the elements present
in the fume. Chromium and nickel are found in significant concentrations in fumes
from welding by manual metal arc, metal inert gas and tungsten inert gas processes
on stainless and alloy steels. Typical ranges oftotal fume, total chromium and hexa-
valent chromium found in the breathing zone ofwelders are presented in Table 15.
Certain special process applications not listed can also produce high chromium
and nickel concentrations, and welding in confined spaces produces significantly
higher concentrations of total fume and elemental constituents. Exposure to weld-
ing fumes that contain nickel and chromium can lead to elevated levels ofthese ele-
ments in tissues, blood and urine (see monograph on welding for details).

(vi) Other occupations

During the production of trivalent chromium compounds (chromic oxide and
chromic sulfate) in the Federal Republic of Germany, work place air contained
180-13 200 l1g/m3 chromic oxide and 850-2700 l1g/m3 chromic sulfate during filter-
ing, drying and unloading operations (Korallus et al., 1974a). .

Exposures of spray painters to solvents and paint mists have been measured in
a variety of industries by the US National Institute for Occupational Safety and
Health. Air concentrations of total chromium in breathing zone samples were 1600
l1g/m3 during aircraft painting, 220 l1g/m3 during railroad car painting and 5-9 l1gl

m3 during metal furniture painting (O'Brien & Hurley, 1981). At a US plant manu-
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Table 15. Total fume and chromium concentrations found
in the breathing zone of weldersa

Procssb Total fumec Total Cr Cr(I)
(mg!m3) (l-glm3) (l-g!m3)

MMASS 2-4 30-160 25-1500d
MIG/SS 2-3 60 ~1
TIG/SS 1-3 10-55 ~1

Ilrom van der Wal (1985)

/YMA, manual metal arc; SS, stainless steel; MIG, metal inert gas; TIG,
tungsten inert gas
C50%-90% range

d50%-90% Cr(I) from MMASS is soluble in water (Stern, 1982).

facturing truck bodies and refuse handling equipment, breathing zone concentra-
tions of paint mists ranged from 4.8 to 47 mg/m3 total dust and 10 to 400 J.g/m3

chromium (Vandervort & Cromer, 1975). Personal air samples had concentrations
of hexavalent chromium ranging from 30 to 450 J.g/m3 with a me 

an of 230 J.glm3
during spray painting of buses (Zey & Aw, 1984), 13 to 290 J.g/m3 with a me 

an of
607 J.g/m3 during spray painting of aircraft wheels (Kominsky et aL., 1978) and 10 to
40 J.g/m3 with a mean of 20 J.g/m3 during spray painting of bridge girders (Rosen-

steel, 1974).

Breathing zone samples were also taken in a small automotive body repair
workshop in the USA. One of the eight samples contained 490 J.g/m3 chromium;
the others were below the detection limit (Jayjock& Levin, 1984).

ln a Swedish study, mean chromium levels of 1300 J.g/m3 were measured dur-
ing car painting and 500 J.g/m3 during industrial painting, while work place levels
averaged 300 J.g/m3 during grinding activities (Elofsson et aL., 1980). Low overall
levels were found for spray painters working in a fireplace manufacturing plant; the
concentrations of total dustand chromium oxide (unspecified) were 1700 and 5-8
J.g/m3 (chromium, 3-4 J.g/m3), respectively (Hellquist et al., 1983).

In Italy, 12 spray painters using lead and zinc chromate paints were exposed to
levels of 450-1450 J.g/m3 insoluble hexavalent chromium, and their me an urinary
excretion was 13.2 J.g/g creatinine at the end of a work shift (Mutti et aL., 1984).

At the largest wood treatment plant in Hawaii, air concentrations of 2-9 J.g/m3

chromium were measured. Urinary excretion of 89 workers using chromated cop-
per arsenate wood preservatives did not differ from that of controls (Takahashi et
al., 1983).
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In a cement-producing factory in the USSR, concentrations of hexavalent
chromium in work place airvaried from 5 to 8 lig/m3, measured as chromium triox-
ide (Retnev, 196). Hexavalent chromium was found in 18 of 42 US cement samples
at concentrations ranging from 0.1 to 5.4 JLg/g, with a total chromium content of
5-124 lig/g (Perone et al., 1974). Portland cement contains 41.2 ppm (mg/kg) chro-
mium (range, 27.5-60), due to the presence of chromium in limestone. Soluble chro-
mium in cement averaged 4.1 mg/kg (range, 1.6-8.8), of which 2.9 mg/kg (range,
0.03-7.8) was hexavalent chromium (Fishbein, 1976). Analysis of 59 samples of Port-
land cement from nine European countries showed concentrations of 1-83 l1g/g
hexavalent chromium and 35-173 lig/g total chromium (Fregert & Gruvberger,
1972). ln France and Belgium, cements manufactured in 11 plants contained 8-49
JLg/g total chromium, originating from limestone, clay, gypsum, fly ash and slag
used in the manufacture as weIl as from the refractory kiln materials (Haguenòcr et
aL., 1982). Cement in Iceland contained 5.8-9.5 mg/kg hexavalent chromium (Rafns-
son & Jóhannesdóttir, 1986).

ln open-cast chromium mining in the USSR, concentrations of total airborne
dust ranged from 1.3 to 16.9 mg/m3; in the crushing and sorting plant, dust levels
were 6.1-188 mg/m3. The chromium content of settled dust varied from 3.6 to 48%
(calculated as chromic oxide). No hexavalent chromium was found in the dust (Pok-
rovskaya et aL., 1976; World Health Organization, 1988).

During the manufacture of chromium(III) lignosulfonate in Finland, five pack-
ing workers were exposed to dust containing about 2% trivalent chromium. The
product contained 6% trivalent chromium attached to wood lignin. ln personal
samples, the concentration of chromium in the air was 2-230 JLg/m3, and three-day
averages ranged from Il to 80 JLg/m3. Urinary levels in samples from workers were
0.01-0.59 JLmol/1 (0.5-30 JLg/I), and mean excretion was 0.02-0.23 JLmol/1 (1-12 lig/l).
It was concluded that chromium occurred exclusively in a trivalent state in both
dust and urine (Kiiluneo et al., 1983).

(c) Air

Chromium is generally associated with particulates in ambient air at concen-
trations of 0.001-0.1 JLg/m3 (Fishbein, 1976; O'Neil et al., 1986). ln the USA in 1966,
only seven of 58 cIties in the National Air Sampling Network had annual average
chromium levels of 0.01 lig/m3 or more, and only 16 had maximal single values
above that level. In approximately 200 urban stations in the USA during 1960-69,
annual me an concentrations were 0.01-0.03 JLg/m3 (minimal level detectable, 0.01

JLg/m3). ln nonurban areas, the level of chroffium was less than 0.01 lig/m3. Levels
of 0.9-21.5 JLg/m3 were reported in 23 localities io northern England and Wales in
1956-58 (Fishbein, 1976). ln 1957-74, the amount of chromium in the atmospheric
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aerosol at a rural site in the UK declined at an average yearly rate of II.3% (Salmon
et al., 1977).

During the period May 1972-April 1975, the range of average levels of chro-
mium determined at 15 stations in Belgium was 0.01-0.04 J.g/m3 (maximal value,
0.54 J.g/m3). The values were stated to reflect background pollution and levels rep-
resentative ofthose in air inhaled by the majority of the population. Sampling sta-
tion locations were selected to avoid, as much as possible, a direct influence of local
sources (Kretzschmar et al., 1977).

Coal from many sources can contain as much chromium as soils and rocks, I.e.,
up to 54 ppm (mg/kg); consequently,-the burning of coal can contribute to chro-
mium levels in air, particularly in cities (Fishbein, 1976; Merian, 1984). Particulates
emitted from coal-fired power plants contained 2.3-31 ppm (mg/kg) chromium, de-
pending on the type of boiler firing; the emitted gases contained 0.22-2.2 mg/m3.
These concentrations were reduced by fly ash collection to 0.19~6.6 ppm (mg/kg)
and 0.018-0.5 mg/m3, respectively (Fishbein, 1976). Fly ash has been shown to con-
tain 1.4-6.1 ppm (mg/kg) chromium(Vl) (Stern et al.) 1984).

Mean concentrations in the air of US cities with metallurgical chromium or
chromium chemical producers or with refractories were 0.012-0.016 J.g/m3) aIl of
which were higher than the US national average. Cement-producing plants ai-e
probablyan additional source of chromium in the air. When chromate chemicals
are used as rust inhibitors in cooling towers, they are dissolved in recirculating wa-
ter systems, which continually discharge about 1% of their flow to waste. Addition-
ally, chromate and water are lost to the atmosphere (Fishbein, 1976).

The concentration of chromium in the air at the South Pole was reported to be
0.005 ng/m3. Concentrations in samples taken over the Atlantic Ocean ranged from
0.007 to 1.1 ng/m3. Airborne chromium concentrations were reported to be 0.7 ng/
m3 in the Shetland Islands and Norway, 0.6 in northwestern Canada, 1-140 in Eu-

-rope, 1-300 in North America, 20-70 in Japan and 45-67 in Hawaii, USA (Cary,
1982).

(d) Water

Naturally occurring chromium concentrations in water arise from mineraI
weathering processes, soluble organic chromium, sediment load and precipitation
(Cary, 1982).

Concentrations of chromium in rivers have been found to be 1-10 llg/L. Chro-
mium (both hexavalent and trivalent) is generally found at lower concentrations in
seawater (weIl below 1 J.g/l) than in rivers and wells. It has been estimated that 6.7
milion kg of chromium are added to the oceans every year. As a result, much of the
chromium lost from the land by erosion and mining is eventually deposited on the
ocean floor (Fishbein, 1976).
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The mean chromium concentration in ocean water in 1979 was 0.3 l1g/l, with a
range of 0.2-50 l1g/L. Samples taken from the first 100 m ofwater from sever al areas

of the Pacific Ocean contained about 0.12 l1g/1 chromium, about 83% being hexaval-
ent chromium; below 100 m, total chromium increased to about 0.16 l1g1I, with hexa-
valent chromium accounting for 90%. ln saline waters of Australia, 62-87% of the
labile chromium present ( ~ 1 l1g/I) was hexavalent (Cary, 1982).

Of 1500 samples of US surface waters taken between 1960 and about 1968,
24.5% contained chromium detectable spectrographically; the maxmal and me an
levels observed were 112 and 9.7 l1g/l, respectively (Kroner, 1973). A survey of chro-
mium content of 15 North American rivers showed levels of 0.7-84 l1g1I, with most in
the range of 1-10 l1g/1 (Hartford, 1979). Levels in 3834 samples of tap water taken
from 35 regioÍ1s of the USA in 1974-75 ranged from 0.4 to 8 l1g/1 chromium, with the
median 1.8 l1g/1 (US Environmental Protection Agency, 1984).

Of 170 samples taken from lakes in the higher Sierra Mountains of California,
USA, in 1968, only two contained as much as 5 l1g/1 chromium. Chromium concen-
trations in 1977 in the Amazon (Brazil) and Yukon (USA) Rivers were 2.0 and 2.3
ppb (l1g/l), respectively; the two rivers were considered to represent unpolluted sys-
tems draining watersheds of a wide variety of mineraI types from extremely differ-
ent climates. The concentration of chromium in 96% of the 4342 samples of stream-
and river-water in Canada was less than 10 l1g/1; about 2% of the sam pIes contained
15-500 l1g/1 chromium (Cary, 1982).

The me an concentration of dissolved chromium compounds in the Rhine Riv-
er during 1975 was 6.5 l1g/1 with a range of 3.7-11.4 l1g/l; the concentration in drink-
ing-water was 0.29 l1g/1 (Nissing, 1975). The concentration of chromium com-
pounds in Austrian medicinal and table waters was determined as 1.2-4.2 l1g/1
(Sontag et al., 1977). The average levels of chromium in three tributaries of the Han
River in the Republic of Korea were found to be 96, 106 and 65 Jlg/l (Min, 1976).

Municipal sewage sludge can contain chromium at levels up to 30 000 mg per
kg dry sludge (Pacyna & Nriagu, 1988).

Surface waters and groundwaters contaminated with wastewaters from elec-
troplating operations, leather tanning and textile manufacturing, or through deposi-
tion of airborne chromium, may also be sources of chromium exposure. Other
sources are solid wastes resulting from the roasting and leaching steps of chromate
manufacture and improper disposaI of municipal incineration wastes in landfill
sites (Beszedits, 1988; Calder, 1988; Handa, 1988).
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(e) Soil and plants

Chromium is present in the soil at levels which vary from traces to 250 mg/kg
(as chromic(III) oxide) (Davis, 1956) and is particularly prevalent in soil derived
from basaIt or serpentine (US Environmental Protection Agency, 1984).

Virtually all plants contain detectable levels of chromium, taken up by the
roots or through the leaves. Vegetables from 25 botanical families were found to
contain chromium in amounts varying from 10-1000 Jlg/kg of dry matter, with most
samples in the range of 100-500 Jlg/kg (Davis, 1956). Strong seasonal variations in
chromium levels were found in three kinds of grass (World Health Organization,
1988).

The chromium content of mosses and liverworts collected in 1951 in a remote
rural area in Denmark was compared with that in the same plants collected in 1975:
an increase of about 62% was observed, which coincided with increases in indus-
trial activity and fossil fuel combustion (Rasmussen, 1977).

The chromium content of cigarette tobacco from different sources has been
reported as follows: Iraq, 8.6-14.6 mg/kg (two varieties); Iran, 4.3-6.2 mg/kg (two
brands); and the USA, 0.24-6.3 mg/kg (Al Badri et al., 1977).

(f Food

The chromium content of most foods is extremely low; small amounts were
found in vegetables (20-50 Jlg/kg), fruits (20 Jlg/kg) and grains and cereals (exc1ud-
ing fats, 40 Jlg/kg). The mean daily intakes of chromium from food, water and air
have been estimated to be 280,4 and 0.28 Jlg, respectively (Fishbein, 1976). Hart-
ford (1979) indicated that nearly all foodstuffs contain chromium in the range of
20-590 Jlg/kg, resulting in a daily intake for humans of 10-400 Jlg, with an average of
about 80 Jlg. ln a more recent study, the mean daily intake of chromium for 22
healthy subjects was about 24.5 Jlg (Bunker et al., 1984).

(g) Animal tissues
Table 16 summarizes data on chromium levels in tissues from various food and

feraI animaIs.

The report of the US National Status and Trends Program for Marine Environ-
mental Quality, conducted by the National Oceanic and Atmospheric Administra-
tion (1987), gave concentrations of chromium at 0.1-11.0 Jlg/g (dry weight) in mus-
sels and oysters collected in 1986 at East, West, and Gulf Coast sites, and 0.02-1.4

Jlg/g (dry weight) in livers of ten species of fish collected in 1984 throughout the
USA.
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Table 16. Chromium levels found in food and ferai animais

Animal Tissue Range (mean) Comments Reference

(Ji.g!g)

Largemouth bas Muscle 1-2 Collected near Savannah Koli &
Bluegill 1 River, SC, USA, nuc1ear Whitmore
Catfish 1 plant (1983)
Redbreast sunfish 1

Crappie, American 2
eel

Spotted sunfish 1-2

American shad Gonad ND-180 Collected in 1979, USA Eisenberg
F1esh ND & Topping

Finfish F1esh ND-l90 Collected in 1978-79 (1986)
Striped bass Gonad ND Collected in 1978-79

Liver ND Collected in 1978-79

F1esh ND Collected in 1978-79

Striped bass Liver 2600-9800 (6000) Collected from Heit (1979)
Muscle 27009500 (5000) Chesapeake Bay, MD,

USA

Cattle Bloo (25/10) Grazed on pasture Fitzgerald
Bone (614/934) treated/untreated with et al. (1985)
Brain (2091306) sludge (from Chicago,
Diaphragm (20/215) IL, USA)
Heart (172/434)
Kidney (231/390)
Liver (186/365)
Milk (248/160)

Cattle Liver 200-3000 Stowe et al.
(1985)

Cattle Kidney -: 10-30 Collected from slaugh- Kramer
Liver -: 10-910 (10) ter-houses in Queens- et al. (1983)
Muscle -: 10-100 land, Australia

Catte Oklahoma, USA Kerr &
Bloo 6-66 (22) Unexposed animaIs Edwards

1080 Animal found dead near (1981)
an oIl-weIl drillng site

Kidney 50020 (2970) Unexpsed animaIs
15 800 Animal found dead near

a recently completed oil
well
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Table i 6 (contd)

Animal Tissue Range (mean) Comrnents Reference
(Jigfg)

Clam Boy (21003800) Collected from Lake Byre &Arnerican oyster
(1300) Pontchartrain, LA, USA DeLeon

(1986)Pike-perch Boy 10-20 (10) The Netherlands Vos et al.
Rollands Diep (1986)Cod 10-20 (10) Collected near the coastBaltic herrng 10-70 (20)

Sole 10-20 (20)
Bel 20340 (80) Collected from LakePike-perch 10-70 (20) Ijssel
Blue mussel 210-810 (430) Collected from Eastern

ScheldtShrimp 100-710 (26) Collected from Western
Wadden Sea

Kilifish Boy (3600-7600) Collected near electro- Custer et al.Cornmon tern Liver ND-18 310 plating industry, RI, (1986)
USA

Cape oyster Boy c( 100-4600 Collected along the Watling &
coast of South Afca Watling

(1982)
Sponge Boy 1 000 0002 00 000 Collected near the Patel et al.

(1 520 000) Tarapur coast, India (1985)Snapping turtle Kidney (930-1260) Collected from uncon- Albers et al.Liver (100-1970) taminated areas of MD, (1986)
USA

Kidney (1130-2970) Collected from contami-
Liver (360-600) nated areas of NJ, USA

Crab Boy 40-200 (120) Collected in sewage out- Sadiq et al.Shrirnp 29-133 (59) fall area of the Arabian (1982)
Gulf, Saudi Arabia

Pacifie oyster Boy (93 000, 113 000) Collected from two cul- Wong et al.Gils (40 00, 170 00) ture beds in Deep Bay, (1981)Intestine (42 000, 106 000) Rong Kong
MantIe (4700, 188 000)
Muscle (35 000, 111 000)

ND, none detected
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(h) Human tissues and secretions

As with most met aIs that occurin trace quantities, the normal concentrations
of chromium in human tissues are usually reported wrongly because of extraneous
additions during sampling and analysis. However, recent developments in the ana-
lytical chemistry of chromium permit the reliable routine determination of nano-
gram quantities in biological samples (Nieboer & Jusys, 1988). Selected current
reference values for chromium concentrations in a few biological materials are
presented in Table 17.

Table i 7. Chromium concentrations in specimens from non-
occupationally exposed personsQ

Sam pIe Median Range

Serum 0.19 l.g/l 0.12-2.1 l.g/l
Bloo -: 0.5 l.g/I
Urine 0.4 l.g/l 0.241.8 llg/l
LIver c 8-72 ng/g wet weight
Lungb 204 ng/g wet weight 29-898 ng/g wet weight

tlrom lyengar & Woittiez (1988), except when noted
bprom Raithel et aI. (1987)
t-oo few measurements to determine median values

(i) Regulatory status and guidelines

The 1970 WHO European and 1978 Japanese standard for chromium(VI) in
drinking-water (World Health Organization, 1970; Ministry of Health & Welfare,
1978) and the European standard for total chromium in surface water intended for
the abstraction of drinking-water (Commission of the European Communities,
1975) are 0.05 mg/L. The US Environmental Protection Agency (1988) has estab-
lIshed the same maximal contaminant level for chromium in drinking-water, as the
maximal permissible level in water delivered to any user of a public water system.

The US Environmental Protection Agency (1979) also established pretreat-
ment standards that lImit the concentration of chromium that may be introduced
into a publicly owned wastewater treatment facility by leather tanning and finishing
plants. The maximal total chromium permitted in existing sources on any one day is
6 mg/l, and the average daily values for 30 consecutive days must not exceed 3 mg/L.

Table 18 gives occupational exposure limits for airborne chromium in various
forms.
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Table 18. Occupational exposure limits for airborne chromium in various formsß

Country or region Year Form of chromium Concen- Interpre-
tration tation b

(mg/m3)

Austria 1987 Cr, soluble compounds (as Cr) 0.1 TWA
Belgium 1987 Cr, compounds (as Cr) 0.05 TWA

Cr, soluble compounds (as Cr) 0.1 TWABrazil 1987 Cr, compounds (as Cr) 0.04 TWABulgaria 1987 Cr, compounds (as Cr) 0.1 TWAChile 1987 Cr, compounds (as Cr) 0.04 TWAChina 1987 Cr, compounds (as cr03), chromium 0.5 TWAtrioxide, chromates, dichromates (as
Crü3)

Czechoslovakia 1987 Cr, compounds (as Cr) 0.05 AverageCr, compounds (as Cr) 0.1 MaximumDenmark 1988 Cr and inorganic Cr compounds, ex- 0.5 TWA
cept thos mentioned below
Chromates, chromium trioxide (as Cr) 0.02 TWAEgyt 1987 Cr, compounds (as Cr) 0.1 TWAFinland 1987 Cr, Cr(II) and Cr(III) compounds (as 0.5 TWA
Cr)
Cr(VI) compounds (as Cr) 0.05 TWAFrance 1986 Cr(VI) and derivatives 0.05 TWAGerman Democratie 1987 Cr, compounds, except thos men- 0.5 TWARepublic tioned below 1.0 STEL
Chromium trioxide, chromates, dichro- 0.1 TWAmates (as Crü3) 0.1 STELHungary 1987 Cr, compounds (as Cr) 0.05 TWA

0.1 STELIndia 1987 Cr, compounds (as Cr) 0.05 TWA
Cr, soluble compounds 0.5 TWA
(as Cr)

Indonesia 1987 Cr, compounds (as Cr) 0.1 TWAItaly 1987 Cr, compounds (as Cr) 0.05 TWA
Cr, soluble compounds (as Cr) 0.5 TWAJ apan 1987 Cr, compounds (as Cr) 0.1 TWA

Korea, Republic of 1987 Cr, compounds (as Cr) 0.05 TWA
Mexico 1987 Chromite ore (as Cr) 0.05 TWA

Cr, compounds (as Cr); insoluble, solu- 0.5 TWA
ble Cr(II), Cr(III), Cr(VI) compounds
(as Cr)

kajo
Rectangle



106 lARe MONOGRAHS VOLUME 49

Table 18 (contd)

Country or region Year Form of chromium Concen- Interpre-
tration tationb
(mglm3)

Netherlands 1986 Cr, soluble compounds (as Cr) 0.5 TWA
Chromyl chloride 0.15 TWA
Cr, insolublecompounds; chromium 0.05 TWA
trioxide (as Cr)

Norwy 1981 Cr, Cr(II) and Cr(III) compounds (as 0.5 TWA
Cr)
Chromates, chromium trioxide (as Cr) 0.02 TWA

Sweden 1987 Cr and inorganic Cr compounds, ex- 0.5 TWA
cept those mentioned below
Chromates, chromium trioxide (as Cr) 0.02 TWA

Switzerland 1987 Cr, compounds (as Cr); Cr, soluble 0.5 TWA
compounds (as Cr)
Cr(II) and Cr(III) soluble compounds; 0.05 TWA
chromium oxychloride dust (as Cr)

Taiwan 1987 Cr and compounds (as Cr) 0.1 TWA

UK 1987 Cr, Cr(II) and Cr(III) compounds (as 0.5 TWA
Cr)
Cr(VI) compounds (as Cr) 0.05 TWA

USAc

ACGIH 1988 Zinc chromates (as Cr) 0.01 TWA

Chromite ore (chromate) (as Cr); wa- 0.05 TWA
ter-soluble and certain (confirmed hu-
man carcinogens) water-insoluble
Cr(VI) compounds (as Cr); lead chro-
mate (as Cr)
Chromium metal, Cr(II) and Cr(III) 0.5 TWA
compounds (as Cr)

NIOSH 1988 Carcínogenic Cr(VIl 0.001 TWA
Other Cr(VI); chromic acíd 0.025 TWA
(as noncarcínogenic Cr(VI)) 0.05 Ceilng

(15 min)
OSHA 1987 Soluble chromium, chromic and chro- 0.5 TWA

mous salts
Chromium metal and insoluble salts 1.0 TWA

USSR 1987 Cr and compounds (as Cr) 0.01 MAC

Chromium phosphate uni-substituted 0.02 MAC

(as Cr(IIID
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Table 18 (contd)

Country or region Year Fonn of chromium Concen- Interpre-
tration tationb

(mglm3)

Yugoslavia 1987 Cr and compounds (as Cr) 0.1 TWA
aprom Arbeidsinspectie (1986); Institut National de Recherche et de Sécrité (1986); Arbetarskydds-
styrelsens (1987); Cook (1987); Health and Safety Executive (1987); US Occpation 

al Safety andHealth Administration (1987); TyösuojeluhalIitus (1987); American Conference of Govemmental In-
dustrial Hygienists (1988); Arbejdstilsynet (1988); National Institute for Occupation 

al Safety andHealth (1988)

lrWA, time-weighted average; STEL, short-tenn exposure limit; MAC, maxmum alIowable concen-
tration
cACGIH, American Conference of Govemmental Industrial Hygienists; NIOSH, National Institute

for Occpation al Safety and HeaIth; OS HA, Occupational Safety and HeaIth Administration

2.4 Analysis

Numerous analytical methods have been developed for the qualitative and
quantitative determination of chromium in a wide variety of matrices. Methods for
analysing urban, industrial and work-place air, fresh water, sea-water, sewage efflu-
ents, sediments, soil, foodstuffs, crops, plants and biological materials such as hu-
man milk, blood, serum, urine and faeces and human and animal tissues, have been
reviewed (National Research Council, 1974; Whitney & Risby, 1975; US Environ-
mental Protection Agency, 1977, 1978; Slavin, 1981; Torgrimsen, 1982; Love, 1983;
Nieboer et al., 1984; US Environmental Protection Agency, 1984; O'Neil et al., 1986;
Harzdorf, 1987; Cornelis, 1988; World Health Organization, 1988).

Typical methods for the analysis of chromium are summarized in Table 19.
Most instrumental procedures are not specific for the oxidation states of chro-

mium and are suitable for total chromium determinations only, unless accompa-
nied by prior separations or supportive qualitative analyses. The reagent .n-di-

pheny1carbazide forms a violet complex with chromium(VI) but not with other
chromium compounds, and the stability of the colour contributes to the high sensi-
tivity of the analysis of soluble chromate in aerosols, water, cement and other mate-
rials. Interfering, reducing or oxidizing substances, if present in the sample, must
be taken into account, since they tend to cause erroneous results during sampling,
sample storage and preparation and spectrometric measurement (National Insti-
tute for Occupational Safety and Health, 1975). The chromium content of single
particles can be determined by electron microscopy combined with X-ray mIcro-
analysis. Electron spectroscopy can be used to measure the valency state of chro-
mium in thin surface layers of solid samples (Lautner et al., 1978).
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Table 19. Analytical methods for chromium and chromium compounds

Sample matri Sam pIe preparation Assay Limit of Reference
procdurea detectionb

Formulations

Tanning liquors Oxidize to Cr(VI) (dichr- IT NR Makarov-Zemly-
(trivalent ehromium) mate) with ammonium anskii et al. (1978)

,persulfate (oxidant) and
cuprie sulfate-cbaltous ni-

trate mixture (catalyst)

Pigments Dissolve in hydrofluoric EAA 0.1 mg!g Kolihova et al.
aeid (1978)

Air

Total ehromium Colleet particulate sam pie NAA 0.02 J.g Dams et al. (1970)
on polystyrene fiter; irra-
diate for 5 min at a flux of
2X 1012 neutrons/
cm2Xsee; count with a
Ge(Li) detector

Total chromium Extract collection filter AA NR Smith et al. (1976)
with mixture of hot hydro-
ehloric and nitric aeids;
concentrate extraction liq-
uid; hold overnight; dilute

Total ehromium Collect partieulate sample X-REA 0.01 J.g Li et al. (1979)
on acetate fibre superfiter;
use fiter as thin target

sam pie and bombard in a
proton beam for 10 min

Total chromium Collect partieulate sam pie AA 0.06 J.g National Institute
on 0.8 J.m cellulose ester for Occupational
membrane; extract with Safety and HeaIth
hydrochlorie and nitrie (1984a); Eller
acids; dilute (1984) (Method

7024)

Total chromium Extract collection filter ICP/AES 1 J.g Elier (1984)

with mixture of concen- (Method 73(0);
trated nitrie and perchloric O'Neil et al.
acids; evaporate to dry- (1986)
ness; redissolve in dilute
nitric/perchlorie acid mix-
ture
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Table 19 (contd)

Sample matri Sample preparation Asay Limit of Reference
procdurea detectionb

Total chromium Collect pariculate sample EAA 0.09 J.g Kettrup et al.
on cellulose nitrate mem-

(1985)brane; extract with nitric
acid; dilute

Hexavalent chro- Extract collection filter vis 0.05 J.g ElIer (1984)
mlUm with 0.5 N sulfuric acid; fi-

(Method 760);ter to remove suspended O'Neil et al.
dust; add sym-diphenylca-

(1986)bazide
Hexavalent chro- Extract collection fiIter vis 0.05 J.g ElIer (1984)mlUm with hot 2% soium hy-

(Method 760);
droxide/3% sodium ca- O'Neil et al.
bonate solution; add 6 N

(1986)sulfiric acid and sym-di-
phenylcarbazide

Hexavalent chro- Collect particulate sam pIe vis 0.05 J.g Abell & Carlbergmium on 5.O-J.m polyvnylchlo-
(1974); Carell et

ride membrane; extract al. (1981); Bharga-
with sulfuric acid or with va et al. (1983);
sodium hydroxide-sodium

National Institute 

carbonate solution; add for Occupational
sym-diphenylcabazide; Safety and Health
measure absorption at 540 (1984b)
nm

Soluble chromium Collect aerosol sample ViS 2.3 J.glm3 Kettrup et al.compounds compounds in sodium hy-
(1985)droxide solution with a

midget impinger; oxidize
Cr(III) compounds with
bromine; add sym-di-

phenylcarbazide; measure
absorption at 540 nm

Chromic acid Collect aerosol sam pIe on EAA 0.2 J.g National Institute
a cellulose ester mem-

for Occpation al 

brane; chelate Cr(VI) with Safety and Health
ammonium pyrrolidine di-

(1973)thiocarbamate; extract
with methyl isobutyl ke-
tone
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Table 19 (contd)

Sample matri Sample preparation Asay Limit of Reference
procdurea detectionb

Water
Wastewaters pp Heigl (1978)

Total chromium 0.04 mg/l
Hexavalent chro- 0.01 mg/l
mium

River water Separate suspended par- X-REA NR Li et al. (1979)
tieles by centrifugation;
add diethyldithiocrba-

mate; fiter through ace-

tate superflter; use filter
as thin target sample and
bombard in a proton beam
for 10 min

Seawater Extract with ammonium IDMS 0.001 J.g/I Osaki et al. (1976)
Hexavalent and pyrolidine dithiocarba-
total chromium mate into chloroform at

pH2
Hexavalent and Extract hexavalent chro- EAA 0.01 J.g/I de Jong &
trivalent chro- mium with Aliquat-336 (a (VI) Brinkman (1978)
mium, selective mixture of methyl tri-n-al- 0.03 J.g/I

kyl ammonium chlorides) (III)
at pH 2; extract trivalent
chromium by adding thio-
cyanate to at least lM; ad-
just pH to 6-8

Drinking-water, SUf- Various acidification/evap- AA 0.05 mg/l US Environmen-
face water, ground- oration/dilution steps, de- tal Protection
water, dom es tic and pending on specifie matri Agency (1983,
indus trial wastewa- and method 1986) (Methods
ters 218.1,218.3,3005,

Total chromium 3010, 7190)

ICP/AES 7 ).g/I (Methods 20.7,
60 10)

EAA 1 ).g/I (Methods 218.2,
3020, 7191)

Hexavalent chro- Acidify to pH 3.5 with ace- EAA 2 ).g/I US Environmen-
mium tic acid; add lead nitrate, tal Protection

glacial acetic acid and am- Agency (1983,
monium sulfate; centrifuge 1986) (Methods
and discard supernatant; 218.5, 7195)

dissolve precipitate in oon-
centrated nitric acid
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Table 19 (contd)

Sample matri Sample preparation Assay Limit of Reference
procdurea detectionb

Hexavalent chro- Chelate with ammonium AA NR US Environmen-mlUm pyrolidine dithiocrba- tal Protectionmate or pyrrolidine dithio-
Agency (1983,carbamic acid in chloro-
1986) (Methodsform; extract with methyl
218.4, 7197)isobutyl ketone

Hexavalent chro- Use ammonium hydrox- DPP 10 1Jg!1 US Environmen-mium ide/ammonium chloride as
tal Protectionsupporting electrolyte
Agency (1986)
(Method 7198)Hexavalent chro- Remove interfering metals VIS NR Deutsches Institutmium by adding aluminium sul-
rur Normungfate; fiter; add sodium hy-
(1987) (DIN

pohlorite solution; add 38405); (see alsophosphoric acid solution
US Environmen-and sodium chloride; add
tal Protection

.sm-diphenylcarbazide Agency (1986)
(Method 7196)

Oily waste sam pIes: Dissolve in xylene or AA 0.05 mg!1 US Environmen-oils, greases, methyl isobutyl ketone
tal Protectionwaxes, crude oil
Agency (1986)(soluble chromium)
(Methods 304,
7190)

ICP 7 ¡.g/I (Method 6010)Sediments, sludges, Digest with nitric acid and AA 0.05 mg!1 US Environmen-soils and solid hydrogen peroxide; dilute
tal Protectionwates (total with dilute hydrochloric or
Agency (1986)chromium) nitric acid
(Methods 3050,
7190)

ICP 7 1Jg/1 (Method 6010)EAA
1 1Jg/1 (Methods 3050,

7191)Sediments Activate with neutrons for NAA 1.5 mg!g Ackermann (1977)6 h
Food

Tinned foos Oxidize to hexavalent VIS 0.05 mg! Ilinykh (1977)chromium with hydrogen kg
peroxide; treat with
.sm-diphenylcarbazide
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Table i 9 (contd)

Sample matri Sample preparation Asay Limit of Reference
procurea deteetionb

Biological samples

SRM 1569 brewers' Chemieal procdures de- IDMS 1 J.g Dunstan & Gar-

yeast; SRM 1577 ho veloped for digestion of bi- ner (1977)

vine Hver; SRM 1570 ological matrices and sepa-
spinaeh; human hair ration of ehromium with-
and nails out large analytical blanks

or significant losses by vol-

atilzation
BIoo, plasma, urine Dilute with Triton X100 EAA NR Morrs et al.

solution; standard addition (1989)
method

Tissue Digest sample with nitrie EAA 0.3 J.glg Raithel et al.
and sulfurie acids with a wet wt (1987)
defined time-temperature
programme; dilute with
water; standard addition
method

Serum NAA NR Versieek et al.
(1978)

Serum, human milk, Dilute with water EAA 0.05 ng/ml Kumpulainen et
urine (urine, se- al. (1983)

rom)
0.1 nglml
(milk)

BIoo or tissue Digest with mixure of ni- ICP/AE 0.01 J.g/g Elier (1985)

trie, perehlorie and sulfurie bloo (Method 8(05)
aeìds; heat for 4-5 h; col; 0.2 J.g/ g
dilute with deionized water tisue
or add yttrium internaI
standard

BIoo eryhroces Wash with isotonie saline; EAA 1 J.gll Lewalter et al.
dilute with Triton X100 so (1985)
lution

Human urine Adjust pH to 2.0 with so- ICP/ AE 0.1 J.g Elier (1984)

Total ehromium dium hydroxide; add poly- (Method 8310)

dithiocbamate resin; fi..
ter, saving filtrate and res-
in; adjust fiItrate to pH 8.0
and add more resin; ash
fiIters and resins; add ni-
triclperehlorie aeid mixure
and warm
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Table 19 (contd)

Sample matri Sample preparation Assay Limit of Reference
procdurea deteetionb

Total ehromium Dilute and acidify with ni- EAA 0.1-0.5 Nise & Vesterberg
. trie aeid ).g/l (1979); Kiilunen et

al. (1987); Angerer
& Sehaller (1988)

Plant materials Dry in an oven at 120°C ES 2 mglg Dixit et al. (1976)
for 2-4 h; ash in a muffle
fumace at 550°C for 6 h

Airborne chromium

Welding fumes Extraet with soium car- EAA 0.8 ).g Thomsen & Stem
Hexavalent ehro- bonate; rem ove precipitate (1979)
mium by filtration; add .sm-di-

phenylcarbazde; measure
absorption at 540 nm

Total and hexa- Extraet with sodium hy- ViS 1 ).g/m3 Moreton et al.
valent ehromium droxide and carbonate or (1983)

fuse with sodium carbon-
ate; remove precipitate by
fitration; acidify with sul-

furie aeid; add .sm-diphe-
nylcarbazide; measure ab-
sorption at 540 nm

Hexavalent and Colleet on polyearbonate ESCA, 0.001 Ilg Lautner et al.
trivalent ehromium membranes NAA (1978)
Total, hexavalent Colleet on cellulose ester PIXE, 0.001- Bohgard et al.
and trivalent ehro- membranes ESCA, 0.01 Ilg (1979)
mium TEM,

EDXA
Welding fumes; com-
plex matrices with re-
dox systems

Insluble and total Add sodium carbonate; AA 1 ).g/m3 Thomsen & Stem
hexavalent ehro- wann; rem ove precipitate (1979)
mium by filtration
Total ehromium Add phosphorie aeid:sulfu- AA 1 ).g/m3 Pedersen et al.

rie .,eid (3: i) (1987)
Welding and brazng Sample on cellulose ester XRF 2 ).g ElIer (1984)

fumes membrane filter; load (Method 720)
sam pIe and irradiate
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Table 19 (contd)

Sample preparation ReferenceSam pIe matri Asay
procdure 

a
Limit of
detectionb

Cement (hexavalent
chromium)

0.3 ¡.g! gExtract with water; add
ammonium acetate and
ethylene diamine

Collect particulate sam pIe
on polycarbonate mem-
brane
Extract with a sodium hy-
droxide-sodium carbon-
ate solution; dilute with
buffer solution

DPP

Grinding dusts SEM,
EDXA

NR

Paint aerosols (hexa-

valent chromium)
IC 0.003 ¡.g

Vandenbalck &
Patriarche (1987)

Koponen (1985)

Molina & Abell
(1987)

aAbbreviations: IT, iodometric titration; EAA, electrothennal atomic absorption spectrometry;
NAA, neutron activation analysis; AA, atomic adsorption spectrometry; X-REA, X-rayemission
analysis; ICP/AES, inductively coupled argon/plasma/atomic emission spectroscopy; VIS, visible
absorption spectrometry; Pp, pulse polarography; IDMS, isotope dilution mass spectrometry; DPp,
differential pulse polarography; ES, emission spectrography; ESCA, electron spectroscopy for
chemical analysis; PIXE, proton induced X-ray emission; TEM, transmission electron microscopy;
EDXA, energy dispersive X-ray analysis; XRF, X-ray fluorescence; SEM, scanning electron micros-
copy; IC, ion chromatography

m, not reported

The American Society for Testing and Materials (AS TM) has established stan-
dard methods for determining the chromium (or chromium compound) content of
various commercial products. These include methods for the chemical analysis of
chromium-containing refractory materials and chromium ore (ASTM C572-81), for
chromium in water (ASTM D1687-86), for strontium chromate pigment (ASTM
D1845-86) and for chromic oxide in leather that has been partly or completely
tanned with chromium compounds (ASTM D2807-78); a colorimetric method for
the determination of soluble chromium (trivalent and hexavalent chromium) in
workplace atmospheres (ASTM D3586-85); methods for the determinationof chro-
mium (including chromium oxide) in the solids ofliquid coatings (paint) or in dried
films obtained from previously coated substrates (ASTM D3718-85a), for chro-
mium in residues obtained by air sampling of dusts oflead chromate and lead sili-
cochromate-type pigments (ASTM D4358-84), for chromium and ferrochromium
(ASTM E363-83), for chromium oxide in chromium ores (ASTM E342-71), for yel- '
low, orange and green pigments containing lead chromate and chromium oxide
green (ASTM Dl26-87) and for zinc yellow pigment (zinc chromate yellow) (ASTM
D44-88) (American Society for Testing and Materials, 1971, 1978, 1981, 1983,
1984b, 1985a,b, 1986a,b, 1987c, 1988b).
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3. BiologicalData Relevant to the Evaluation
of earcinogenic Risk to Rumans

3.1 Carcinogenicity studies in animalsl

The carcinogenicity of chromium and chromium-containing compounds in ex-
perimental animaIs has been reviewed recently (Yassi & Nieboer, 1988; Fairhurst &
Minty, 1990).

The description and evaluation of the available carcinogenicity studies in ex-
perimental animaIs have been subdivided into four subsections, mainly according
to the chemical and physical properties of different chromium-containing materi-
aIs: (a) Metallc chromium; (b) chromium (ni) compounds; (c) chromium (VI) com-
pounds; and (d) other chromium compounds. Chromium-containing alloys used in
implants wil be considered in a subsequent volume of lARC Monographs (Volume
52), in a monograph on cobalt and cobalt compounds.

(a) Metallic chromium

(i) lntrapleural administration

Mouse: No tumour was observed after 14 months in a group of 50 male C57BI
mice, approximately six weeks of age, that received six intrapleural injections of
10 J.g chromium powder in 0.2 ml of a 2.5% gelatin-saline solution every other week.
A total of 32 mice lived for up to 14 months (Hueper, 1955).

Rat: Groups of 17 female and eight male Osborne-Mendel rats, approximately
four months old, were given six monthly intrapleural injections of 16.8 mg chro-
mium powder in 50 III lanolin; and 25 male Wistar rats, of approximately the same
age, received six weekly intrapleural injections of 0.5 mg chromium powder sus-
pended in 0.1 ml of a 2.5% gelatin~saline solution. Six Osborne-Mendel rats sur-
vived up to 19-24 months and 12 Wistar rats up to 25-30 months. Three female Os-
borne-Mendel rats developed adenofibromas of the thoracic wall; in addition, one
rat also had a retroperitoneal haemangioma. Two other rats (group unspecified)
had a haemangioma and an angiosarcoma, and another rat (group unspecified) had
an intra-abdominal round-cell sarcoma. Of 12 male Wistar rats receiving gelatin
al one, three developed intra-abdominal round-cell sarcomas (Hueper, 1955).

IThe Working Group was aware of carcinogenicity studies in progress with sodium chromate by in-

traperitoneal administration in mice and rats, with calcium chromate and chromite ore residue by
inhalation in rats and with chromium by intratracheai administration in hamsters (lARC, 1988).
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(ii) lntramuscular administration

Rat: A group of 24 male Fischer rats, eight weeks of age, received a single intra-
muscular injection of 2 mg chromium dust (elemental Cr, 65%, chromium oxides as
Cr203, 35%; Ni, Al, Cu, Mn and Co, oe 0.1%; mean particle diameter, 1.6 J.m) sus-
pended in 0.5 ml penicilin G procaine. No local tumour was reported in the 22
survivors at 24 months (Sunderman et al., 1974). (The Working Group noted that
only a single low dose was given.)

Two groups of 18 and 20 male Fischer-344 rats, aged eight weeks, received a
single intramuscular injection of 4.4 mg chromium dust (Cr, 76%; O2, 24%; Mn,
0.2%; median particle diameter, 1.4 J.m) suspended in 0.2 ml penicilin G procaine.
The study was terminated at two years, when 13/18 and 0/20 were stil alive in the
two groups, respectively; the low survival in the second group was due to an epidem-
ic of pulmonary pneumonia. No local tumour developed in either group (Sunder-
man et al., 1980). (The Working Group noted that only a single dose was given. i

A group of 25 male and 25 female weanling Fischer-344 rats received monthly
intramuscular injections of 100 mg chromium powder (99.9% pure) in 0.2 ml tri-
caprylin. Treatment was continued until definite nodules appeared at the injection
site in more th an one animal (time unspecified). The study was terminated at 644
days (survival figures not given). A single injection-site fibrosarcoma was reported
in a male rat. No local tumour was seen in 50 vehicle-control rats (Furst, 1971).

(iii) lntraperitoneal administration

Mouse: A group of 50 male C57Bl mice, approximately six weeks old, was given
weekly intraperitoneal injections for four consecutive weeks of 10 J.g chromium
powder (diameter, :: 100 J.m to colloidal particle size) suspended in 0.2 ml of a 2.5%
gelatin-saline solution. Forty mice survived up to 21 months, at which time the ex-
periment was terminated. One mouse developed a myeloid leukaemia; no other
tumour was noted (Hueper, 1955). (The Working Group noted the low dose given. i

Rat: A group of 25 male Wistar rats, three to four months old, was given weekly
intraperitoneal injections for six consecutive weeks of 50 J.g chromium powder in
0.1 ml of a 2.5% gelatin-saline solution. One rat developed a scirrhous carcinoma of
the caecal submucosa, two rats developed intra-abdominal round-cell sarcomas,
one rat had both a sarcoma of the leg of cartilaginous osteoid origin and an insulin-
oma of the pancreas, and one rat had an insulinoma (Hueper, 1955). (The Working
Group noted that no vehicle control group was reported and that the authors statcd
that, although round-cell sarcomas also occurred in controls, insulinomas werc
found only in treated rats. i
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(iv) lntravenous administration

Mouse: A group of 25 C57Bl mice (sex unspecified), about eight weeks of age,
received six weekly injections into the tail vein of 2.5 Jlg chromium powder (particle
size, ~4 Jlm) in 0.05 ml of a gelatin-saline solution. Six animaIs lived up to 12
months, but none to 18 months. No tumour was observed (Hueper, 1955).

Rat: A group of 25 male Wistar rats, approximately seven months of age, was
given six weekly injections of 90 Jlg chromium powder in 0.18 ml of a 2.5% gela-
tin-saline solution into the left vena saphena. Fifteen were stil alive at one year and
13 at two years, at which time the study was terminated. Round-cell sarcomas were
observed in four rats - three in the ileocaecal region and one in the intrathoracic
region. One rat had a haemangioma of the renal medulla, and two rats had papillary
adenomas of the lungs, one ofwhich showed extensive squamous-cell carcinoma-
tous changes. Use of vehicle-treated con troIs was not reported. The author stated
that, although round-cell sarcomas also occurred in groups of control rats in this
series of studies, lung adenomas were found only in treated rats (Hueper, 1955).

Rabhit: Eight albino rab bits (sex unspecified), approximately six months of
age, received six weekly intravenous injections of 25 mg/kg bw chromium powder in
0.5 ml of a 2.5% gelatin-saline solution into the ear vein; the same course of treat-
ment was given four months later; and, three years after the first injection, a third
series of injections was given to the three surviving rabbits. Four rabbits given in-
travenous injections of the vehicle alone served as controls. One of three rabbits
that survived six months after the last injection developed a tumour of uncertain
origin (apparently an immature carcinoma) involving various lymph nodes, but no
tumour occurred in controls (Hueper, 1955).

(v) lntrafemoral administration

Rat: A group of 25 male Wistar rats, approximately five months old, received
an injection into the femur of 0.2 ml of a 50% (by weight) suspension of chromium
powder (approximately 45 mg) in 20% gelatin-saline and was observed for 24
months; 19 survived over one year. No tumour developed at the injection site. Simi-
lady, a group 25 male Osborne-Mendel rats, approximately five months of age, was
injected in the femur with a similar dose of chromium powder in 0.2 ml lanolIn and
observed for 24 months; 14 survived-for one year, and one rat developed a fibroma at
the injection site (Hueper, 1955).

(The Working Group noted that many of the above studies suffered from vari-
ous limitations, including the use oflow doses, low effective numbers of animaIs and
inadequate reporting.)
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(vi) Administration with known carcinogens

Rat: Groups of 35-62 female Wistar rats, four to six weeks old, were given one
intratracheal instilation of 10 mg powdered chromium (purity, 99.4%; diameter,
1-3 iim) in combination with 1 or 5 mg 20-methylcholanthrene (MC) or MC alone in
saline and were killed at various intervals up to 12 weeks. Squamous-cell carcIno-
mas of the lung developed 12 weeks after treatment in 7/12 (58%) rats given Cr + 5
mg MC, in 3/12 (25% ) given Cr + 1 mg MC, in 3/7 (43%) given 5 mg MC alone, in 1/8

(12.5%) given 1 mg MC alone and in 0/12 given Cr alone (Mukubo, 1978.) (The
Working Group noted the short duration of the study.)

(b) Chromiumflllj compounds

(i) lntratracheal instillation

Rat: Random-bred and Wistar rats (age, sex and distribution unspecified)
were given single intratracheal instilations of 50 and 20 mg chromic oxide, respec-
tively. Malignant lung tumours developed in 7/34 and 6/18 animaIs; and four and
five of these, respectively, were lung sarcomas, which appeared between Il and 22
months after treatment (Dvizhkov & Fedorova, 1967). (The Working Group noted
that use of controls was not reported and other details were not given.)

(ii) lntrabronchial administration

Rat: A group of 98 rats (strain, age and sex unspecified) received implants of
intrabronchial stainless-steel mesh pellets (5 x 1 mm) loaded with 3-5 mg of a 50:50
mixure of chromic oxide with a cholesterol binder. AnimaIs were observed up to
136 weeks. No lung tumour was found in treated or in 24 cholesterol binder-treated
con troIs (Laskin et al., 1970).

Groups of 100 male and female Porton-Wistar rats received intrabronchial pel-
lets loaded with 2 mg chromite ore (purity not given), 2 mg chromic oxide (met 

aIl ur-
gical-grade, 99-100% pure), 2 mg chromic chloride hexahydrate (95% pure) or 2 mg
chrome tan (Cr2(OH)2(S04)2Na2S04'XH20 (purity not givenD suspended 50:50 in
cholesterol. The incidence of squamous metaplasia in the left bronchus of treated
animaIs was similar to that in controls. An increased incidence was seen with aIl
five Cr(VI) compounds examined in the same study (see p. 125; Levy & Venitt,
1986).

In a second study using the same technique, no lung tumour was seen in a
group of 101 rats treated with high sIlca chrome ore (TSS 695, containing 46.1%
chromic oxide) (Levy et al., 1986). '

(iii) Oral administration

Mouse: Groups of 54 male and 54 female weanling Swiss mice received 5 mg/l
chromic acetate in drinking-water for life. No difference was found in the survival
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of treated females compared with controls, but treated males died earlier th 

an con-trol males (mean survival, 831 versus 957 days); only 60% of males survived 18
months. The incidence of tumours in treated animaIs was no greater th 

an that incontrols (Schroeder et al., 1964).
Rat: Chromic acetate was given in drinking-water at a level of 5mg/l to 46 male

and 50 female weanling Long Evans rats for life. At least 70% of the animaIs sur-
vived for up to two years; treated females lived as long as control females, but
treated males lived up to 100 days longer than control males. The incidences of
tumours at various sites in rats of either sex were not significantly different from
those in controls. The total numbers of autopsied animaIs with tumours were: 16/39
treated males, 18/35 treated females, 9/35 male controls and 15/35 female con 

troIs
(Schroeder et al., 1965).

Chromic oxide (green) obtained by the reduction of chromate at 600°C was
baked in bread with other nutrients at levels of 1,2 and 5%, and the bread was fed to
groups of 60 male and female inbred BD rats, 100 days of age, on five days per week
for two years. At the high-dose level, the total dose consumed was about 1800 g/kg
bw. Average survival times were 860-880 days. Mammary fibroadenomas were
found in three rats given 1%, in one given 2% and in three given 5%. One mammary
carcinoma andtwo fibroadenomas were detected in con troIs (Ivankovic & Preuss-
mann, 1975).

(iv) l ntrapleural administration

Mouse: Only granulomas were produced when 10 mg chromite ore dust
(FeO(CrAI)203) particles (average diameter, 1 J.m; range, 0.1-5 J.m) were injected
intrapleurally in 0.5 ml distiled water into 25 Balb/c mice (sex and age unspecified).
AnimaIs were kiled at intervals from two weeks to 18 months after the injection
(Davis, 1972). (The Working Group noted the lack of detailed reporting.)

Rat: A group of 14 male and 11 female Osborne-Mendel rats, four months of
age, received six monthly intrapleural injections of37 mg chromite ore suspended in
0.05 ml lanolin. Thirteen survived one year and aU animaIs were dead at 24 months.
One thoracic tumour (fibrosarcoma) was found in a treated animal but none in 25
controls (Hueper, 1955).

A group of 34 rats (strain, sex and age unspecified) received intrapleural im-
plantations of chromic acetate (dose unspecified) in sheep fat. Eighteen rats were
stil alive at 15 months and 15 at 21 months. One implantation-site tumour (type
unspecified) was seen. Of 34 control rats administered sheep fat al 

one, 30 were alive
at one year and 11 at 21 months; none developed a tumour (Hueper, 1961).

A group of 42 Bethesda Black (NIH Black) rats (sex unspecified), approxi-
mately three months ofage, received eight intrapleural. implantations over 13
months of 25 mg chromic acetate in gelatin capsules: No implantation-site tumour
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was seen after two years (Hueper & Payne, 1962). (The Working Group noted the
lack of controls.)

(v) lntramuscular administration

Rat: A group of 34 rats (sex, age and strain unspecifiedl received intramuscular
implantations of chromic acetate (dose unspecified). Thirty were stil alive at one
year and 17 at 21 months. One animal developed an injection-site tumour (type
unspecified). Of 32 controls given implants of sheep fat alone 30 were alive at one
year and ten at 21 months. None developed a local tumour (Hueper, 1961).

A group of 35 Bethesda Black (NIH Blackl rats (sex unspecified), approxi-
mately three months of age, received an intramuscular implantation of 25 mg chro-
mic acetate in a gelatin capsule; a further seven intramuscular implantions were
made over a period of 24 months, at which time the rats were sacrificed. One
spindle-cell sarcoma was observed at the site of implantation (Hueper & Payne,
1962). (The Working Group noted that no control group was reported.)

(vi) lntraperitoneal administration

Mouse: ln a strain A mouse assay for lung adenomas, three groups of ten male
and ten female strain A1Strong mice, six to ten weeks of age, were given intraperito-
ne al injections of chromic sulfate suspended in tricaprylin three times a week for
eight weeks (total doses, 480, 1200 and 2400 mg/kg bw). AnimaIs were kiled 30

. weeks after the first injection. No significant increase in the incidences of pulmo-
nary adenomas over those in 20 vehicle-treated or 20 untreated control mice of each
sex was observed (Stoner et al., 1976; Shimkin et al., 1977). (The Working Group
noted the small number of animaIs used.)

Rat: ln experiments with Wistar and random-bred rats (sex, age and distribu-
tion unspecified), 4/20 animaIs developed lung sarcomas 16-19 months after a single
intraperitoneal injection of 20 mg chromic oxide (Dvizhkov & Fedorova,.1967).
(The Working Group noted that no control group was reported.)

(vii) lntravenous administration

Mouse: Strain A mice in a group of 25 males and 25 females (age unspecified)
were each given an intravenous injection into the tail vein of 5 mg chromite ore
(39-60% chromic oxide; particle size, 1.6 J.m) suspended in saline. 

The animaIs
were kiled at three, 4.5 and six months. There was no difference in the incidence of
pulmonary adenomas between treated mice and 75 untreated con troIs (Shimkin &
Leiter, 1940; Shimkin et al., 1977).

Rabbit: A group of six female albino rabbits, six months of age, received six
weekly intravenous injections of 25 mg chromite ore suspended in 5 ml of a 2.5%
gelatin-saline solution; treatment was repeated in four of the six rabbits nine
months later. The six rabbits died orwere kiled at 13,20,22,22,48 and48 months.
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No tumour was observed during these periods (Hueper, 1955). (The Working
Group noted the small number of animaIs used and the lack of controls.)

(viii) lntrafemoral administration

Rat: A group of 15 male and 10 female Osborne-Mendel rats, five months of
age, each received an injection into the femur of 0.05 ml of a 50% (by volume) sus-
pension containing about 58 mg chromite ore (44% chromicoxide) in lanolin; 13
survived one year. No tumour developed at the injection site (Hueper, 1955).

(ix) Administration with known carcinogens

Rat: Groups of 15 male Fischer 344 rats, seven weeks of age, received drink-
ing-water (distiled) containing 0 or 500 mg/l N-nitrosoethylhydroxyethylamine

(NEHEA) for two weeks. Thereafter, rats received drinking-water alone or drink-
ing-water containing 600 mg/l chromic .chloride hexahydrate (98% pure) for 25
weeks,' when the study was terminated. There was no significant increase in the
incidence of renal-cell tumours in the group receiving NEHEA and chromic chlo-
ride (6/15) over that in the group given NEHEA alone (2/15). No renal tumour was
reported in the group receiving chromic chloride alone (Kurokawa et al., 1985).
(The Working Group noted that the experiment was not intended as a test for the
overall carcinogenicity of chromic chloride.)

(c) ChromiumfVJ compounds

(i) lnhalation

Mouse: Groups of 136 C57B1/6 mice of each sex. eight weeks old, were exposed
by inhalation to calcium chromate dust (reagent grade; partic1e size, 99.9% ~ 1.0
lLm) at 13 mg/m3 for 5 h per day on five days per week over their lifespan. The me-
di an survival time was 93 weeks for treated and 80 weeks for control mice. Six lung

adenomas appeared in treated males and eight in females, compared with three and
two in the 136 respective controls (p = 0.04 for males and females combined).
No carcinoma was seen; no information was given on the occurrence of tumours at
other sites (Nettesheim et al.t 1971).

A group of 50 female ICR/JcI mice (age unspecified) was exposed by inhala-
tion to chromic acid (chromium trioxide) mist (particle size, 84.5% ;: 5 lLm) gener-
ated by a miniaturized electroplating system at a chromium concentration of 3.63
mg/m3 for 30 min per day on two days per week for up to 12 months. Mice surviving
at that time were maintained for a further six months; two groups of ten mice killed
at 12 and 18 months served as controls. A single lung adenoma was reported in 1/15
mice that died or were kiled between six and nine months; lung adenomas occurred
in 3/14 mice that died between ten and 14 months; and 1/19 adenoma and 2/19 ade-
nocarcinomas in mice that died at 15-18 months. ln the control groups, no lung
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tumour was reported in ten mice kiled at 12 months, but 2/10 adenomas occurred in
those killed at 18 months. The authors observed nasal perforations in six mice ex-
posed for more th an ten months and time-related inflammatory changes, including
squamous metaplasia, in the trachea and bronchus of exposed mice (Adachi et aL.,
1986). (The Working Group noted the incomplete reporting of lesions.)

A group of 43 female C57Bl mice (age unspecified) was exposed by inhalation
to chromic acid (chromium trioxide) mist (85% of particles ~ 5 l.m) generated by a
miniaturized electroplating system at a chromium concentration of 1.81 mg/m3 for
120 min twice a week for 12 nl0nths, at which time 23 mice were kiled. The remain-
ing 20 were killed six months after the last exposure. Nasal perforation was seen in
3/23 and 3/20 mi ce killed at 12 and 18 months, respectively; 0/23 and 6/20 nasal
papilomas occurred in these groups. A single lung adenoma was reported in the
group kiled at 18 months. No nasal inflammatory change or lung tumour was seen
in a group of 20 untreated control mice (Adachi, 1987). (The Working Group noted
the inadequate reporting of lesions.)

Rat: Groups of 20 male TNO-W74 Wistar rats, six weeks of age, were exposed
by inhalation to sodium dichromate at 25, 50 or 100 l.g/m3 Cr (average mass median
diameter, 0.36 llm), produced from an aqueous sodium dichromate solution, for
22-23 h per day on seven days per week for 18 months. The rats were then held for a
further 12 months, at which time the study was terminated. A control group con-
sisted of 40 untreated male rats. Survival was about 90% at 24 months; at termina-
tion at 30 months, survival was 65, 55, 75 and 57.5% in the 25, 50, 100 l.g/m3 and
control groups respectively. ln rats that survived 24 or more months, lung tumours
occurred in 0/37, 0/18, 0/18 and 3/19 in the control, 25, 50 and 100 llg/m3 groups,
respectively. The three lung tumours were two adenomas and an adenocarcinoma;
a squamous carcInoma of the pharynx was also reported in this group. The inci-
dence of treatment-related tumours was not increased at other sites (Glaser et al.,
1986). (The Working Group noted the small number of animaIs used.)

(ii) Intratracheal instillation

Mouse: A group of 62 strain A mice (sex unspecified), ten to 11 weeks of age,
received six intratracheal injections of 0.03 ml of a 0.2% saline suspension of zinc
chromate (basic potassium zinc chromate. K20AZnOACr03.3H2Ü (Baetjer et aL.,
1959b)) at six-week intervals and were observed until death. No pulmonary carcino-
ma was found; pulmonary adenomas occurred in 31/62 exposed, in 7/18 untreated
control and 3/12 zinc carbonate-treated control animals (Steffee & Baetjer, 1965).

Groups of 40 male and 40 female Sprague- Dawley rats, ten weeks of age, re-
ceived intratracheal instilations of 1 ml/kg bw sodium dichromate (99.95% pure) or
calcium chromate (chemically pure) in 0.9% sodium chloride solution once a week
or five times a week. Equal numbers of male and female rats were used as vehicle
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and untreated controls. Administered doses and schedules are given in Table 20.
Treatment and study of all groups was continued for 30 months; median sUfVival
was approximately 800 days in the sodium dichromate-treated groups. (The

Working Group noted that survival was not reported for the calcium chro-
mate-treated groups.) No lung tumour was reported in the groups treated five times
weekly with sodium dichromate. Among animaIs treated weekly with sodium di-
chromate, 14/80, 1/80 and 0/80 animaIs developed lung tumours in the groups re-
ceiving 1.25, 0.25 and 0.05 mg/kg bw, respectively, with 0/80 in controls fp .c 0.001,
Cochran-Armitage test for trend). Of the 14 animaIs that developed lung tumours
after receiving 1.25 mg/kg bw sodium dichromate weekly 12 had adenomas and
eight had malignant lung tumours, described as two adenocarcinomas (bronchio-
alveolar) and six squamous-cell carcinomas. The authors noted that two of the
tumours were questionable and that the majori ty of the observed lung tumours were
small, non-metastasizing, non-fatal and co-existed with scarring and other treat-
ment-related inflammatory changes not seen in animaIs treated five times a week
with lower doses. ln the groups receiving calcium chromate, similar findings were
made, with a total of six lung tumour-bearing rats (five adenomas (p c: 0.01) and one
squamous-cell carcinoma) in the group receiving 0.25 mg/kg bw five times a week,
and 13 lung-tumour-bearing rats (11 adenomas (p c: 0.01) and three with two squa-
mous-cell carcinomas and one adenocarcinoma (p c: 0.01)) in the group receiving
1.25 mg/kg bw once a week. (The Working Group assumed that one rat had both an
adenoma and a squamous-cell carcinoma.) The authors noted that one of the squa-
mous-cell carcinomas may have been a metastasis from a primary tumour of the jaw
(Steinhoff et al., 1986).

Hamster: Groups of 35 male Syrian golden hamsters, about six weeks old,
received weekly intratracheal instilations of 0.1 mg calcium chromate in 0.2 ml
saline for 56 weeks and were maintained for a further 44 weeks. No lung tumour was
reported (Reuzel et al., 1986).

Guinea-pig: Groups of21 or 13 guinea-pigs (sex and strain unspecified), three
months of.age, received six intratracheal instilations of 0.3 ml of a 1% suspension in
saline of3 mg zinc chromate as basic potassium zinc chromate (Baetjer et al., 1959b)
or 3 mg le ad chromate, at three-monthly intervals. The animaIs were observed until
death. A single pulmonary adenoma was seen in the group given zinc chromate, but
no pulmonary carcinoma. No pulmonary adenoma was seen in the le ad chromate
group or in 18 vehicle controls (Steffee & Baetjer, 1965). (The Working Group noted
the limited reporting of the study.)

Rabbit: Groups of seven rab bits (sex and strain unspecified), four months of
age, received three to five intratracheal instilations of 1 ml of a suspension in saline
of 1% (10 mg) zinc chromate (basic potassium zinc chromate, Baetjer et al., 1959b)
or lead chromate at three-monthly intervals. No lung tumour was reported in
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Table 20. Protocol and results of test by intratracheal instillation ofvarious chromiumrv) compounds to rats 

a 

Compound No. of animaIs Dose Schedule No. of lung tumours Total no. of tumour-

(mg!g bw) bearing animaIs

Males Femalesb Benign Malignant

Sodium dichromate 40 50 0.25 5 X weekly

Sodium dichromate 40 45 0.05 5 X weekly - - - -
~Sodium dichromate 40 45 0.01 5 X weekly - - -

Sodium dichromate 40 40 1.25 1 X weekly 12* 8* 14 ~
0
Z

Sodium dichromate 40 40 0.25 1 X weekly - 1 1 00
Sodium dichromate 40 40 0.05 1 X weekly - - -

~
Calcium chromate 40 50 0.25 5 X weekly 5* 1 6

=i
Calcium chromate 40 40 1.25 1 X weekly 11* 3* 13 en

~0
Benzo( a )pyrene 0 10 5.0 1 X weekly 5
Dimethyl carbamoyl 10 10 1.0 1 X weekly

~
chloride

tr.l
Sodium chloride (0.9%) 40 50 1 ml!kg 5 X weekly

'-

Sodium chloride (0.9%) 40 40 1 ml!kg 1 X weekly

Untreated 40 50

aprom Steinhoff et al. (1986)
hOnly 40 females used for carcinogenicity tests (five to ten extra in test groups)

*Significant at p .. 0.01
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treated animaIs or in five saline-treated controls (Steffee & Baetjer, 1965). (The
Working Group noted the limited reporting of the study.)

(iii) lntrabronchial administration

Rat: A group of 100 rats (strain, sex and age unspecified) received intrabron-
chiaI implantations of stainless-steel mesh pellets (5 x 1 mm) loaded with 3-5 mg ofa 50:50 mixture of calcium chromate with a cholesterol binder. Six squamous-cell
carcInomas and two adenocarcinomas of the lung were found in animaIs observed
up to 136 weeks. The median time to appearance of tumours was 540 days. A group
of 100 rats similarly treated with chromium trioxide and observed up to 136 weeks
had no such tumour, nor did 24 controls treated with cholesterol binder (Laskin et
al., 1970). (Although the incidence of lung tumours was not statistically significant,
the Working Group noted the probable biological significance of these tumours.)

Groups of approximately 50 male and 50 female Porton- Wistar rats, six to eight
weeks old, received intrabronchial implantations into the left Iung of stainless-steel
mesh pellets (5 x 1 mm) loaded with about 2 mg of a series of chromium-containing
test materials suspended 50:50 in cholesterol. Groups of approximately 75 male and
75 female rats receiving blank pellets or pellets loaded with cholesterol alone acted
as negative controls. AnimaIs were maintained for 24 months, at which time the
study was terminated and aIl lungs and abnormal tissues examined. (The Working
Group noted that survival was not reported). No lung tumour was seen in either
control group or among rats receiving pellets loaded with sodium dichromate
(99-100% pure) or sodium chromate (98-99% pure); a single squamous-cell carcino-
ma of the left lung was seen in the group treated with chromic acid (chromium triox-
ide; 99-100% pure) and eight squamous-cell carcinomas (p c: 0.05) of the left lung in
the group treated with calcium chromate (95% pure). There was a significant in-
crease in the incidence of bronchial squamous metaplasia of the left lung in rats
without lung tumours in all treatment groups when compared to the groups receiv-
ing cholesterol or a blank pellet. Of animaIs that received intrabronchial pellets
loaded with zinc potassium chromate (K2Cr04.3ZnCr04.Zn(OH)2, 99-100% pure)
suspended in cholesterol, 3/61 developed squamous-cell carcinomas of the left lung
(Levy & Venitt, 1986).

In a second study using the techniques and protocol described above, the inci-
dences of squamous-cell carcinomas of the left lung in groups of animaIs given a
range of lead chromates, zinc chromates and strontium chromates were as shown in
Table 21. Significance was calculated by comparing the incidence of bronchial car-
cinomas in each test group with that in a reference group comprising the two nega-
tive control groups and all groups treated with chromium-containing materials.
Survival was 96% at 400 days and 54% at 700 days. Calcium chromate (96. 7% pure),
included as a positive control, induced 25/100 left-Iung bronchial carcinomas
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(24 squamous-cell carcinomas and one adenocarcinoma); chromium trioxide
(99.9% pure) induced 2/100 left-Iung bronchial carcinomas (one squamous-cell car-
cinoma and one anaplastic carcinoma); sodium dichromate di hydrate (TSS 612;

99.7% pure) gave 1/100 left-lung squamous-cell carcinoma; and a residue material
(vanadium solids) from the bichromate production process, containing 5.3% cal-
cium chromate and 17.2% sodium dichromate, induced 1/100 squamous-cell carci-
noma of the left lung. No bronchial carcinoma was seen in the 100 rats given choles-
terol alone; and 22/48 bronchial carcinomas (21 squamous-cell carcInomas and one
anaplastic carcinoma) were seen in a positive control group receiving 20-methylcho-
lanthrene (Levy et al., 1986).

Table 21. IncIdence ofbronchial carcInomas in rãts administered various chromiumrv)
compounds by intrabronchial implantation into the left lunga

Compound Composition Incidence of bron-
chiaI carcinomas

Lead chromates

Lead chromate (99.8% pure)

Prmrose chrome yellow

Molybdate chrome orangeb

Light chrome yellow

Supra (70 FS) LD chrome yellow

Medium chrome yellow

Silica encapsulated medium chrome yellow

Barium chromate (98% pure)

Zinc chromate IW (low water solubility)

Zinc chromate (Norge composition)

Zinc tetroxychromate

Strontium chromate
Strontium chromate
Cholesterol. control

2OMethylcholanthrene control

Pb, 64%; Crü4, 35.8%

Pb, 62.1%; Cr, 12.6%

Pb, 62.1%; Cr, 12.5%

PbO, 61.5%; Cr03, 26.9%

Pb, 60.2%; Cr, 16.3%

Pb, 40.4%; Cr, 10.5%

Ba, 54.1%; Cr04, 42.1%

ZnO, 39.4%; Cr03, 40.8%
ZnO, 39.2%; Cr03, 43.5%

Zn, 56.6%; Cr, 8.8%

Sr, 42.2%; Crü4, 54. i %

Sr, 43.0%; Cr, 24.3%

1J98

1/100

0/100

0/100

1J100

1/100

0/100

0/101

5/100c (p = 0.004)

3/100c (p = 0.068)

1/100

43/99

62/99

0/100

22/48

aprom Levy et al. (1986)

hComposition incompletely described by Levy et al. (1986); it is a mixture oflead chromate, Iead sulfate
and lead molybdate (pb, 62.9%; Cr, 12.9%; Mo, 4.2%).

CSignificance for each treatment group based on a reference group composed of a combination of
the negative control group and aIl groups treated with chromate-cntaining materiaIs, except those
treated with calcium or strontium chromate
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(iv) lntrapleural administration

Rat: A number of chromium(VI) compounds (doses unspecified) adminis-
tered to rats (sex, age and strain unspecified) by intrapleural implantation in experi-
ments lasting 27 months gave the following numbers of implantation-site tumours
(type unspecified): strontium chromate, 17/28 (nine alive at one year); barium chro-
mate, 1/31 (30 alive at one year); lead chromate, 3/34 (32 alive at one year); zinc yel-
low (unspecified composition), 22/33 (11 alive at one year); calcium chromate, 20/32
(none alive at one year); sintered calcium chromate, 17/33 (ni ne alive at one year,
one alive at 21 months); and sodium di chromate, 0/26 (20 alive at one year, none
aliye at 18 months). None of 34 control rats had tumours (30 alive at one year, five
alive at two years) (Hueper, 1961).

Groups of 20 male and 19 female Bethesda Black (NIH Black) rats, three
months of age, received 16 monthly intrapleural injections of 2 mg sodium dichro-
mate in gelatin and were observed for up to two years. One adenocarcinoma of the
lung was observed; 'no tumour at the injection site was observed in 60 control rats
treated with gelatin solution. After intrapleural implantation of 12.5 mg calcium
chromate in a gelatin capsule to 14 rats, eight developed malignant tumours (type
unspecified) at the site of implantation after two years compared with no ne in 35
con troIs (Hueper & Payne, 1962).

(v) Subcutaneous administration

Mouse: A group of 26 female and 26 male C57BI mice received calcium chro-
mate or sintered calcium chromate (prepared by heating calcium chromate with
less th an 1% impurities to about 1100°C for about 1 h) by subcutaneous injection of
10 mg chromium compound in tricaprylin, and the animaIs were obseived for 18-26
months. One sarcoma was observed in 13 mice treated with calcium chromate that
lived longer than six months, but none was seen at the injection site in the other
treated groups or in vehicle controls. Histologically, the injection-site tumours were
spindle-cell sarcomas or fibrosarcomas (Payne, 1960a).

Rat: Groups of 40 male and female Sprague- Dawley rats, 13 weeks of age,
received a siiigle subcutaneous injection of 30 mg lead chromate (chromium yellow)
or basic lead chromate (chromium orange) in water. Sarcomas(rhabdomyosarco-
mas and fibrosarcomas) developed at the injection site in 26/40 and 27/40 animaIs,
respectively, within 117-150 weeks. No local tumour occurred in 60 vehicle-control
rats, and a single local sarcoma occurred in 80 control rats that received compara-
ble subcutaneous injections of iron yellow or iron red (Maltoni, 1974, 1976; Maltoni
et al., 1982).
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Groups of 20 male and 20 female Sprague- Dawley rats, 13 weeks of age,
received single subcutaneous injections of 30 mg zinc yellow (basic zinc chromate)
at 20% or 40% Cr03 in 1 ml saline. Local sarcomas (rhabdomyosarcomas and
fibrosarcomas)were seen in 6/40 and 7/40 rats given 20% and 40% Cr03 at 110 and
137 weeks, respectively. No local tumour had occurred in the 40 control animaIs by
136 weeks (Maltoni et al., 1982).

A further group of 20 male and 20 female Sprague-Dawley rats received single
subcutaneous injections of 30 mg molybdenum orange (described as a mixure of
lead chromate, sulfate and molybdate) in 1 ml saline. At termination of the study at
117 weeks, 36/40 rats had injection-site sarcomas; no local tumour occurred in 45
male and 15 female untreated con troIs (Maltoni, 1974; Maltoni et al., 1982).

(vi) lntramuscular administration

Mouse: Groups of 26 female and 26 male C57BI mice (age unspecified)
received calcium chromate or sintered calcium chromate (prepared by heating cal-
cium chromate with less than 1% impurities to about 1100°C for about 1 h) by intra-
muscular implantation of 10 mg of the chromium compound mixed with 20 mg
sheep fat. AnimaIs were observed for a total of 14 months. Nine implantation-site
sarcomas were observed among 46 mice given sintered calcium chromate that lived
longer than six months; one sarcoma was observed in 50 mice given non-sintered
calcium chromate; and no sarcoma was found among 50 control mice that lived six
months or more (Payne, 1960a).

A group of 25 female NIH -Swiss weanling mice was given intramuscular in jec-
tions of3 mg le ad chromate in trioctanoin every four months. Two lymphomas were
seen within 16 months and three lung adenocarcinomas within 24 months among 17
mice that were necropsied. The incidences of these tumours were 1/15 and 1/15 in
untreated control mice and 2/22 and 1/22 among vehic1e-injected control ffice
(Furst et aL., 1976).

Rat: Groups of35 Bethesda Black (NIH Black) male and female rats, approxi-
mately three months of age, received an intramuscular implantation of pellets con-
taining 25 mg calcium chromate (99% pure), 25 mg sintered calcium chromate or 25
mg sintered chromium trioxide, all in 50 mg sheep fat. Sarcomas (spindle-cell sar-
comas and fibrosarcomas) at the implantation site were seen after 12-14 months in
8/35 rats given calcium chromate, 8/35 given sintered calcium chromate and 15/35
given sintered chromium trioxide. No local tumour was seen in 35 con troIs or in
groups of 20 males and 15 females given implants of 25 mg barium chromate (99%
pure) in 50 mg sheep fat (Hueper & Payne, 1959). (The Working Group noted that
sintered chromium trioxide at 1100 ° C would contain appreciable amounts of chro-
mic chromate; it also noted the short duration of the experiment.)
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ln groups of 32-34 rats (sex, strain and age unspecified) that received intramus-
cular implantation ofvarious chromium compounds in sheep fat (doses unspeci-
fied), the following incidences of implantation-site tumours (type unspecified) were
recorded after 27 months: calcium chromate, 9/32 (22 alive at one year, seven alive
at two years); sodium dichromate, 0/33 (25 alive at one year, 16 alive at 18 months);
sintered calcium chromate, 12/34 (22 alive at one year, none alive at two years);
strontium chromate, 15/33 (20 alive at one year); barium chromate, 0/34 (30 alive at
one year); lead chromate, 1/33 (28 alive at one year); and zinc yellow (composition
unspecified), 16/34 (22 alive at one year). None of 32 control rats given implants of
sheep fat alone developed local tumours (30 alive at one year, six alive at two years)
(Hueper, 1961).

A group of 20 male and 19 female Bethesda Black (NIH Black) rats, three
months of age, was given 16 intramuscular injections of 2 mg sodium di chromate in
gelatin at monthly intervals and observed for two years (17 alive at 16 months). No
tumour appeared at the injection site. After intramuscular implantation of 12.5 mg
calcium chromate in a gelatin capsule to eight rats, four malignant tumours devel-
oped at the implantation site in animaIs observed for two years; compared with
none in 35 con troIs (Hueper & Payne, 1962).

Each of a group of 24 male CB stock rats, five to six weeks of age, was given an
intramuscular injection of calcium chromate in arachis oil (total dose, 19 mg) once a
week for 20 weeks. Eighteen developed spindle-cell or pleomorphic-cell sarcomas
at the injection site, none of which metastasized fp .. 0.01). The mean time to
tumour appearance was 323 days (duration of experiment, 440 days). No tumour
developed in 15 control rats given arachis oil only that were alive at 150 days (Roe &
Carter, 1969).

Groups of 25 male and 25 female weanling Fischer-344 rats received intramus-

cular injections of 8 mg lead chromate suspended in trioctanoin once a month for
nine months or 4 mg calcium chromate in the same vehic1e once a month for 12
months. Lead chromate induced 14 fibrosarcomas and 17 rhabdomyosarcomas at
the site of injection in 31/47 rats. ln addition, renal carcinomas were observed in
3/23 male rats at 24 months. Calcium chromate induced tumours (three fibrosarco-
mas, two rhabdomyosarcomas) in 5/45 animaIs. No such tumour appeared in a
group of 22 controls injected with the vehicle (Furst et al., 1976). (The Working
Group noted that the renal tumours might be attributable to the lead content of the
compound (IARC, 1980b )).
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(d) Other chromium compounds

(i) lnhalation

Mouse: Groups of mice, eight to ten weeks of age, were exposed in dust cham-
bers for 4 h per day on five days per week to a mixed chromium dust1 containing 1-2
mg/m3 soluble chromi um (as chromi um trioxide) until they died or were killed (total
dose of chromium trioxide inhaled, 272- 1330 mg-h): 127 Swiss females were exposed
for up to 58 weeks, ten Swiss males and 11 Swiss females for up to 39 weeks, 34 strain
A females for 16 weeks, 45 strain A females for 24 weeks, 110 strain A females for 38
weeks, 52 strain A males for 46 weeks, 50 C57BI males for 42 weeks and 61 C57BI
females for 41 weeks. No lung carcinoma was observed, and the incidence of lung
adenomas did not significantly exceed that in control mice in any strain. The experi-
ment lasted for up to 101 weeks (Baetjer et al., 1959b). (The Working Group noted
the low doses and the small numbers of animaIs used.)

Rat: A group of 78 Wistar rats (sex unspecified), six to eight weeks of age, was
exposed by inhalation to a mixed chromium dust1 for 4-5 h per day on four days a
week for life, to give an average chromium trioxide concentration of 3-4 mg/m3. No
significant difference in tumour incidence was observed between treated and con-
trol groups. A group of 38 Sherman rats (sex unspecified), six to eight weeks of age,
received 16 monthly intratracheal injections of 0.1 ml of a suspension consisting of
0.5% mIxed chromium dust plus 0.6% potassium dichromate, equivalent to 0.07 mg
chromium/dose. No lung tumour occurred (Steffee & Baetjer, 1965).

A group of 20 male TNO-W74 Wistar rats, six weeks of age, was exposed by
inhalation to 100 J.g/m3 pyrolysed Cr(VI)/Cr(III) oxides (3:2; average mass median
diameter, 0.39 J.m) for 22-23 h per day on seven days a week for 18 months. The rats
were then held for a further 12 months. A control group consisted of 40 untreated
male rats. Survival was over 90% at 24 months and at 30 months was 50% and 42%
in treated and control s, respectively. A single lung adenoma was found in the
treated group and none in the controls (Glaser et al., 1986). (The Working Group
noted the small number of animaIs used).

IThe Working Group noted that, in the publications of Baetjer et al., the mixed chromium dust used
wa prepared by grnding to a fine powder the roast that is produced when chromite ore is heated at a
high temperature with sodium carbonate and calcium hydroxide. The mixure contained approxi-
mately 12% chromium, consisting of water-soluble sodium chromate (chromium(vID, water-insolu-
ble but acid-soluble chromium(VI) and (III) chemicals and sorne unchanged chromite ore; to this
mixure wa added 1% potassium bichhromate. The final analysis of the dust gave 13.7% chromium
tnoxide and 6.9% chromic oxide. The Working Group commented that this roasted mixre, known
as 'frt', is the product of the first stage of the bichromate production procss prior to leaching. This
first-stage procss may or may not involve the addition of calcium hydroxide or lImestone.
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Groups of 120 male and 120 female Sprague- Dawley rats, six to seven weeks of
age, were exposed by inhalation to 0.5 mglm3 'unstabilzed', 0.5 or 25 mg/m3 'stabi-
lized' chromium(IV) dioxide partic1es (mass median aerodynamic diameter, 2.6-2.8
J.m) for 6 h a day on five days per week for two years. Ten rats from each group were
killed at 12 months for interim observation. Between 101 and 108 lungs were
examined for each group exposed up to 24 months. (The Working Group noted that
no survival data were reported.) ln the 25 mg/m3 stabilized group, there was treat-
ment-related alveolar bronchiolization. ln addition, lung adenomas occurred in
1/106 males and 1/108 females in this group, and keratin cysts and 'cystic kerati-
nized squamous-cell carcinomas' in 108 females. The authors considered that the

cystic keratinized squamous-cell carcinomas were related to a dust reaction alone
and were not true malignant tumours (Lee et al., 1988). (The Working Group noted
that similar les ions of the lung were described in a previous lARC Monograph on
titanium dioxide (IARC, 1989).)

Guinea-pig: Three-month-old guinea-pigs (sex unspecified) were exposed by
inhalation to a combination of mixed chromium dust1 for 4-5 h per day on four days
per week for lifespan (average dose, 3-4 mg/m3 chromic trioxide); 3/50 developed
pulmonary adenomas. No pulmonary adenoma occurred in 44 con troIs (Steffee &
Baetjer, 1965).

Rabbit: Eight rabbits (sex and strain unspecified), four months of age, were
exposed by inhalation for 4-5 h per day on four days per week for up to 50 months to
mixed chromium dust1 according to a complex dosage schedule (average dose, 3-4
mg/m3 chromium trioxide). No pulmonary tumour was seen (Steffee & Baetjer,
1965).

(ii) lntratracheal instillation

Mouse: Five to six intratracheal instilations of a mixed chromium dust1, equi-
valent to 0.04 mg chromium trioxide per instilation, were given either to 14 and 20
Swiss males, which were then observed for 26 and 32 weeks, respectively; to 45 and
110 Swiss females, observed for up to 32 and 48 weeks, respectively; to 28, 52, 77 and
48 strain A females observed for up to 31, 37, 43 and 52 weeks respectively; to 17
strain A males observed for up to 52 weeks; or to 48 C57Bl males and 47 C57BL
females observed for up to 32 weeks. Treated animaIs developed no more lung tu-
mours th an did untreated control animals (Baetjer et al., 1959b).

Guinea-pig: Groups of 19 guinea-pigs (sex unspecified), three months old,
were given six intratracheal instilations of 0.3 ml of a 1% suspension in saline of a
mixed chromium dust1 or a pulverized residue dust (roast material from which solu-

lSee footnote on p. 130
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ble chromates had been leached) at intervals of three months. The animaIs were
observed until they died. No pulmonary carcInoma developed in any experimental
group or in 18 vehicle controls (Steffee & Baetjer, 1965).

Rabbit: Groups of rabbits received three to five intratracheal injections of 1 ml
of a 1% suspension in saline of mixed chromium dust (ten rabbits) or 'pulverized
residue dust' (roast material from which soluble chromates had been leached)
(seven rabbits) at intervals of three months. No pulmonary tumour was seen in ei-
ther group (Steffee & Baetjer, 1965).

(ii) lntrabronchial administration

Rat: A group of 100 rats-(strain, sex and age unspecified) received intrabron-
chiaI implants of stainless-steel mesh pellets (5 x 1 mm) loaded with 3-5 mg of a
50:50 mixture of a chromate process residue (an intermediate process residue from
the bichromate-producing industry, which may have contained up to 3% calcium)
with a cholesterol binder. AnimaIs were observed up to 136 weeks. One squa-
mous-cell carcinoma was observed after 594 days in 1/93 rats that lived more th an
150 days. No lung tumour was seen in 24 cholesterol binder-treated con troIs
(Laskin et al., 1970).

In a study using intrabronchial implantation, described previously (p. 125), no

bronchial tumour was seen in five groups of 100 Porton-Wistar rats that received
pellets loaded with five residues from bichromate production: Bolton high lime resi-
due, residue after alumina precipitation, residue from slurry tank (free of soluble
chromium), residue from vanadium filter and residue from slurry disposaI tank. AlI
five materials contained less than 5% hexavalent chromium (Levy & Venitt, 1986;
Levy et al., 1986).

ln a second study using the technique described above, but examining bichro-
mate production residues containing lime, the following incidences of squa-
mous-cell carcinomas of the left lung were seen: high lime residue from old tip (TSS
643D; Cr203, 2.4%; CaCr04, 2.7%; Na2Cr04, 1.0%), 1/99; kiln frit (TSS 643B, with
2% limestone added to feedmix; Cr203, 13.0%; Na2Cr04, 29.0%), 2/100; and re-
cycled residue (TSS 643C, with 2% limestone added to feedmix; Cr203, 20.4%;
Na2Cr04, 2.2%), 0/100 (Levy et al., 1986).

(iv) lntrapleural administration

Mouse: Groups of 30 male and 25 female strain A mice, eight to ten weeks of
age, were given four intrapleural injections of 0.05 ml of a 2 or 4% suspension of
mixed chromium dust1 in olive oil at intervals of four to six weeks. The incidence of

lSee footnote on p. 130.
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lung tumours during an observation period of 38 weeks was similar to that in a con-
trol group of 23 males and 18 females (Baetjer et al., 1959b).

Rat: Agroup of 25 male Bethesda Black (NIH Black) rats, three months of age,
received sheep-fat cubes containign 25 mg roasted chromite ore implanted into the
pleural cavity. Squamous-cell carcinomas of the lungs were observed in 2/24 rats
that survived 19-24 months. One lung adenoma occurred in the 4/15 female con troIs
given an implant of sheep fat that sUfVived this period (Hueper, 1958). (The Work-
ing Group noted that the roasted chromite ore tested in this study was a pro-
cess-derived material that contained unspeciated chroffium compounds formed
during oxidative heating of a chromium ore that had been subjected to alkaline
leaching. Hueper sometimes referred to this material as 'chromate' and sometimes
as 'chromite'.)

Of a group of 32 rats (age, sex and strain unspecified) that received intrapleural

implantations of chromite roast residue (amount unspecified), 5/32 (28 alive at one
year, ten alive at 24 months) developed malignant tumours at the implantation site.
In a group of 34 rats given chromic chromate (precise chemical nature unspecified),
25 tumours developed at the implantation site. None of 34 control rats had a

tumour (30 alive at one year, five alive at 24 months) (Hueper, 1961).
When 25 mg roasted chromite ore in 50 mg sheep fat (equivalent to 2 mg Cr)

were implanted intrapleurally into 15 male and 20 female Bethesda Black rats (age
unspecified), implantation-site sarcomas occurred in three rats over 17 months. No
tumour was seen in 35 rats injected intrapleurally with the sheep-fat vehic1e only
(Payne, 1960b)

(v) lntramuscular administration

Mouse: A group of 26 male and 26 female C57BI mice (age unspecified) was
given intramuscular implantations of 10 mg roasted chromite ore (equivalent to 0.79
mg chromium) in sheep fat. None developed tumours at the implantation site with-
in 22 months. No local tumour developed in 52 controls treated with sheep fat alone

(Payne, 1960b). (The Working Group noted that no data on survival were reported.)
Rat: A group of 31 female Bethesda Black (NIH Black) rats, approximately

three months old, was given intramuscular implants of small cubes composed of 25
mg roasted chromite ore suspended in 75 mg sheep fat. Three rats developed fibro-
sarcomas at the site of implantation within 24 months. No implantation-site
tumour occurred in 15 vehicle-treated controls (Hueper, 1958).

In a group of 34 rats (age, sex and strain unspecified) that received intramuscu-
lar implantations of chromite roast residue, 1/34 (32 alive at one year, two alive at 27
months) developed a malignant tumour at the injection site (type unspecified). In a
further group of 22 rats given intramuscular implantations of chromic chromate
(precise chemical nature unspecified), 24 local tumours were observed after 24
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months. None of 32 controls given implants of sheep fat alone developed local
tumours (30 alive at one year, six alive at 24 months) (Hueper, 1961).

(vi) lnjections into subcutaneously implanted tracheal grafts

Rat: Seventy-two tracheal rings excised from female Wistar-Lewis rats were
implanted subcutaneously into the backs of 13 rats of the same strain (weighing
100-150 g at the start of the experiment). Two weeks later, the grafts were filed by
injection with 0.05 ml of an agar suspension of 2.5 mg chromium carbonyl with or
without 2.5 mg benzo(a )pyrene. Biopsies were performed at intervals. Ten squa-

mous-cell carcinomas developed in 24 tracheas that received the mixture, and two
carcinomas developed in 22 tracheas treated wi th chromi um carbonyl alone. Three
of the tracheal carcinomas produced by the mixure metastasized within nine
months. The time to appearance of the tumours was four to 14 months. No tumour
occurred in the four trachea that received the vehicle only (Lane & Mass, 1977).

The experiments described in section 3.1 are summarized in Table 22, by com-
pound.

Table 22. Summary of studies used to evaluate the carcinogenicity to experimen-
tal animais of metallic chromium and chromium compounds

Corn pound Route Species Tumour incidencea Reference
(No. at start)

Metalle ehromium

Chrorniurn Intratracheal Rat (53) 0/12 Mukubo (1978)
Chrorniurn Intrapleural Mouse (50) 0/50 Hueper (1955)

Chrorniurn Intrapleural Rat/2 groups A few turnours, Hueper (1955)
(25; 25) also in contraIs

Chrorniurn Intramuscular Rat (24) 0/22 local turnour Sunderman
et al. (1974)

Chrorniurn Intrarnuscular Rat (38) 0/38 local turnour Sunderman et
al. (1980)

Chrorniurn Intrarnuscular Rat (50) 1/50 vs 0/50 Furst (1971)

Chrorniurn Intraperitoneal Mouse (50) 0/50 local turnour Hueper (1955)

Chrorniurn Intraperitoneal Rat (25) 5/25 (mixed) Hueper (1955)

Chrorniurn Intravenous Mouse (25) 0/25 Hueper (1955)

Chrorniurn Intravenous Rat (25) 6/25 (mixed) Hueper (1955)

Chrorniurn Intravenous Rabbit (8) 1/3 vs 0/4 Hueper (1955)

Chrorniurn Intrafernoral Rat/2 groups 0/25; 1/25 local tu- Hueper (1955)
(25; 25) rnour
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Table 22 (contd)

Compound Route Species Tumour incidencea Reference
(No. at start)

ChromiumlIIlj compounds

Chromic acetate Drinking-water Mouse (108) M 6/39 vs 11/44 Schroeder et al.
F 9/29 vs 22/60 (1964)

Chromic acetate Drinking-water Rat (96) M 16/39 vs 9/35 Schroeder et al.
F 18/35 vs 15/35 (1965)

Chromic acetate Intrapleural Rat (34) 1/34 vs 0/34 Hueper (1961)
Chromic acetate Intrapleural Rat 0/42 locl tumour Hueper &

Payne (1962)
Chromic acetate Intramuscular Rat (34) 1/34 vs 0/32 locl Hueper (1961)

tumour
Chromic acetate Intramuscular Rat (35) 1/35 locl tumour Hueper &

Payne (1962)
Chromic oxide Oral (in bread) Rat (3 groups of As contraIs 1 vankovic &

60) Preussman
(1975)

Chromic oxide Intratracheal Rat (?) Malignant Iung Dvizhkov &
tumours Fedorova
7/34 (50 mg) and (1967)
6/18 (20 mg)

Chromic oxide Intrabronchial Rat (98) 0/98 vs 0/24 Lakin et al.
(1970)

Chromic oxide Intrabronchial Rat (100) 0/100 vs referenceb Levy & Venitt
(1986)

Chromic oxide Intraperitoneal Rat (?) Lung sarcomas Dvizhkov &
4/20 Fedorova

(1967)
Chromic chloride Intrabronchial Rat (100) 0/100 vs referenceb Levy & Venitt
hexahydrate

(1986)
Chromic chloride Drinking-water Rat (15) 0/15 Kurokawa et al.

(1985)
Chrome tan Intrabronchial Rat (100) 0/100 vs referenceb Levy & Venitt

(1986)
Chromic sulfate Intraperitoneal Mouse (10 per As con troIs Stoner et al.

group; 3 dose (1976)
levels)

Chromite Intrabronchial Rat (100) 0/100 vs referenceb Levy & Venitt
(1986)
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Table 22 (contd)

Compound Route Species Tumour incidencea Reference
(No. at start)

Chromite (high sili- Intrabronchial Rat 0/99 vs referenceb Levy et al.
ca chrome ore TSS (1986)
645)

Chromite Intrapleural Mouse (25) 0/25 Davis (1972)

Chromite Intrapleural Rat (25) 1/25 vs 0/25 Hueper (1955)

Chromite Intravenous Mouse (50) As con troIs Shimkin &
Leiter (1940)

Chromite Intravenous Rabbit (6) 0/6 Hueper (1955)

Chromite Intrafemoral Rat (25) 0/25 local tumour Hueper (1955)

CJiromiumfVl compounds

Calcium chromate Inhalation Mouse (136) Lung adenomas Nettesheim et
M 6/136 vs 3/136 al. (1971)
F 8/136 vs 2/136

Calcium chromate Intrabronchial Rat (100) Bronchial carcinomas Laskin et al.
8/100 vs 0/24 (NS) (1970)

Calcium chromate Intrabronchial Rat (100) Squamous-cll carci- Levy & Venitt
nom as (1986)
8/84 vs referenceb

pc: 0.05 

Calcium chromate Intrabronchial Rat (100) Bronchial carcinomas Levy et al.
25/100 (p ~ 0.01) posi- (1986)
tive control

Calcium chromate Intratracheal Rat (80) Lung: 5 x weekly; Steinhoff et al.
0.25 mglg (1986)
6/80 vs 0/80 (pc: 0.01) 

Lung: 1 x weekly;
1.25 mglg
13/80 vs 0/80c
(p c: 0.01)

Calcium chromate Intratracheal Hamster (35) No lung tumour Reurel et al.
(1986)

Calcium chromate Intramuscular Mouse (52) 1/50 vs 0/50 local Payne (1960a)
tumour (NS)

Calcium chromate Intramuscular Mouse (52) 9/46 vs 0/50 locl Payne (1960a)
sintered tumours (p~ 0.01))

Calcium chromate Intramuscular Rat 9/32 vs 0.32 local Hueper (1961)
tumours (p c: 0.01)

Calcium chromate Intramuscular Rat 12/34 vs 0/32 local Hueper (1961)
sintered tumours (p~ 0.01)
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Table 22 (contd)

Compound Route Species Tumour incidencea Reference
(No. at start)

Calcium chromate Intramuscular Rat (50) 5/45 vs 0/22 local Furst et al.
tumours (NS) (1976)

Calcium chromate Intramuscular Rat (8) 4/8 vs 0/35 locl Hueper &
tumours Payne (1962)

Calcium chromate Intramuscular Rat (24) 18/24 vs 0/15 locl Roe & Carter
tumours (p -c 0.01) (1969)

Calcium chromate Intramuscular Rat (35) 8/35 vs 0/35 (p-c0.01) Hueper &
Payne (1959)

Calcium chromate Intramuscular Rat (35) 8/35 vs 0/35 (p-c0.011 Hueper &
sintered Payne (1959)
Calcium chromate Intraperitoneal Rat (14) 8/14 vs 0/35 local Hueper &

tumours Payne (1962)
Calcium chromate Intraperitoneal Rat (?) 20/32 vs 0/34 Hueper (1961)

(p.: 0.01)

Calcium chromate Intraperitoneal Rat (?) 17/33 vs 0/34 Hueper (1961)
sintered (p.:0.01)
Calcium chromate Subcutanous Mouse (52) 1/13 vs 0/52 (NS) Payne (196Oa)

Calcium chromate Subcutaneous Mouse (52) 0/31 vs 0/52 Payne (196Oa)
sintered
Chromic acid Inhalation Mouse (50) Lung adenomas, Adachi et al.
(chromium trioxide) 10-14 months: 3/14 vs (1986)

0/10 (NS)
Adenomas, 15-18
months: 1/19 vs 2/10
Adenocrcinoma:
2/19 vs 0/10 (NS)

Chromic acid Inhalation Mouse (43) Na'ial papiloma, 18 Adachi (1987)
(chromium trioxide) months: 6/20 vs 0/20

(p .: 0.05); 1/20 ade-
noma of lung

Chromic acid ln trabronchial Rat (100) Squamous-cll carci- Levy & Venitt
(chromium trioxide) noma: vs referenceb (1986)

(NS)
Chromic acid Intrabronchial Rat (100) Bronchial carcinoma: Levy et al.
(chromium trioxide) 2/100 vs 0/100 (NS) (1986)
Chromic acid Intrabronchial Rat (100) Lung: 0/100 vs 0/24 Lakin et al.
(chromium trioxide) (1970)
Chromic oxide Intramuscular Rat (35) 15/35 locl tumours Hueper &
sintered Payne (1959)
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Table 22 (contd)

Compound Route Species Tumour incidencea Reference
(No. at start)

Sodium dichromate Inhalation Rat (20 per Lung tumours: Glaser et al.
group) controls, 0/37 (1986)

25 ¡.g, 0/18
50 ¡.g, 0/18
100 ¡.g, 3/19

(2 adenomas)
1 adenoccinoma
+ 1 squamous-cll

carcinoma of

phary
Sodium dichromate Intrabronchial Rat (100) 0/89 vs referenceb Levy & Venitt

(1986)
Sodium dichromate Intrabronchial Rat (100) Bronchial carcinoma: Levy et al.

1/100 vs 0/100 (NS) (1986)
Sodium dichromate Intratracheal Rat (80) 5 X weekly: Steinhoff et al.

0/80 in aIl groups (1986)
1 X weekly:

control, 0/80; 

0.05 mg/g, 0/80;
0.25 mg/g, 1/80;
1.25 mg/g, 14/80c

(p~ 0.01)

Sodium dichromate Intrapleural Rat (39) Lung adenocarcino- Hueper &
ma: 1/34 Payne (1962)

Sodium dichromate Intrapleural Rat (?) 0/26 vs 0/34 local Hueper (1961)
tumour

Sodium dichromate Intramuscular Rat (39) 0/39 local tumour HuepeT &
Payne (1962)

Sodium dichromate IntTamusculaT Rat 0/33 vs 0/32 local HuepeT (1961)
tumOUT

Sodiui¡ chromate IntTabronchial Rat (100) Lung: 0/89 vs Tefer- Levy & Venitt
enceb (1986)

Bichromate Tesidue IntTabronchial Rat (100) Bronchial caTcinoma: Levy et al.
(vanadium solids) 1/100 vs TefeTenceb (1986)

Zinc chromates

Basic potassium IntTatTacheal Mouse (62) Pulmonary adeno- Steffee & Baet-
zinc chromate mas: 31/62 vs 7/18 jeT (1965)
Basic potassium IntTatTacheal Guinea-pig (21) Pulmonary adeno- Steffee & Baet-
zinc chromate mas: 1/21 vs 0/18 jeT (1965)
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Table 22 (contd)

Compound Route Species Tumour incidencea Reference
(No. at start)

Basic potassium Intratracheal Rabbit (7) 0/7 vs 0/5 Steffee & Baet-zinc chromate
jer (1965)

Zinc potasium Intrabronchial Rat (100) Squamous-cll carci- Levy & Venittchromate noma: 3/61 vs refer- (1986)
ence (p cC 0.05)

Zinc chromate Intrabronchial Rat (100) Lung: 51100 vs refer- Levy et al.(IW) enceb fp = 0.00) (1986)Zinc chromate Intrabronchial Rat (100) 3/100 vs referenceb Levy et al.
(Norge)

(p = 0.06) NS ac- (1986)
cording to authors

Zinc tetroxychro- Intrabronchial Rat (100) 1/100 vs referenceb Levy et al.mate
(NS) (1986)

Zinc yellow Intrapleural Rat 22/33 vs 0134 Hueper (1961)
Zinc yellow Subcutaneous Rat (40) Loal tumours: Maltoni et al.

control, 0/40 (1982)
20% Crü3, 6/40
40% Crü3, 7/40

Zinc yellow Intramuscular Rat 16/34 vs 0132 Hueper (1961)

Lead chromates

Lead chromate Intrabronchial Rat (100) Bronchial carcinoma: Levy et al.
1/98 vs 0/100 (NS) (1986)

Prmrose chrome Intrabronchial Rat (100) 11100 vs referenceb Levy et al.yellow
(NS) (1986)Molybdate chrome Intrabronchial Rat (100) 0/100 Levy et al.orange

(1986)Molybdenum Subcutaneous Rat (40) 36/40 vs 0/60 Maltoni (1974);orange
Maltoni et al.
(1982)

Light chrome yel- Intrabronchial Rat (100) 0/100 Levy et al.low
(1986)Supra Le chrome Intrabronchial Rat (100) 1/100 vs referenceb Levy et al.yellow

(NS) (1986)Medium chrome Intrabronchial Rat (100) 1/100 vs referenceb Levy et al.yellow
(1986)

Silica encapsulated Intrabronchial Rat (100) 01100 (NS) Levy et al.
(1986)Lead chromate Intratracheal Guinea-pig (13) 0/13 Steffee & Baet-
jer (1965)
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Table 22 (contd)

Compound Route Speies Tumour incidencea Reference
(No. at start)

Lead chromate Intrapleural Rat 3/34 vs 0/34 Hueper (1961)

Lead chromate Intramuscular Mouse (25) Lymphoma, lung Furst et al.
adenocarcinoma: not (1976)
different from con-
troIs

Lead chromate Subctaneous Rat (40) 26/40 YS 0/60 and Maltoni (1974,

1180 locl tumours 1976); Maltoni
et al. (1982)

Basic lead chro- Subcutaneous Rat (40) 27/40 vs 0/60 and Maltoni (1974,

mate 1180 locl tumours 1976); Maltoni
et ai. (1982)

Lead chromate Intramuscular Rat (50) 31147 YS 0/22 locl Furst et al.
tumours and 3/23 M (1976)
vs 0/22 renal carcino-
mas

Lead chromate Intramuscular Rat 1/33 YS 0/32 local Hueper (1961)
tumour

Barum chromate Intrabronchial Rat (101) 0/101 Levy et al.
(1986)

Barium chromate Intrapleural Rat (?) 1/31 YS 0/34 Hueper (1961)

Bariumchromate Intramuscular Rat (?) 0/34 YS 0/32 local Hueper (1961)
tumour

Barium chromate Intramuscular Rat (35) 0/35 Hueper &
Payne (1959)

Strontium chro- Intrabronchial Rat (100) Bronchial carcinoma: Levy et al.
mate 43/99 YS referenceb (1986)

Strontium chro- Intrabronchial Rat (100) Bronchial carcinoma: Levy et al.
mate 64/99 YS referenceb (1986)
Strontium chro- Intrapleural Rat (?) 17/28 YS 0/34 Hueper (1961)
mate

Strontium chro- Intramuscular Rat 15/33 vs 0/32 locl Hueper (1961)
mate tumour

Other chromium compounds and chromium-containing mixtures

Mixed chromium Inhalation Mouse (500) As con troIs Baetjer et al.
dust (1959b)
Mixed chromium Inhalation Rat (78) As con troIs Steffee & Baet-
dust jer (1965)
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Table 22 (contd)

Compound Route Species Tumour incidencea Reference
(No. at start)

Mixed chromium Inhalation Guinea-pig (50) Pulmonary adeno- Steffee & Baet-dust
mas: 3/50 YS 0/44 jer (1965)

Mixed chromium Inhalation Rabbit (8) 0/8 locl tumour Steffee & Baet-dust
jer (1965)

Mixed chromium Intratracheal Mouse (506) As controls Baetjer et al.dust
(1959b)

Mixed chromium Intratracheal Guinea-pig (19) 0/19 YS 0/18 Steffee & Baet-dust
jer (1965)

Mixed chromium Intratracheal Rat (38) 0/38 locl tumour Steffee & Baet-dust plus K2Cr204
jer (1965)

Mixed chromium Intratracheal Rabbit (10) 0/10 locl tumour Steffee & Baet-dust
jer (1965)

Mixed chromium Intrapleural Mouse (55) As controls Baetjer et al.dust
(1959b)Residue dust Intratracheal Guinea-pig (19) 0/19 YS 0/18 Steffee & Baet-
jer (1965)

Residue dust Intratracheal Rabbit (7) 0/7 local tumour Steffee & Baet-
jer (1965)

Roasted chromite Intrapleural Rat (25) Bronchial carcinoma: Hueper (1958)ore 2/24
Roasted chromite Intrapleural Rat (35) 3/35 YS 0/35 Payne (1960b)ore

Roasted chromite Intramuscular Mouse (52) 0/52 locl tumour Payne (1960b)ore

Roasted chromite Intramuscular Rat (31) 3/31 YS 0/15 Hueper (1958)ore
Roasted chromite Intrapleural Rat (32) 5/32 YS 0/34 Hueper (1961)residue

Roasted chromite Intramuscular Rat (34) 1/34 vs 0/32 . Hueper (1961)residue

Chromate procss Intrabronchial Rat (100) 1/93 YS 0/24 Lakin et al.residue
(1970)
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Table 22 (contd)

Compound Route Species Tumour incidencea Reference
(No. at start)

Bichromate produc- lntrabronchial Levy & Venitt
tion residues (an (1986); Levy et
with -: 5% Cr(vID al. (1986)

Bolton high lime Rat (100) 0/100
residue

Alumina precipi- Rat (100) 0/100
tation residue

Slurr tank resi- Rat (100) 0/100
due

Vanadium filter Rat (100) 0/100
residue

Slurr disposaI Rat (100) 0/100
residue tank

Bichromate produc-
tion residues with
lime

High lime resi- Intrabronchial Rat (99) Bronchial carcinoma: Levy et al.
due (fSS 1199 (NS) (1986)
643D)

Kiln frt (CTSS Intrabronchial Rat (100) 2/100 (NS) Levy et al.
643B) + 2% (1986)
limestone

Recyc1ed residue Intrabronchial Rat (100) 0/100 Levy et al.
(CTSS 643C) (1986)
+ 2% limestone

Pyrolysed Cr(VIll Inhalation Rat (20) Lung adenoma: 1120 G laser et al.
Cr(IIIl 3:2 oxide vs 0/40 (1986)
Chromium(IVl Inhalation Rat
dioxide

Unstabilzed (0.5 (24) 0/240 vs 0/24 Lee et al.
mglm3) (1988)

Stabilzed (0.5 (480) 2/210 adenomas
and 25 mglm3) 6/108 keratin cysts

2/108 cystic keratin
squamous lesions

'NS, not significant
bp-Value ca1culated by comparng the incidence of bronchial carcinomas in each test group with that

in a reference group comprising the two negative control groups and an the groups receiving chro-
mium-cntaining materials

~o. of tumour-bearing animaIs
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3.2 Other relevant data in experimental systems

(a) Absorption, distribution, excretion and metaholism

The metabolism of chromium has been reviewed (Aitio et al., 1988; Nieboer &
Jusys, 1988; World Health Organization, 1988). De Flora and Wetterhahn (1990)
have specifically reviewed the redox chemistry of chromium(VI) with respect to cel-
lular metabolism; a metabolic model has been suggested by Elinder et al. (1988).

(i) Metallc chromium and chromium alloys

Chromium-cobalt alloys appear to release chromium(VI) after intramuscular
implantations in rats (Wapner et al., 1986). Chromium metal powder released chro-
mium(VI) when incubated in aerated phosphate buffer, Ringer's solution, phos-
phate buffer with added bicarbonate and Locke's physiological buffeT (Grogan,
1957).

(ii) Chromiumflllf compounds

ln contrast to chromium(VI) compounds, less than 1% of chromium(III) is ab-
sorbed from the gastrointestinal tract of animaIs (Mertz, 1969).

Four hours after intratracheal instilation of chromic chloTide in rab bits, 85%
of the chromium remained in the lungs and 8% was found in the urine; after uptake,
chromium was confined mainly to plasma, and the peak concentration was reached
after 20 min (Wiegand et al., 1984a).

After exposure of rats by inhalation to chromic chloride partic1es (mass me-
dian aerodynamic diameter (MMAD), 1.8 and 1.5 llm; 19 and 27% less th 

an 1 Mm;
8-10.7 mg chromium/m3), only one clearance phase was demonstrated, with a
half-time of about 160 h (Suzuki et al., 1984). As with chromium(V) compounds,
the highest organ concentrations in both rats and rabbits were found in the kidney
and liver after exposure to chromic chloride by the pulmonary route, although the
concentrations found were lower th an those after a corresponding exposure to chro-
mium(VI) (Suzuki et al., 1984; Wiegand et al., 1984a).

Chromium (especially trivalent chromium) strongly accumulated in the inter-
stitial tissues of the gonads of male mice, but not in seminiferous epithelium (Dan-
ielsson et aL., 1984).

Little chromium(III) is taken up by cells (Aaseth et aL., 1982; Nieboer & Jusys,
1988), but more of some organic chromium(III) complexes may be takenup (Yama-
moto et al., 1981; Norseth et al., 1982).

After parenteral administration of chromium(III) to rats (as with chro-

mium(VI)), chromium is excreted predominantly in the urine (National Research
Council, 1974; Langård, 1980, 1982). Less th an 2% of an intravenous dose of chro-
mic chloride was found in the faeces of rats 8 h after injection (Hopkins, 1965). ln a
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subsequent study, seven days after intraperitoneal injection of chromic chloride to
mice, the cumulated amounts excreted in faeces and urine were about equal (Bryson
& Goodall, 1983).

Studies on the mechanism of excretion of chromium(III) by the kidneys indi-
cate that glomerular filtration is the major mechanism (Donaldson et al., 1986).

. As with chromium(VI), biliary excretion of chromic chloride has been demon-
strated in rats (Cikrt & Bencko, I979; Norseth et al., 1982); less th an 1% of an intra-
venously in jected dose of chromic chloride was excreted in 5 h (Norseth et aL., 1982).

The elimination curve for chromium, as measured by whole-body determina-
tiont has an exponential form. ln rats, thre~ different components of the CUfVe have
beenidentified, with half-times of 0.5, 5.9 and 83.4 days after intravenous injection
of chromic chloride at 1 iiglkg bw Cr (Mertz et al., 1965).

In contrast to results with hexavalent chromium, a single intraperitoneal injec-
tion of chromic chloride to mice resulted in 45% retention of chromium three weeks
after the injection (Bryson & Goodall, 1983).

ln mice administered sodium dichromate, chromium was shown to cross the
placenta throughout gestation; transfer was more effective than with chromic chI or-
ide, which was not detectably transferred during early gestation, although placental
transfer of chromium(III) did occur during late gestation (Danielsson et al., 1982).

A total of 25-30% of chromium administered as chromic chloride to pregnant
nits on days 17~20 of gestation was transferred to the placental-fetal unit (Wallach &
Verch, 1984). Groups of ICR mice were given a single intraperitoneal injection of
(51Cr)chromic chloride on day 8 of gestation and were sacrificed 4,8 and 12 h after
injection. The radioactivity in the fetus increased with time since injection, whereas
maternaI blood levels decreased (Iijima et aL., 1983a).

(iii) ChromiumfVl compounds
Gastrointestinal absorption of chromates has been reported. ln a review,

3-6% of an administered dose was reported to appear in the urine of rats; this may
be an underestimate of the absorption from the gastrointestinal tract, which also
takes part in chromium excretion (Mertz, 1969). The absorption of chromates de-
pends on the degree of reduction of chromium(VI) to chromium(III), which is poor-
ly absoibed from the gastrointestinal tract (Donaldson & Barreras, 1966; De Flora
et al., 1987a).

Following intratracheal administration of sodium chromate solution to rab-
bits, about 45% (as Cr) remained in the lungs 4 h after instilation; 15% was excreted
in urine. The highest concentration of chromium(VI) was reached in red cells after
about 3 h, and the corresponding plasma concentration at that time was about
one-third ofthat in red cells (Wiegand et al.t 1984a). Absorption from the lungs may
be decreased by extracellular reduction of the hexavalent form (Suzuki, 1988).
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Zinc chromate was absorbed in rats exposed to known atmospheric concentra-
tions (6.3-10.7 mg/m3, equivalent to 1.3-2.2 mglm3 Cr) in an inhalation chamber: a
five-fold increase in the blood chromium level was observed after 100 min of expo-
sure by inhalation, and this level increased at a simIlar rate during the next 150 min
(Langård et al., 1978).

Suzuki et al. (1984) exposed rats by inhalation to potassium dichromate par-
ticles (MMA, 1.6-2.0 lLm: 12-25% of particles -: 1 lLm; determined by multistage
impactor (Andersen Sampler) and controlled by electron microscopy). A
two-phase clearance pattern for chromium was demonstrated, the smaller particles
having half-times of 30 h and 700 h; for larger particles, a single phase with a
half-time of 160 h was demonstrated. (The Working Group noted that no statistical
evaluation of the differences is given in the paper.) l1ie authors stated that there
might also be an undetected rapid component for the larger particles and noted that
reduction of the hexavalent form may explain the two-phase clearance from the re-
spiratory tract after exposure to chromium(VI). This reduction was demonstrated
by Suzuki (1988).

Sodium chromate (69 lLg Cr), zinc chromate (66 lLg Cr) and lead chromate (38

lLg Cr), aIl at 20 lLI, were injected intratracheally into Wistar rats; 30 min later, 36,25
and 81% of the doses, respectively, were stil present in the lungs. From 30 min and
up to six days, lung clearance followed first-order kinetics, with half-times of 2.4
days for sodium chromate, 1.9 days for zinc chromate and 1.8 days for lead chro-
mate. Limited amounts of chromium were found in blood and organs after expo-
sure to le ad chromate; the concentrations found were similar with sodium and zinc
chromates. At ten days, 20% of the dose of sodium and zinc chromates had been
excreted in the urine; negligible amounts of lead chromate were found. After expo-
sure to lead chromate, about 80% of the chromium was excreted in faeces during the
same interval (Bragt & van Dura, 1983).

Percutaneous absorption of labelled sodi um chromate occurred in guinea - pigs
(Wahlberg & Skog, 1963): a maximum of 4% of the dose applied on the skin disap-
peared within 5 h~ and labelled chromium was detected in a number of organs.

Following administration of chromium(VI), most of the chromium found in
the blood is bound to red blood cells (Mutti et al., 1979; Suzuki et al., 1984; Wiegand
et al., 1984a).. After exposure of rats by inhalation to potassium dichromate or of
rabbits by inhalation to sodium dichromate, the highest concentrations were found
In the kidney and lIver (Suzuki et aL., 1984; Wiegand et al., 1984a). The spleen also
contained high concentrations of chromium after subcutaneous administration of
potassium dichromate to rats (Mutti et al., 1979). The organ concentrations after
exposure to chromium(VI) were always much higher than after a corresponding ex-
posure to chromium(III) (Suzukí et al., 1984; Wiegand et al., 1984a).
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After parenteral administration of chromium(VIl to rats, chromium was ex-
creted predominantly in the urine (National Research Council, 1974; Langård, 1980,

1982). Seven days after intraperitoneal injection of potassium chromate to mice,
urinary excretion was twice as high as faecal excretion; following administration of
chromium(III), faecal excretion was three times as high as urinary excretion (Bryson
& Goodall, 1983).

Subcutaneous injections of 3 mg/kg bw potassium dichromate were given to
rats every other day for eight weeks. Urinary elimination of chromium increased
steadily during the experiment and was correlated with the concentration of chro-
mi um in the renal cortex (Franchi ni et al., 1978).

Elimination of chromium from the blood of rats exposed by inhalation to zinc
chromate was slow: the blood chromium level fell by less than 50% during the first
three days after exposure; and after 18 and 37 days 20% and 9% of the initial con-
centration, respectively, remained. Excretion occurred mainly via the urine
(Langård et al., 1978).

Bilary excretionof chromium following administration of sodium dichromate
has been demonstrated in rats (Cikrt & Bencko, 1979; Norseth et aL., 1982); 6-8% of
an intravenous dose of sodium dichromate was excreted in 5 h (Norseth et aL., 1982).

Three weeks after a single intraperitoneal injection of potassium dichromate
to mice, 7.5% chromium was retained. After repeated weekly intraperitoneal injec-
tions of potassium dichromate, about 3% of chromium was retained eight weeks
after the first injection. In both cases, this level is about one-sixth of that observed
after administration of chromium(III) (Bryson & Goodall, 1983).

Chromium(VI) (tested as sodium dichromate and as an unspecified chromate
in vitro) was transported effectively through mammalian cell membranes by the car-
boxylate, sulfate and phosphate carrier systems; the kinetics of uptake also involve
intracellular reduction to the trivalent form (Sanderson, 1976; Wetterhahn-
Jennette, 1981; Aaseth et aL., 1982; Alexander et al., 1982). Chromium(VI) (tested as
sodium dichromate) was rapidly reduced to chromium(III) after cellular uptake,
but such reduction may also take place outside the cell, with decreased uptake as a
result (De Flora et al., 1987a; Suzuki, 1988). Glutathione seems to be the most
important factor for intracellular reduction of chromium(VI), but ascorbic acid,
microsomes in the presence of NAD/NADH microsomal cytochrome P450, mito-
chondria and proteins such as haemoglobin and glutathione reductase in red blood
cells may also be active in the reduction process (Connett & Wetterhahn, 1983;
Ryberg & Alexander, 1984; Wiegand et al., 1984b; Connett & Wetterhahn, 1985; De
Flora & Wetterhahn, 1990). Once absorbed and retained in biological tissue, chro-
mium compounds occur in the trivalent form (Mertz, 1969). Initial binding may
involve the pentavalent form (Rossi & Wetterhahn, 1989). When the reducing
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capacity of liver cells is decreased, the hexavalent form may be found in bile (Nor-
seth et al., 1982).

After treatment.,of rats with sodium.ôichromate at 20 mg/kg bw intraperito-
neally (134 l1mol/kg bw Cr), more of the chromium associated with chromatin was
bound to DNA than was the case after chromic chloride treatment (Cupo & Wetter-
hahn, 1985a).

The intracellular reduction of hexavalent chromium implies the generation of
short-lived species of pentavalent and tetravalent chromium with affinities that dif-
fer from that of the trivalent form (Connett & Wetterhahn, 1983). The pentavalent
form is stabilized by increased amounts of glutathione (Kitagawa et al., 1988). The
reduction process thus serves as a detoxification process even intracellularly, when
it takes place at a distance from the target site for toxic or genotoxic effect; it serves
to activa te if it takes place near the cell nucleus, presumably of target organs (De
Flora & Wetterhahn, 1990). It has been suggested that phagocytosis may be impor-
tant for the uptake of hexavalent compounds - in particular soluble forms - as it
would allow the slow intracellular release of chromate ions over a long time (Nor-
seth, 1986).

(b) Toxic effects

As a general rule, chromium(VI) is much more toxic th an chromium(IIIl when
administered to animaIs, and very marked differences in the cytotoxicity of com-
pounds of the two oxidation states have been observed in vitro. Effects on the
kidney and the respiratory organs are the most important (for reviews, see Nieboer
& Jusys, 1988; World Health Organization, 1988).

The mean intravenous lethal dose in mice is 85 mg/kg bw chromic sulfate,
400-800 mg/kg bw chromic chloride and 2290 mg/kg bw chromic acetate (National
Research Council, 1974). The LDso in rats for potassium dichromate administered
by stomach tube was reported to be 177 mg/kg for males and 149 mg/kg for females

(World Health Organization, 1988).

(i) Chromiumllllj compounds

Morphological changes in rabbit alveolar macrophagesoccurred after expo-
sure by inhalation to chromic nitrate (0.6 mglm3 Cr) for four to six weeks. Fewer
macrophages were obtained by lavage th an with chromium(VI1, but only chro-
mium(III) caused functional changes in macrophages, measured byincreased met-
abolic activity and reduced phagocytotic activity. The authors speculated that these
effects may be due to the release of chromium(III) ions from phagocytized particles,
with subsequent binding to macromolecules in the celL. Such particles were not seen
after exposure to chromium(VI) (Johansson et al., 1986).

Chromium(III) has be,en found in ribonucleic acids from all sources examined.
It is possible that chromium helps stabilize the structure of RNA (Wacker & Vallee,
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1959). Chromium bound to only a limited extent to chromatin and DNA from the
liver and kidney of rats treated intraperitoneally with chromic chloride at 80 mg!kg
bw (290 llmol/kg bw Cr), as indicated in a study by Tsapakos et aL. (1983a); DNA
damage, as measured by alkaline elution, was not demonstrable in kidney after in-
jection of chromium(IU). The binding of chromic nitrate to denatured or native
DNA was limited and relatively unaffected by the presence of microsomes and
NADPH (Tsapakos & Wetterhahn, 1983).

Chromic chloride was 100 times less effective th an chromium(VI) in inhibiting
DNA synthesis (Levis et al., 1978a). A large difference in cytotoxic activity between
chromium(VI) and chromium(III) was also noted when the effects of 11 water-
soluble chtomium compounds on BHK cells were compared: of the chromium(III)
compounds, only chromic nitrate appeared to be cytotoxic, but it was contaminat~d
with chromium(VI) at about 0.2% (Levis & Majone, 1979).

Chromic chloride inhibited the uptake of ribo- and deoxyribonucleosides by
BHK cells (Levis et al., 1978a). ln contrast to chromium(VI), chromic chloride in-
hibited the plasma membrane Mg2+ -ATPase activi ty of BHK cells only when it was
present in the incubation medium and not when cells were pretreated with it
(Luciani et al., 1979).

Chromic oxide particles are taken up by cells by phagocytosis; chromium(III)
may thus reach its target sites even if it is not derived from intracellular chromate
ion. An inhibitory effect on cell cycle progression in Chinese hamster cells was
demonstrated after exposure to crystallne chromic oxide (particle size, 91% c: 1
llm; purity, 99.8%) at concentrations ranging from 50 to 200 llg/ml (Elias et aL.,
1986). Chromic chloride does, however, stimulate RNA synthesis both in vitro and
in vivo in mouse liver and in regenerating rat liver (Okada et al., 1981, 1983, 1984).

(ii) ChromiumfVl compounds

Renal lesions in animaIs are confined to the proximal convoluted tubules (for
review, see National Research Council, 1974; Aitio et al., 1988; World Health Orga-
nization, 1988). ln rats exposed to a single subcutaneous dose of 15 mg/kg bw potas-
sium dichromate, increases in urinary ß-glucuronidase, lysozyme, glucose and pro-
tein as well as morphological changes in renal tubules were observed, although the
glomerular filtration rate was unchanged (Franchi ni et al., 1978).

Ngaha (1981) demonstrated that urinary volume was increased with increased
amounts of acid and al kali ne phosphatases in the urine in rats after subcutaneous
injection of potassi um dichromate at 25 mg/kg. The concentrations of the phospha-
tases and of lactate dehydrogenase in kidney tissue decreased. No significant
change in the levels of these enzymes in liver tissue was demonstrated.
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Morphological changes occurred in rabbit alveolar macrophages after expo-
sure by inhalation to sodium chromate (0.9 mg/m3 Cr) for fourto sixweeks. Signifi-
cantly more macrophages were present in the lavage fluid from the chro-
mium(VI)-exposed animaIs than in those exposed to chromium(III), but functional
changes in macrophages were observed after exposure to chromium(III) and not
after exposure to chromium(VI) (Johansson et aL., 1986). Activation of phagocytosis
was demonstrated in rat alveolar macrophages after exposure to 25-50 lLg/m3 so-
dium di chromate by inhalation for 28 days; exposure to 20 l1g1m3 for the sa me in-
terval inhibited phagocytotic function. Lung clearance of inhaled (59Fe) iron oxide

was significantly decreased after exposure to the high dose of sodium dichromate.
The antibody response to sheep red blood cells and the mitogen-stimulated T-lym-
phocyte response were stimulated at the low doses but inhibited at the high dose
(G laser et al., 1985).

Exposure of cats by inhalation to 11-23 mg/m3 chromium(VI) as di chromatefor 2-3 h/day during five days caused bronchitis and pneumonia. In rabbits exposed
similarly, no effect was observed. Mixed dusts containing chromates (7 mg/m3 as
chromium trioxide) were fatal to mice when inhaled for 37 h over ten days; whereas
no marked effect was noted in rabbits or guinea-pigs that inhaled 5 mg/m3 (as chro-
mium trioxide) for 4 h/day on five days/week for one year (National Research
Council, 1974). Increased subepithelial connective tissue and flattened epithelium
in the large bronchi were observed in mice exposed to chromate (Nettesheim et aL. ,
1971).

ln chronically treated cell cultures, chromium(VI) was much more active than
chromium(III) in reducing cell growth and survival, independently of the particular
compound used (Bianchi et al., 1980). Chromium bound to chromatin and DNA
from liver and kidney of rats treated intraperitoneallywith sodium di 

chromate (140
l1mol (7.2 mg)/kg as Cr) (Tsapakos et aL., 1983a) Binding of chromium to nuc1eic
acids in vitro depends on the reduction of the chromium(VI) to chromium(III). In
contrast to chromium(III), binding to denaturated or native DNA was demon-
strated with potassium dichromate only in the presence of the complete microsomal
reducing system (Tsapakos & Wetterhahn, 1983).

Potassium dichromate induced a rapid blockage of DNA replication in Syrian
hamster fibroblasts (BHK line), whereas RNA and protein synthesis were inhibited
secondarily (Levis et al., 1978b). It also reduced the colony-forming abilty of BHK
cells at 10-7-10-4M. It facilitated the uptake of ribo- and deoxyribonucleosides in
BHK cells (Levis et al., 1978a). The effect of potassium dichromate on the nuc1eo-
side pool in BHK cells could not be explained solely by changes in transport (Bian-
chi et al., 1979). Plasma membrane Mg2+ -ATPase activity of BHK cells was inhib-
ited when the cells were pretreated with potassium dichromate, evenwhen
chromate was absent from the assay medium (Luciani et al., 1979). Mitochondrial
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respiration was inhibited by about 50% by the addition of 25 llM (1.3 mg) sodium
chromate in rat liver (Ryberg & Alexander, 1984).

(c) Effects on reproduction and prenatal toxicity

(i) Chromiumfllll compounds

Treatment of sea-urchin sperm with potassium chromic sulfate or chromic
nitrate (5 x 10-5.5 x 10-4 M (2.6-26 mg)) before fertilization failed to induce laival
malformation (Pagano et aL., 1983).

ln cultured mouse embryos, chromium nitrate (0.02-2 llg/ml Cr) caused less
impairment of blastocyst formation and inhibition of hatching from the zona pellu-
cida to the formation of the inner cell mass than the chromium(VI) salts tested
(Jacquet & Draye, 1982).

ln contrast to chromium(VI), chromic chloride showed no overt cytotoxicity in
chick limb bud mesenchymal cells in vitro (Danielsson et al., 1982).

Groups of 30 pregnant ICR mice were given a single intraperitoneal injection
of (51Cr)chromic chloride (19.5 mg/kg bw Cr) on day 8 of gestation and were sacri-
ficed at intervals of 4-192 h after injection. More pyknotic cells were observed in the
neural plate of experimental embryos than controls (percentages not given), espe-
cially by 8 h after injection (Iijima et al., 1983a).

A dose-dependent increase in the frequency of rib fusion in fetuses (6-16%,
depending on dose) and exencephaly and anencephaly were seen occasionally at
higher dose levels following intraperitoneal injection of 9.8-24.4 mg/kg bw chroffic
chloride to mice on day 8 of gestation. MaternaI effects were not described (Matsu-
moto et al., 1976).

(ii) ChromiumfVl compounds
Treatment of sea-urchin sperm with sodium chromate before fertilization re-

sulted in a number of abnormal larvae, depending on length of exposure and con-
centration. Sea-urchin embryos reared in the presence of chromate at 5 x 10-5-5 X
10-4 M had retarded differentiation of the gut and skeleton (Pagano et al., 1983).

Cultured mouse embryos at the two-cell stage were incubated in Brinster's
medium with potassium chromate or calcium chromate (0.02-2 j.g/ml Cr). Blasto-
cyst formation was damaged, and hatching of the blastocyst from the zona pellucida
to the formation of the inner cell mass was inhibited (Jacquet & Draye, 1982).

As reported in an abstract, male mice were administered 3 x 10"" M(882 mg)
potassium bichromate by either intratesticular or intraperitoneal injection, then
mated weekly. A decrease in the number of sperm was seen after three weeks of
treatment, and abnormalIties in shape reached about 50% of the total sperm after
four weeks of treatment. Decreases in the number of implantation sites, in lItter size
and in fetal body weight were observed. No conspicuous malformation of fetuses
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was detected. None of the females became pregnant after three weeks of treatment
of males (Yasuda, 1980).

Sodium chromate inhibited chondrogenesis in chick limb bud mesenchymal
cells in vitro at concentrations of about 0.1 l.g/ml Cr (Danielsson et al., 1982).

Chromium trioxide dissolved in saline was injected into the air sacs of embryo-
nated chicken eggs at doses of 0.002-0.05 mg/egg on days 0-4 of incubation. Control
eggs were injected with a comparable volume of saline. AIl embryos were examined
on day 8, and malformations, such as short and twisted limbs, microphthalmia, ex-
encephaly, short and twisted neck, everted viscera, oedema and reduced body size,
were observed in treated eggs. Most embryos showed unilateral or bilateral limb
defects (Gilani & Marano, 1979).

Chromium trioxide was administered intravenously at doses of 5, 7.5, 10 or 15
mg/kg bw to groups of ten pregnant golden hamsters early on day 8 of gestation.
Fetuses were collected on gestation days 12, 14 and 15 and were examined for fre-
quency and types of malformations. ln the different dose groups, 6-40% of the
fetuses were resorbed and 1-100% of fetuses had growth retardation; 2% of control
fetuses were resorbed. MaternaI toxicity (mortality, decreased weight gain, kidney
tubular necrosis) was seen in treated animaIs. Cleft palate occurred in 34-85% of
exposed fetuses (2% in con troIs ) and defects in skeletal ossification in up to 96%
(Gale, 1978). On comparing five strains of hamsters (ten animaIs per group, expo-
sure to 8 mg/kg bw on day 8), different susceptibilities were observed: three strains
were very susceptible to the embryotoxic effects, while the others were more resis-
tant. ln the more susceptible strains, the percentage of resorption sites was 13-28%,
whereas in the less susceptible strains it was 7-11%. Exernal abnormalities ob-
served were deft palate (0-30%) and hydrocephalus. MaternaI toxicity (decreased
weight gain) was seen in all groups. The time of administration of the chromium
trioxide was important: cleft palate was induced only when chromium was adminis-
tered on day 7,8 or 9 of gestation and not when it was given on day 10 or Il (Gale &
Bunch, 1979; Gale, 1982).

(d) Genetic and related effects

The activity of chromium and chromium compounds in tests for genetic and
related effects was evaluated in previous lARC Monographs (1980a, 1982, 1987a,b).
Moreover, a number of reviews on this subject are available in the literature (e.g.,
Heck & Costa, 1982a,b; Léonard & Lauwerys, 1980; Petrili & De Flora, 1980; Pas-
chin & Kozachenko, 1981; Levis & Bianchi, 1982; Petrili & De Flora, 1982; Baker,
1984; Bianchi & Levis, 1984; Hansen & Stern, 1984; Bianchi & Levis, 1985; Petrilli et
al., 1986a,b; Sunderman, 1986; Venitt, 1986; Bianchi & Levis, 1987, 1988; Nieboer &
Shaw, 1988; World Health Organization, 1988; De Flora et aL., 1990).
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Over 600 reports have been published on 32 chromium compounds of various
oxidation states and solubilties, and the data base covers 125 experimental systems
with different endpoints and/or targets. The studies described below are summa-
rized in Appendix 1 to this volume.

(i) Metallic chromium

Metallc chromium was assayed for the ability to induce cell transformation
(anchorage-independent growth) in Syrian hamster BHK fibroblasts. Although
chromium partic1es were phagocytized by cells, no significant increase in the num-
ber of cell foci growing in soft agar was observed (Hansen & Stern, 1985). (See Gen-
eral Remarks, p. 44, for concerns about this assay.)

As reported in an abstract, male Sprague- Dawley rats were exposed to chro-

mium fumes generated from powders of chromium metal by a plasma flame sprayer
at concentrations of 1.84 :i 0.55 mg/m3 or 0.55 :i 0.07 mg/m3 fume for 5 h/ day on five
days a week for one week or two months. Significant increases in the frequencies of
sister chromatid exchange and of chromosomal aberrations were observed in pe-
ripheral blood lymphocytes, whereas chromosomal aberration frequencies in
bone-marrow cells were unchanged (Koshi et al.; 1987). (The Working Group noted
that some oxidation of metallc chromium may have occurred during generation of
the fumes.)

(ii) Chromiumllllj compounds

Twelve chromium(III) compounds ofvarious water solubilities were assayed in
a number of short-term tests, often ai the same time as chromium compounds of
other oxidation states. They included: (a) highly soluble compounds, such as chro-
mic chloride, chromic acetate, chromic nitrate, chromic sulfate and chromic potas-
sium sulfate; (b) sparingly soluble products, such as basic chromic sulfate or neo-
chromium, chromium alum and chromic phosphate; and (c) almost insoluble
compounds, such as chromic hydroxide, chromic oxide, chromite ore and cupric
chromite. In addition, several reports dealt with the activity of chromium(III) tan-
nins and of chromium(III) compounds bound to organic ligands, as described be-
low. ln evah¡ating the results, summarized in Appendix 1, it should be noted that
some of the positive results, obtajned with both pure laboratory compounds and
industrial products, might be due to contamination by traces of chromium(VI) (in-
dicated as (+) in Appendix 1); therefore, reported positive results with chro-
mium(III) compounds should be interpreted with caution, particularly for those
studies in which the purity of test compounds was not checked.

ln several studies, the activity of chromic chloride in acellular (i.e., purified
nuc1eic acids) or subcellular (i.e., cell nuclei) systems was investigated. Depurina--
tion of calf thymus DNA did not occur, as shown by the unchanged release of ade-
ni ne detectable by thin-Iayer chromatography. ln addition, it did not induce
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mutation of single-stranded q, X 174 am3 DNA, transfected into Escherichia coli
spheroplasts and then tested for reversion in a progeny phage assay (Schaaper et al.,
1987). As reported previously, chromium(VI) trioxide was also inactive in this sys-
tem; chromic chloride, however, induced lacZex forward mutation in
double-stranded M13mp2 DNA, transfected into JM101 E. coli (Snow & Xu, 1989).
Moreòver, chromic chloride suppressed the infectivity of tobacco mosaic virus
RNA, probably by nonenzymic cleavage of internucleotide phosphodiester bonds
(Huff et al., 1964). Assessments of viscosity, ultraviolet absorption spectra and
thermal denaturation of purified DNA and RNA showed that, at variance with
chromium(VI) which (as an oxidizing agent) breaks the polynucleotide chain (see
potassium dichromate), chromium(III) is responsible for physicochemical alter-
ations of nucleic acids by interacting with the phosphate groups and nitrogen bases
(Tamino & Peretta, 1980; Tamino et al., 1981). As evaluated by nuc1eotideincorpo-
ration into calf thymus DNA in the presence of E. coli DNA polymerase, chromic
chloride inhibited DNA synthesis more potently than chromium(VI) (potassium
di chromate); however, at levels below the inhibitory concentration, it enhanced
nucleotide incorporation (Nishio & Uyeki, 1985). Like chromium(VI) (potassium
di chromate), chromic chloride increased misincorporation of nuc1eotide bases into
daughter DNA strands synthesized from a synthetic polynucleotide template,
poly( d(A-T)), in the presence of avian myeloblastosis virus or E. coli DNA polymer-
as es (Sirover & Loeb, 1976; Tkeshelashvil et al., 1980). The misincorporated bases
were present as single-base substitutions (Tkeshelashvili et al., 1980). ln contrast to
chromium(VI) salts (potassium chromate and potassium dichromate), chromic
chloride favoured cross-links between E. coli DNA and bovine serum albumin, as
assessed by checking 3H-DNA-bovine serum albumin binding in a filtration assay
(Fornace et al., 1981). The same chromium(III) compound produced DNA frag-
mentation (alkaline elution technique), as determined by single-strand breaks and
ci:oss-links in isolated calf thymus nuc1ei (Beyersmann & Köster, 1987) and in puri-
fied DNA from V79 cells (Bianchi et al., 1983). DNA-protein cross-links were also
detected by exposing nuc1ei of mouse leukaemia L1210 cells to chromic chloride;
chromium(VI) (potassium chromate) was inactive (Fornace et al., 1981).

Most studies in which the activity of chromium(III) compounds was evaluated
in prokaryotes yielded negative results. Chromic chloride did not induce À pro-
phage in E. coli WPZs(À.) (Rossman et aL., 1984) after overnight incubation at con-
centrations near the growth inhibitory concentration of the compound. No SOS
response was induced in E. coli GC2375, UA4202 or PQ30 by chromic chloride,
chromic nitrate or chromic acetate (Llagostera et al., 1986), or in strain PQ37 by
chromic potassium sulfate (De Flora et al., 1985a) or chromic chloride (Olivier &
Marzin, 1987). Chromic nitrate, chromic chloride and chromic potassium sulfate
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were confirmed to be inactive in strain PQ37, whereas chromic acetate produced a
low but significant increase in SOS-inducing activity (Venier et al., 1989).

In differential killng assays with E. coli, chromic chloride was equally toxic iii
the wild strain AB 1157 and in the repair-deficient strains AB 1886 (uvrA6-), GW801

(recA56-), GW802 (recA56-uvrA6-), PAM AA4 (recA56-1ex2-) and PAM5717
(lex2-) (Warren et al., 1981).

Chromic chloride, chromic phosphate and chromic oxide (spotted in powder
form) were equally toxic in E. coli WP2 (wild strain) and in the repair-deficient
strains WP2 uvrA (uvrA-), CM571 (rec A-) and WPI00 (uvrA- rec A-), as assessed by
the streak method on agar and, in the case of chromic phosphate, by means of a
test-tube assay (Yagi & Nishioka, 1977). .

Chromic chloride and chromic acetate were equally toxic to WP2 and to the
repair-deficient strains WP67 (uvrA-poIA-) and CM871 (uvrA-recA-lexA-) wheii
assayed in the treat-and-plate test, but these compounds, chromic nitrate and chro-
mic potassium sulfate were more toxic in the repair-deficient strains when assayed
by a liquid micromethod (De Flora et aL., 1984a). Four conditions were required to
elicit this unusual positivity of chromium(III) in this system: (a) performance of the
test in a liquid medium, (b) long contact between chromium(III) and bacteria (at
least 6-8 h), (c) a physiological. pH (7.0-7.4) and (d) the presence of high, subtoxic
concentrations (0.2-0.3 M) of phosphate (De Flora et aL., 1990). Chromic chloride,
chromic sulfate and chromic potassium sulfate did not induce differential kiling of
S. tyhimunum TA 1978 

(wild 
strain) or TA 1538 

(rec-) (Gentile et 
al., 1981). ln therec

assay in Bacillus subtilis H17 (wild strain) and M45 (rec-), negative results were ob-
tained with chromic chloride (Nishioka, 1975; Nakamuro et al., 1978; Matsui, 1980;
Gentile et al., 1981), chromic sulfate and chromic potassium sulfate (Kada et al.,
1980; Kanematsu et aL., 1980; Gentile et al., 1981). Positive results were obtained iii
this system, using the spot test procedure, with chromic acetate and chromic ni-
trate. Chromic acetate also gave positive results in the arg- -+ arg+ reversion test iii
E. coli Hs30R (Nakamuro et aL., 1978).

No reversion of trp- -+ trp + was produced in E. coli by chromic chloride or
chromic acetate (strains WP2 and WP2uvrA) (Petrill & De Flora, 1982) or by chro-
mic sulfate (strain DG 1153) (Arlauskas et al., 1985). In a lacl+ Ilacl- forward muta-
tion assay in E. coli KMBL3835, chromIc chloride yielded unclear results (Zakour
& Glickman, 1984).

In more than 30 reports (see Appendix 2), highly soluble or sparingly soluble
chromium(III compounds were inactive in the his- -+ his+ reversion test in several
strains of Salmonella tyhimunum (TA1535, TA1537, TA1538, TA92, TA94, TA97,
TA98, TA100 and TA102) in the absence of exogenous metabolic systems (Tamaro et
al" 1975; Petrili & De Flora, 1977, 1978a; De Flora, 1981a; Tso & Fung, 1981; Venier
et al., 1982; Bennicell et al., 1983; Bianchi et al., 1983; De Flora et al., 1984a, b;
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Arlauskas et aL., 1985; Langerwerf et al., 1985; Loprieno et al., 1985; Marzin & Phi,
1985; Petrili et al., 1985). Chromic chloride, chromic nitrate, chromic potassium
sulfate, chromium alum and neochromium were stil not mutagenic in the presence
of metabolic systems, including post-mitochondrial supernatants of rat liver, lung
or muscle, rat muscle mitochondria (with or without ATP), human eryhrocyte ly-
sates and oxidized glutathione. Mutagenic effects were produced by an these com-
pounds only in the presence of a strong oxidizing agent, such as potassium perman-
ganate (Petrill & De Flora, 1978a). The inactivi ty of chromic sulfate was unaffected
by the presence of nitrilotriacetic acid (NTA) (Loprieno et al., 1985). Surprisingly,
high amounts of chromic chloride (unspecified source and purity) were reported to
be weakly mutagenic to strains TA98 and TA94 in one study (LangefWerf et al.,
1985). Other positive results can be ascribed to contamination with traces of chro-
mium(VI), in a chromic nitratesample (Venier et al., 1982; Bianchi et al., 1983) and
in an industrial chromite sample (Petrill & De Flora, 1978a; De Flora, 1981a; Venier
et al., 1982; Bianchi et al., 1983).

Chromic chloride was reported to induce mitotic gene conversion at the trp5
locus and point reverse mutation at the ilv locus in strain D7 of Saccharomyces cere-
visiae. Such activity, usually detected when the yeast was in the logarithmic growth
phase, was very weak, was obtained only with high doses of chromium(III) and oc-
curred only in the presence of 0.1 M phosphate; no activity was seen when 0.05 M
Tris-hydrochloric acid was used as the buffer (Gall et al., 1985; Bronzetti et aL.,
1986).

Chromic potassium sulfate gave weakly positive results in an unscheduled
DNA synthesis assay in mature pollen of Petunia hybrida (WI66K) (Jackson & Lin-
skens, 1982). (The Working Group noted that the effect was very weak and that the
existence of a dose-response relationship was not investigated.) Chromic nitrate
induced chromosomal aberrations in the root tips of Vicia faha (Gläss, 1955).

A study of the cytotoxic effects produced in Syrian hamster BHK monolayers
and of mitotic cycle alterations in human epithelial-like heteroploid HEp2 cells pro-
duced by chromic chloride, chromic sulfate, chromium alum, neochromium and
chromium(VI)-contaminated chromite provided evidence that chromium(III) is far
less active than chromium(VI) (Levis & Majone, 1981). Chromic chloride did not
induce unscheduled DNA synthesis in mouse kidney A18BcR cells (Raffetto et al.,
1977) or human heteroploid EUE cens (Bianchi et al., 1983). It did not inhibit D NA
synthesis in Syrian hamster BHK fibroblasts, even when the cells were reversibly
permeabilzed in hypertonic medium (Bianchi et al., 1984), or in mouse L cens un-
less they were permeabilized with detergents (Nishio & Uyeki, 1985).

Chromic chloride did not induce DNA fragmentation in mouse leukaemia
1210 cens (Fornace et al., 1981), in Chinese hamster V79 cens (Bianchi et al., 1983) or
in human embryolung IMR-90 fibroblasts (Fornace et al., 1981), as assessed byal-



156 lARe MONOGRAHS VOLUME 49

kali ne elution, or in hum an white blood cens, as assessed by the alkaline unwinding
technique (McLean et al., 1982). Similarly, chromic nitrate, even at concentrations
up to 25 timès those of chromium(VI) compounds needed to damage DNA, did not
produce DNA fragmentation (alkaline elution) in chicken embryo hepatocytes
(Tsapakos et al., 1983b).. In contrast, a sample of cupric chromite induced
DNA-protein cross-links in Novikoff ascites hepatoma cens, as evaluated by
high-speed centrifugation of detergent-treated cens fonowed by polyacrylamide gel
electrophoresis; chromous chloride was inactive in this test (Wedrychowski et aL.,

. 1986a).
Using the hprt forward mutation assay, negative results were obtained with

chromic sulfate in mouse mammary carcinoma Fm3A cells (8-azaguanine resis-
tance) (Nishimura & Ume da, 1978 (AbstractD, with chromic acetate in Chinese
hamster V79/4 cens (8-azaguanine resistance) (Newbold et aL., 1979) and in CHû
cells (6-thioguanine resistance) (Bianchi et aL., 1983). ln V79 cells, a sample ofchro-
mie oxide, uncontaminated with chromium(VI) was phagocytized, as shown by
electron microscopic detection of intracytoplasmic vacuoles containing crystallne

chromic oxide particles, after an 18-h exposure of cells; it also induced 6-thiogua-
ni ne resistance (Elias et al., 1986).

Mostly negative results have been reported with regard to the induction of sis-
ter chromatid exchange by chromium(III) compounds in various types of cultured
mammalian cells (Table 23). Both positive and negative results have been reported
in the literature concerning the ability of these compounds to induce chromosomal
aberrations in mammalian cells (Table 24). ln parallel assays, aberrations were in-
duced more frequently than sister chromatid exchange by chroinium(III) com-
pounds, but much higher concentrations of chromium(III) than chromium(VI)
were generally needed to induce chromosomal aberrations, due perhaps to an indi-
rect effect of high doses, such as the release of lysosomal nucleases (Levis & Ma-
jone,1981). The decreased frequency of chromium(III)-induced chromosomal ab-
errations in the presence of superoxide dismutase, copper (salicylate), copper
(tyrosine), catalase and mannitol suggests the involvement of active oxygen species
(Friedman et al., 1987). The occasion 

al finding of both sister chromatid exchange
and chromosomal aberrations in CHO cells was ascribed by the authors to contam-
ination of their chromium(III) samples with traces of chromium(VI) (Levis & Ma-
jone, 1979; Bianchi et al., 1980; Venier et al., 1982).

Chromic chloride inhibited spin dIe formation in human skin fibroblasts, but
only at the highest concentration tested (100 iiM), which was several orders of mag-
nitude higher than the concentration required for chromium(VI) compounds
(sodium chromate and calcium chromate) to produce the same effect (Nijs &
Kirsch-Volders, 1986).
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Table 23. Induction or sis ter chromatid exchange by chromium(lll) compounds
in cultured mammalian cells

Chromium compound eeii line Result Reference
and com-
ments

Chromic acetate Chinese hamster CHa Levis & Majone (1979)
Bianchi et al. (1980)

Mouse macrophage P388D1 + Andersen (1983)
Human peripheral lymphocytes + Andersen (1983)

Chromic chIo ride Mouse primary lymphocytes Venier et al. (1982)
(BALB/c) Majone et al. (1983)

Bianchi et al. (1983)
Mouse primary lymphocytes Venier et al. (1982)
(BALB/Mo) Majone et al. (1983)

Bianchi et al. (1983)
Mouse LSTRA lymphocytes Bianchi et al. (1983)
Syrian hamster embryo primary Tsuda & Kato (1977)
Chinese hamster CHa Macrae et al. (1979)

Levis & Majone (1979)
Levis & Majone (1981)
Majone & Rensi (1979)
Bianchi et al. (1980)
Bianchi et al. (1983)
Venier et al. (1982)
Uyeki & Nishio (1983)

+ (48-h Venier et al. (1985a)
incuba-
tion)

Chinese hamster lung Don Koshi (1979)

+ Ohno et al. (1982)
BHK fibroblasts Bianchi et al. (1984)
BHK fibroblasts (permeabilized) Bianchi et al. (1984)
Human peripheraI lymphocytes Ogawa et al. (1978)

Stella et al. (1982)
Chinese hamster V79

+ (300 Elias et al. (1983)
X dose
needed
for
Cr(VIJ)

Chromic nitrate Chinese hamster CH a Levis & Majone (1979)
Bianchi et al. (1980)
Venier et al. (1982)
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Chromium compound ReferenceCellline Result
and com-
ments

Chromic potassium
sulfate

Chromic sulfate

Chromium alum

Neochromium

Chromic oxide

Chinese hamster CHû

Chinese hamster CHû

Chinese hamster lung Don

Chinese hamster CHû

Chinese hamster CHû

Mouse macrophage P388D1 - (taken
up by

cens after
48 h)

+ (1000

X dose
needed
for
Cr(VID

Levis & Majone (1979)
Bianchi et al. (1980)

Levis & Majone (1981)
Loprieno et al. (1985)
ûhno et al. (1982)

Levis & Majone (1981)
Venier et al. (1982)

Levis & Majone (1981)

Andersen (1983)

Elias et al. (1983)Chinese hamster V79

Chromic chloride (Bianchi et aL., 1983; Hansen & Stern, 1985) and chromic
oxide (Hansen & Stern, 1985) did not induce anchorage-independent growth in Sy-
rian hamster BHK fibroblasts (see General Remarks, p. 44, for concern about this
assay). Chromic chloride was reported to produce morphological transformation
of mouse fetal cells (Raffetto et al., 1977), but it did not transform Syrian hamster
embryo primary cells nor, in contrast to chromium(VI) (potassium chromate), did
it affect the transforming capacity of benzo(a)pyrene (Rivedal & Sanner, 1981).

ln vivo, intraperitoneal injection of chromic chloride did not induce DNA frag-
mentation in rat liver or kidney cells (Tsapakos et al., 1983b; Cu 

po & Wetterhahn,

1985a), as assessed by the alkaline elution technique in the same laboratory from
which positive results were reported with chromium(VI) (see sodium di 

chromate).

The number of micronucleated erythrocytes in bone-marrow cells of BALB/c mice
was not increased after intraperitoneal injection of 250-500 mg/kg bw chromic ni-
trate, which contrasts with the positive result recorded with a soluble chromium(VI)
compound (potassium dichromate) at ten-fold lower doses (Fabry, 1980).
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Table 24. Induction of chromosomal aberrations by chromium(III) compounds
in culturedmammalian cells

Chromium compound Cell line Result Reference

Chromic acetate Chinese hamster CHû + Levis & Majone (1979)
+ Bianchi et al. (1980)

Human peripheral lymphoces + Nakamuro et al. (1978)
Chromic chloride Mouse fetal + Raffetto et al. (1977)

Syrian hamster embryo Tsuda & Kato (1977)
Chinese hamster CHû + Levis & Majone (1979)

+ Levis & Majone (1981)
+ Majone & Rensi (1979)
+ Bianchi et al. (1980)
+ Venier et al. (1982)

Human peripheral lymphoctes Nakamuro et al. (1978)
Sarto et al. (1980)

+ Kaneko (1976)
+ Stella et al. (1982)

Chromic nitrate Chinese hamster CHû Levis & Majone (1979)
Bianchi et al. (1980)
Venier et al. (1982)

Human peripherallymphocytes Nakamuro et al. (1978)
Chromic potassium Chinese hamster CHû + Levis & Majone (1979)sulfate

+ Bianchi et al. (1980)
Chromic sulfate Mouse mammary carcinoma Umeda & Nishimura

Fm3A
(1979)

Syran hamster embryo primary Tsuda & Kato(1977)
Chinese hamster CHû + Levis & Majone (1981)
Chinese hamster 237-2a + Ròssner et al. (1981)

Chromium alum Chinese hamster CHû + Levis & Majone (1981)
Neochromìum Chinese hamster CHû + Levis & Majone (1981)
Chromic oxide Chinese hamster CHû

(+ J Levis & Majone (1981)
(+ J Venier et al. (1982)

The results of these studies with pure and industrial chromium(III) products
are summarized in Appendix 1. Data on the genotoxicity of chromium tanning
liquors used in the hide and leather industry, most ofwhich are composed of almost
insoluble sulfates, are also available. None of 17 tanning liquors, dissolved In water,
acids or alkali, reverted his- S. typhimurium strains; however, the frequency of sIster
chromatid exchange was increased by eight (including chromium alum) of 13
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tannins tested in Chine se hamster CHO cells. Contamination with chromium(VI)
was detected in four of the active compounds (Venier et al., 1982, 1985a).

The marked differences in potency seen in parallel assays with chromium(III)
and chromium(VI) compounds have already been commented upon. The positive
results sometimes obtained with chromium(III) compounds (46 positive and 141
negative results) can be ascribed to a variety of factors, which emerged from ana-
lyses of the literature (Levis et al., 1978b; Levis 

& Bianchi, 1982). These include
unquantified contamination with trace amounts of chromium(VI), nonspecific ef-
fects of very high doses, and penetration of chromium(III) by endocytosis following
long exposure in vitro or under special treatment conditions, such as exposure to
detergents or to subtoxic concentrations of phosphate. ln addition, a technical arte-
fact may result from interaction of chromium(III) with DNA released from dis-
rupted cells during extraction procedures.

Chromiumllll) complexes

Unlike chromium(VI) (potassium chromate), a chromic glycine complex did
not produce unscheduled DNA synthesis in cultured human skin fibroblasts (Whit-
ing et al., 1979). In a differential killng assaywith E. coli AB 

1157 (wild strain) and

various repair-deficient strains and in the S. typhimurium his- reversion test, four of
17 hexacoordinate chromium(III) compounds gave positive results only in the
DNA repair test and four in both tests (Warren et aL., 1981). The most active com-
plexes were those containing aromatic amine ligands, like 2,2' -bipyridine and
1,10-phenanthroline. (The Working Group noted that the genotoxicity of these li-
gands was not checked.) Complexation with salicylate and citrate (but not with
NTA, ethylenediaminetetraacetic acid, Tiron, glucose, glycine, pyrophosphate or
acetate) rendered chromic chloride weakly active in the rec assay with B. subtilis
(Gentile et aL., 1981). The mutagenicity of (CrCbipY)2CI2)CI and (Cr(phen)2Cl2)CI
was confirmed in S. typhimurium TAI00 (Beyersmann et al., 1984). Water-soluble
complexes of chromium(III) (chromic sulfate and chromic chloride) with five amino
acids (arginine, aspartic acid, glycine, hydroxyproline and lysine) or with salicylic
acid or ascorbic acid did not revert various his- S. typhimurium strains (Langerwerf
et aL., 1985). Initial observations were reported in an abstract concerning the ability
of (Cr(bipY)2CldCI to induce predominantly extragenic suppressors in TA103
(Vieux et al., 1986). This complex was shown in the same laboratory to revert his- S.
tyhimurium TA92, TA100 and TA98 (Warren et aL., 1981). ln a further abstract
(Rogers et al., 1987), the same compound was reported to revert TA102 and TA104,
with an appreciable reduction of activity under anaerobiosis and in the presence of
the hydroxyl ion scavenger mannitol. Exposure of calf thymus nuclei to Cr(glycine)3
produced DNA-protein cross-links as weIl as DNA strand-breaks, Le., the same
type of lesions caused by hexahydrated chromic chloride (Beyersmann & Köster,
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1987). In the same study, (Cr(phen)2CI2)Cl also produced DNA fragmentation; but
with a lower fraction of cross-links, when applied to intact Chinese hamster V79
cells; this phenanthroline complex, in contrast to Cr(glycine )3, also induced 6-thio-
guanine resistance. No mutagenic effect was detected in his- S. tyhimurium with a
commercial preparation of glucose tolerance factor, a yeast-extracted natural com-
plex of chromium(III) with nicotinic acid, glycine, glutamic acid and cysteine, which
is prescribed as a dietary supplement in cases of deficient chromium(III) intake
with food and impaired glucose tolerance (De Flora et aL., 1989a). Cr( maltolate )3, a
chromium(III) complex with a low lipophilic ligand, did not induce gene mutations
in S. typhimurium TA92, TA98, TA100 or TA104 nor sister chromatid exchange in
mammalian cell culture (CHO line), whereas a complex with a high lipophilic li-
gand, Cr(acetyl acetonate)3, although inactive to TA92, TA98 and TA100 strains,
was clearly mutagenic to strain TA104 and increased the frequency of sister chro-
matid exchange (Gava et al., 1989a).

(iii) ChromiumfVJ compounds

Potassium dichromate, sodium dichromate, ammonium dichromate, potassium
chromate, sodium chromate, ammonium chromate and chromium trioxide

Highly soluble chromium(VI) compounds were assayed in several acellular
systems. Potassium di chromate did not induce cross-links of E. coli PH)DNA to
bovine serum albumin (Fornace et al., 1981). It inhibited DNA synthesis by
decreasing nucleotide incorporation into cair thymus DNA in the presence of
E. coli DNA polymerase (Nishio & Uyeki, 1985). Potassium dichromate (Sponza &
Levis, 1980 (Abstract); Bianchi et al., 1983) and chromium trioxide (Sirover & Loeb,
1976; Tkeshelashvil et al., 1980) decreased the fidelity of DNA synthesis byaltering
the ratio of incorporation of radiolabelled complementary to noncomplementary
nucleotides. ln these studies, the synthetic polynucleotide poly(d(A-1)) was used as
a template in the presence of viral (avian myeloblastosis virus), bacterial (E. coli)
and mammalIan (calf thymus) DNA polymerase (Miyaki et al., 1977). Chromium
trioxide induced depurination in calf thymus DNAby enhancing the release of gua-
nine, whereas no effect was produced on the release of adenine (Schaaper et aL.,
1987). Potassium di chromate induced breakage in the polynucleotide chain of puri-
fied DNA and RNA, as inferred from studies of viscosity, ultraviolet absorption
spectra and thermal denaturation patterns (Tamino & Peretta, 1980; Tamino et al.,
1981). Sodium chromate induced single-strand breaks in supercoiled circular DNA

of the bacterial phage PM2, but onlywhen combined with glutathione. Oftwo puri-
fied reaction products, the chromium(V) complex Nc4(glutathione)4Cr\l8H20
cleared supercoiled PM2DNA, whereas the final product, the chromium(III)-gluta-
thione complex was inactive (Kortenkamp et al., 1989). A positive (Tkeshelashvili
et al., 1980) and a negative result (Schaaper et al., 1987) were reported for the



162 lARe MONOGRAHS VOLUME 49

recovery of viral infectivity of single-stranded ~X174 DNA which, following treat-
ment with chromium trioxide, was transfected into E. coli spheroplasts (am3 rever-
sion). Potassium chromate induced lacZa. forward mutation in double-stranded
M13mp2 DNA transfected into JM101 E. coli (Snow & Xu, 1989). Gel electrophore-
sis analysis demonstrated production of oligonuc1eotides from (32P-5/)-end-

labelled DNA fragments treated with sodium chromate only in the presence of hy-
drogen peroxide (Kawanishi et aL., 1986). Several of these studies showed that chro-
mium(VI) compounds are less active than chromium(III) compounds in simplified
systems (See General Remarks, p. 43, for a discussion of the biological activity of
chromium(VI) and chromium(III) compounds.)

DNA-damaging effects were observed by treating bacteria with highly soluble
chromium(VI) compounds. Thus, potassium dichromate produced DNA fragmen-
tation in strain WP2 of E. coli; this effect, detected by alkaline sucrose gradient sedi-
mentation, was attenuated by a.-tocopherol (Kalinina & Minseitova, 1983a,b).

À Prophage was induced by potassium chromate in E. coli WP2g (Rossman et al.,
1984). An SOS response, inferred from induction of an SOS operator gene coupled
with a gene coding for ß-galactosidase in E. coli, was elicited by sodium dichromate
in strain PQ37 (De Flora et al., 1985a), by potassium dichromate, potassium chro-
mate and chromium trioxide in strains GC2375, UA4202 and PQ30 (Llagostera et
al., 1986), and by potassiumdichrom.ate and potassium chromate in strain PQ37
(Venier et aL., 1989) and in strains PQ35 and PQ37 (Olivier & Marzin, 1987). Potas-
sium di chromate also showed SOS-inducing activity in strain TA1535/pSK1002 of
S. tyhimurium (Nakamura et aL., 1987).

As shown by means of various techniques (spot test, streak method,
treat-and-plate test, liquid test), soluble chromium(VI) compounds induce nonre-
parable DNA damage in repair-deficient bacteria. ln particular, potassium dichro-
mate, sodium dichromate, ammonium dichromate, potassium chromate, sodium
chromate, ammonium chromate and chromium trioxide were active in the rec assay
in B. suhtilis in strains H17 (wild-type) and M45 (rec-) (Nishioka, 1975; Nakamuro et
aL., 1978; Kada et al., 1980; Kanematsu et al., 1980; Matsui, 1980; Gentile et aL., 1981).
Potassium dichromate, sodium dichromate, ammonium dichromate, sodium chro-
mate and chromium trioxide were more toxic in strain TA1538 (rec-) than in the pa-
rental strain (TA1978) of S. typhimurium (Gentile et aL., 1981). Potassium dichro-
mate, ammonium dichromate and potassium chromate were equally toxic in wild
strain WP2and in WP2uvrA (uvrA-) but more toxic in CM571 (recA-) and in WP100
(uvrA-recA-) than Ïn WP2 (Yagi & Nishioka, 1977). Sodium dichromate was more
toxic in TM1080 (poIA- lexA- R factor) and CM871 (uvrA-recA-lexA-) than in the
E. coli wild strain (WP2). No lethality was observed in WP2uvrA (uvrA-) or WP67
(uvrA-poIA-) (Petrill & De Flora, 1982). The lethality of sodium dichromate,
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potassium chromate, àmmonium chromate and chromium trioxide to the triple mu-
tant CM871 (uvrA-recA-lexA-) was greater th an to WP2; this was not the case for
WP67 (uvrApoIA-) (De Flora et al., 1984a). (The Working Group noted that these
results indicate the importance of the rec and lex SOS functions, rather th 

an of thepolymerase mechanism and uvr excision repair system, in repairing DNA damage
produced by chromium(VI) in bacteria.)

Reversion to luminescence (bioluminescence test) was induced by potassium
di chromate in strain Pf-13 of Photobacterium ficheri (Ulitzur & Barak, 1988).

Reversion to arg autotrophy was induced by potassium dichromate and potassium
chromate in E. coli strain Hs30R (Nakamuro et al., 1978), and by sodium chromate
in K12-343-113(À) (Mohn & Ellenberger, 1977). The ability of soluble chro-
mium(VI) compounds to revert E. coli to trp auxotrophy was reported by Venitt and
Levy (1974) for sodium chromate (strains WP2 and WP2uvrA) and potassium chro-
mate (WP2, WP2uvrA and WP2erA), by Nishioka (1975) for potassium dichromate
(WP2 and WP2uvrA, CM871 being insensitive), by Green et al. (1976) for potassium
chromate (WP2), by Nestmann et al. (1979) for chromium trioxide (WP2uvrA, but
only in a fluctuation test), by Petrili and De Flora (1982) for sodium dichromate
(WP2 and WP2uvrA), by Venitt and Bosworth (1983) for potassium dichromate
(WP2uvrA, further increased under anaerobic growth conditions) and by Venier et
al. (1987) for potassium dichromate (WP2uvrA, further increased by NTA). The
only negative result was reported by Kanematsu et al. (1980), who identified potas-
sium dichromate as a mutagen (in WP2hcr- only, WP2 try being insensitive) but
failed to detect the mutagenicity of chromium trioxide (in either WP2 or WP2hcr-).
Potassium chromate had no effect on ultraviolet-induced mutagenesis in WP2
(Rossman & Molina, 1986)..

The mutagenicity of soluble chromiuqi(VI) compounds in his- S. typhimurium
and its modulation were investigated in a large number of laboratories, using vari-
ous techniques (spot test, spiral test, plate test and preincubation test). A number
of studies yielded positive results (Tamaro et al., 1975; Petrili & De Flora, 1977; De
Flora, 1978; Petrili & De Flora, 1978b; Nestmann et al., 1979; De Flora, 1981a,b; Tso
& Fung, 1981; Petrill & De Flora, 1982; Venier et al., 1982; Bennicell et al., 1983;
Biiinchi et al., 1983; Beyersmann et al., 1984; De Flora et al., 1984a,b; Arlauskas et al.,
1985; Langerwerf et al., 1985; Loprieno et al., 1985; Marzin & Phi, 1985; La Velle,
1986a,b; Vieux et al., 1986 (Abstract); Farrell et al., 1989). Negative results were
reported in aIl the strains tested in one study only (Kanematsu et al., 1980) (doses
were not reported). Using the replicate plate technique, Pedersen et al. (1983)
cIaimed that a high proportion of S. typhimurium his + revertant colonies were false,
but this conclusion was criticized by Baker et al. (1984), using the same technique.
ln general, with the exception of 

TA 1535, aIl his S. typhimuriuni strains tested were
reverted by chromium(VI). The following ranking of sensitivity was reported:

kajo
Rectangle
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TA102 :: TA100 :: TA97 :: TA92 :: TA1978 :: TA98 :: TA1538 :: TA1537 (Ben-

nicell et al., 1983). Other sensitive strains included TA103 (Gava et al., 1989b),
TA104 (De Flora et al., 1988; Gava et al., 1989b), TA94 (Langerwerf et al., 1985),
TS26 (La Velle, 1986a) and GV19 (La Velle, 1986b). The nitroreductase-deficient de-

rivative strain TA100NR was even more sensitive than TA100, which suggests a
diminution of the mutagenicity of chromium(VI) by bacterial nitroreductases (De
Flora et al., 1989b). Reversion patterns indicate that chromium(VI) induces frame-
shift errors in bacterial DNA and, to a greater extent, base-pair substitution at both
GC base-pairs (TA100) and AT base-pairs (TA102, TA104). The latter two strains
are known to be sensitive to oxidative mutagens. In any case, the presence of plas-
mid pKM101 in the most sensitive strains indicates that the mutagenicity of chro-
mium(VI) is amplified through error-prone DNA repair pathways, which is consis-
tent with the results of the DNA-repair tests reported above. The potency of
chromium(VI compounds correlated with their chromium(VI) content, being in
the range of a few revertants per nanomole chromium(VI) in TA100 and TA102 (De-
Flora, 1981a; De Flora et al., 1984a,b). Since the potency of mutagens of various
chemical classes tested in the same laboratory varied between 2 x 10-6 and 1.4 x 1()
revertants/nmol (6.8 x 109-fold range), chromium(VI) compounds can be c1assified
as mutagens of medium potency in this test system (De Flora et al., 1984b).

The bacterial mutagenicity of potassium dichromate was also confirmed in
forward mutation assay in E. coli, testing acquired resistance to rifampicin in
ABl157 and derived recA-, recB-, recC-, ree? and sbe- strains (Kalinina &
Minseitowa, 1983b,c), la el + !lac/- mutation in strain KMBL3835 (Zakour &
Glickman, 1984), and repli cation of integrated À genes in strain CHY832 (RK test)
(Hayes et al., 1984). Chromium trioxide induced Arar forward mutation in strains
BA9 and BA13 of S. tyhimurium (Ruiz- Rubio et al., 1985). Potassium chromate did
not induce forward or back mutations in a fluctuation test with K-12-derived E. coli
strains but enhanced the frameshift mutagenicity of 9-aminoacridine (La Velle,
1986a ).

Reducing chemicals (ascorbic acid and sodium sulfite) and glutathione,
NADH and NADPH decreased the bacterial mutagenicity of various chro-
mium(VI) compounds (Petrili & De Flora, 1978b; De Flora et al., 1985b; Petrill et
al., 1986a). A similar reducing effect was induced by other sulfur compounds, such
as N-acetylcysteine (De Flora et al., 1984c), cysteine (Petrill et aL., 1986a) and di thio-
threitol (Rogers et al., 1987 (Abstract)). The mutagenicity of potassium dichromate
was also considerably decreased by anaerobic growth conditions, but not by addi-
tion of the hydroxyl ion scavenger mannitol (Rogers et al., 1987 (AbstractD. The
mutagenicity of soluble chromium(VI) compounds was not affected or was poorly
affected by addition of soda ash, diethyl ether, prostaglandin or ethylenediamine-
tetraacetic acid (Petrill & De Flora, 1982; Petrili et al., 1986a) or complex mixtures
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(crude oil, oil dispersants) (Petrili et al., 1980; De Flora et al., 1985a), whereas it was
inhibited by other metals (Sokolowska & Jongen, 1984 (AbstractD. Sodium dichro-
mate and unfractionated cigarette smoke condensate had antagonistic mutagenic
effects (Petrill & De Flora, 1982). The mutagenicity of potassium dichromate was
increased by nitrilotriacetic acid (Gava et al., 1989a). Potassium chromate de-
creased the mutagenicity of ethyl methanesulfonate and increased that of sodium
azide (La Velle & Witmer, 1984) and of its metabolite azidoalanine (La Velle, 1986b);
more than additive effects were observed with 9-aminoacridine (La Velle, 1986a).

The mutagenicity of soluble chromium(VI) compounds in S. typhimurium was
consistently decreased by rat liver post-mitochondrial supernatant in ail studies in
which this aspect was evaluated (De Flora, 1978; Löfroth, 1978; Petrili & De Flora,
1978b; Nestmann et al., 1979; Petrili & De Flora, 1980; De Flora, 1981a; Petrili &
De Flora, 1982; Venier et al., 1982; Bianchi et al., 1983; De Flora et al., 1984a;
Loprieno et al., 1985; Petrill et al., 1986b). The polychlorinated biphenyl Aroclor
1254 was the most efficient inducer of this effect, followed in activity by pheno-
barbital and 3-methylcholanthrene (PetrilI et al., 1985). Pretreatment of rats with
N-acetylcysteine also stimulated reduction of chromium(VI) by liver and lung
post-mitochondrial supernatant (De Flora et al., 1985c). The effect of the rat liver
fraction on the mutagenicity ofvarious chromium(VI) compounds was inhibited by
dicoumarol, a specific inhibitor of the cytosolic enzyme DT diaphorase (De Flora et
al., 1987b); purified DT diaphorase itself decreased the mutagenicity of sodium
dichromate (De Flora et al., 1988). The mutagenicity of sodium dichromate was
also decreased by liver preparations from other animal species, including fish
(Salmo gairdneri) (De Flora et al., 1982), chicken, hamster (De Flora et al., 1985d),
Pekin duck (De Flora et al., 1989a), mouse (De Flora, 1982), woodchuck (De Flora et
al., 1987c, 1989c) and humans (De Flora, 1982). Moreover, mutagenicity was de-
creased by thermostable components of human gastric juice (De Flora & Boido,
1980; De Flora et al., 1987a), with peaks of reducing activity during post-meal peri-
ods following stimulation of gastric secretion (De Flora et al., 1987a). Human
eryhrocyte lysates decreased the mutagenicity of chromium(VI) (Petrill & De
Flora, 1978b); human and rat pulmonary alveolar macrophages were particularly
efficient (PetrilI et al., 1986). Human peripheral lung parenchyma decreased the
mutagenicity of chromium(VI) more efficiently th 

an a post-mitochondrial superna-tant of bronchial tree (Petruzzell et al., 1989); as assessed from 71 surgical speci-
mens from cancer and non cancer patients, the ability of lung parenchyma to
decrease the mutagenicity ofchromium(VI) was significantly enhanced in cigarette
smokers (De Flora et al., 1987d). ln rats, the inhibitory effect of lung was autoin-
duced by repeated intratracheal instilations of sodium dichromate (Petrill et al.,
1985). Comparative assays provided evidence that the reducing capacity of rat tis-
sue post-mitochondrial supernatant ranked as follows: liver ~ adrenal ;: kidney ;:

(,
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testis :; stomach and lung; preparations of skeletal muscle, spleen and intestine

had no effect on the mutagenicity of chromium(VI) (Petrill & De Flora, 1978b,
1980, 1982). Further assays confirmed the negligible effect of rat muscle (which is a
typical target of the carcinogenicity of chromium(VI) in bioassays) in decreasing
the mutagenicity of chromium(VI), as compared to liver and, to a lesser extent, to
cutis and subcutis (De Flora et al., 1989a). The selective loss of chromium(VI) mu-
tagenicity was accompanied by the disappearance of measurable chromium(VI) in
the presence of various body fluids and cell and tissue preparations. (The Working
Group interpreted these findings as indicating mechanisms that limit the activity of
chromium(VI) compounds in vivo.)

Forward mutation and mitotic gene conversion were induced by potassium
dichromate in the yeast Schizosaccharomyces pombe (Bonatti et al., 1976). The same
compound induced revers ion (ilv- -+ ilv+) and mitotic gene conversion in strain D7
of Saccharomyces cerevisiae (Singh, 1983; Gall et al., 1985; Kharab & Singh, 1985).
Conversely, chromium trioxide elicited gene conversion and mitotic crossing-over
but failed to revert the same yeast strain (Fukunaga et al., 1982). Potassium dichro-
mate slightly enhanced recombination frequency in strain D1513 of Saccharomyces
cerevisiae and produced disomic and diploid gametes (Sora et aL., 1986), but it did
not induce mitochondrial 'petite' mutants in strain D7 (Kharab & Singh, 1987).

Neither potassium chromate nor chromium trioxide induced micronuclei in
pollen mother cens of Tradescantia paludosa (Ma et al., 1984). ln contras 

t, further
studies indicated a dose-dependent increase in the induction of micronuclei by
chromium trioxide, which was significantly inhibited by cysteine (Zhang et al.,
1984).

In Drosophila melanogaster, sodium dichromate gave positive results in a
somatic eye-colour test (zeste mutation) (Rasmuson, 1985). Both potassium dichro-
mate and chromium trioxide induced sex-linked recessive lethal mutations, but only
potassium dichromate induced non-disjunction and X-Y chromosome loss at a
dose corresponding to the LDso (Rodriguez-Arnaiz & Molina Martinez, 1986). The
induction of sex-linked recessive lethal mutations by potassium dichromate was
enhanced by NTA (Gava et aL., 1989b).

A variety of genetic and related endpoints were explored in cultured mammali-
an cells. Potassium dichromate produced alterations of the mitotic index and of
mitotic phases in human epithelial-like heteroploid HEp-2 cells (Majone, 1977;
Levis & Majone, 1981) and NHIK 3025 cervix tissue cens (Bakke et aL., 1984), and
imbalance of the endogenous adenylate pool in Syrian hamster BHK fibroblasts
(Levis et al., 1978b; Bianchi et al., 1982a). It inhibited DNA synthesis, as evaluated
by 3H-thymidine incorporation, in mouse L cens (Nishio & Uyeki, 1985), in BHK
fibroblasts and in HEp-2 cells (Levis et al., 1977, 1978a,b), in which a secondary
inhibition of RNA and protein syntheses was also observed (Levis et al., 1978b).
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Inhibition ofDNA synthesis was further enhanced following reversible permeabil-
zation of cells in hypertonic medium (Bianchi et al., 1984). Potassium dichromate
also reduced the colony-forming abilty of BHK ce Ils bya multi-hit mechanism of
cell inactivation (Levis et al., 1978a). Unscheduled DNA synthesis was induced by
potassium dichromate in mouse kidney A18BcR cells (Raffetto et al., 1977) but not
in human EUE heteroploid cells (Bianchi et al., 1982b, 1983); potassium chromate
induced unscheduled DNA synthesis in human skin fibroblasts (Whiting et al.,
1979). Chromium trioxide inhibited repair of )'-ray-induced chromosome breaks in
human peripheral blood lymphocytes (Morimoto & Koizumi, 1981).

DNA fragmentation and cross-links were produced by soluble chromium(VIJ
compounds in a number of cultured mammalian celllines, as assessed by various
techniques, including alkaline elution, alkaline sucrose gradient, nucleoid sedimen-
tation, alkaline unwinding, the nick translation assay, and polyacrylamide gel elec-
trophoresis (Table 25). An exception was a study by alkaline elution in Chinese
hamster V79 ce Ils with potassium dichromate (Bianchi et al., 1983).

In the hprt forward mutation assay, potassium chromate did not induce 8-aza-
guanidine-resistant mutants in mouse mammary carcinoma FM3A cells, in con-
trast to the activity of potassium dichromate and chromium trioxide in the same
system (Nishimura & Umeda, 1978 (Abstract)). An unspecified chromate induced
6-thioguanine resistance in Chinese hamster V79 ce Ils (Beyersmann & Köster,
1987). Potassium dichromate induced 8-azaguanidine resistance and 6-thioguani-
dine resistance in Chinese hamster V79 cells (Newbold et al., 1979; Rainaldi et al.,
1982; Paschin et al., 1981; Bianchi et al., 1983); its mutagenic activity was decreased
by thiotepa (Paschin & Kozachenko, 1982), unaffected by nitrilotriacetic acid (Ce-
lotti et al., 1987) and enhanced by nickel(IIJ (Hartwig & Beyersmann, 1987). ln com-
parative assays, Chinese hamster V79 cells were found to be more sensitive to chro-
mium(VIJ th an Chinese hamster CHO cells (Paschin et al., 1983). The combined
use of selective 8-azaguanidine-resistant and ouabain-resistant systems showed
that potassium dichromate can also induce base-pair substitutions in the DNA of
V79 cells (Rainaldi et al., 1982). Potassium dichromate and potassium chromate
induced forward mutation at the thymidine kinase locus in mouse lymphoma
L5178Y cells (Oberly et al., 1982). As assessed in an assay for the synthesis of
P-100gag-mosviral proteins, sodium chromate induced expression of 

the v-mas genein MuSVts110-infected rat kidney 6m2 cells (Biggart & Murphy, 1988).
Soluble chromium(VIJ compounds consistently increased the frequency of sis-

ter chromatid exchange (Table 26). The highest frequency of induction was ob-
served in the early S-phase of the human lymphocyte cycle (Stella et al., 1982).



Table 25. Studies in which DNA fragmentation and DNA-DNA and DNA-protein cross-linking were induced in
cultured mammalian cells by soluble chromium(VI) compounds

Chromium compound Cell line ReferenceComment

Potassium dichromate Mouse L1210 leukaemia

Novikoff ascitic hepatoma
Chinese hamster CHO

Human foreskin HSBP
fibroblasts

Human white blood

Sodium dichromate Rat primary hepatocytes

Potassium chromate Mouse L1210 leukaemia

Chinese hamster CHO
fibroblasts
Human embryo lung IMR-90
fibroblasts
Human skin fibroblasts
Human CRL1223 fibroblasts
Human AG 1522 fibroblasts
Human XP12BE fibroblasts

Novikoff ascItic hepatoma
Human bronchial epithelium

Detected by alkaline sucrose gradient but not nick
translation, nucleoid sedimentation or alkaline un~
winding
Enhanced by glutathione, unaffected by hydroxyl
radical scavengers (mannitol, iodine), diminished by
superoxide dismutase and catalase

DNA-protein cross-linkage, probably due to
chromium(III)

At 7th-8th passage

Similar effect in normal xeroderma pigmentosum
cells

Fornace.et al. (1981)
Wedrychowski et al. (1986a)
Brambila et al. (1980)
(Abstract); Hamilton-Koch
et al. (1986)

Hamilton-Koch et al. (1986);
Snyder (1988)

McLean et al. (1982)

Sin a et al. (1983)

Fornace et al. (1981)
Miler & Costa (1988, 1989)

Fornace et al. (1981)

Whiting et al. (1979)
Fornace (1982)
Fornace (1982)
Fornace (1982)

Wedrychowski et al. (1986b)
Fornace et al. (1981)
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Table 25 (contd)

Chromium compound Cell line Comment Reference

Sodium chromate Chick embryo hepatocytes Related to glutathione and cytochrome P450
metabolism

Chinese hamster V79 Decreased by a-tocpherol; increased by ribofIavin
and sodium sulfite; DNA-protein breaks recognized
by poly(ADT -ribose )plymerase

Chromium trioxide Novikoff ascitic hepatoma

Tsapakos et al. (1983b);
Cupo & Wetterhahn (1984,
1985b)

Sugiyama et al. (1987, 1988)

Wedrychowski et al. (1986a)
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Table 26. Studies in which sister chromatid exchange was induced in cultured mammalian cells by chromium(VI)
compounds

Chromium compound Cell line Commenta Reference

Potassium dichromate

Sodium dichromate

Potassium chromate

Mouse lymphocytes LSTRA
BALB mouse primary lympho-
cytes

Mouse macrophage P388D1

Mouse embryo blastoctes
Chinese hamster CHO

Chinese hamster V79
Chinese hamster lung Don
Syrian hamster BHK fibroblasts
Human peripheral blood lym-
phocytes

Human skin fibroblasts

Chinese hamster CHO

Chinese hamster V79

Chinese hamster CHû

Chinesc hamster V79

Bianchi et aL. (1983)
BALB cens carring endogenized Bianchi et al. (1983); Majone et al. (1983)
Moloney leukaemia virus more
sensitive than uninfected cens

Andersen (1983)
Iijima et al. (1983b)
Levis & Majone (1979); Majone & Levis
(1979); Bianchi et al. (1980); Levis &
Majone (1981); Majone et al. (1982); Venier
et al. (1982); Bianchi et al. (1983); Uyeki &
Nishio (1983); Loprieno et al. (1985);
Montaldi et al. (1987b)
Rainaldi et al. (1982)
Ohno et ál. (1982)

Increased in permeabilized cens Bianchi et al. (1984)
Ogawa et al. (1978); Gómez-Arroyo et al.
(1981); Imreh & Radulescu (1982 (Ab-
stract)); Stella et al. (1982); Andersen (1983)
Macrae et al. (1979)

Levis & Majone (1979); Majone & Levis
(1979); Bianchi et al. (1980)
Elias et al. (1983)

Levis & Majone (1979); Macrae et al.
(1979); Majone & Rensi (1979); Bianchi et
al. (1980); Majone et al. (1982)
Prce-Jones et al. (1980); Elias et al. (1983)

~..o

~
(î
~ozo
o

~
:i
C/
~o
5
~
tI
+:
\C



Table 26 (contd)

Chromium compound Cell line Commenta Reference

()Potasium chromate Chinese hamster Jung Don Ohno et al. (1982) :i(contd) ¡c~Human skin fibroblasts Macrae et al. (1979) '-
5;Human peripheral bloo lym- Douglas et al. (1980) ..
c:phoces
~Sodium chromate Chinese hamster CHO Levis & Majone (1979); Bianchi et al. (1980) ~Chinese hamster V79 Elias et al. (1983) Z..vChromium trioxide Chinese hamster CHO Levis & Majone (1979); Bianchi et al, (1980) nChinese hamster Jung Don Koshi (1979); Ohno et al. (1982) ....
¡cHuman peripheral bloo lym- Gómez-Arroyo et al. (1981) 0phoces
5;..Calcium chromate Chinese hamster CHO Increased in presence of NTA Venier et aL. (1985b); Sen & Costa (1986) c:

Lead chromate Human peripheral bloo lym- Dissolved in NaOH Douglas et al. (1980) ~
()phocytes
0Strontium chromate Chinese hamster CHO Increased in presence of NTA Venier et aL. (1985b) ~Zinc chromates Chinese hamster CHO Increased in presence of NaOH Levis & Majone (1981); Venier et aL. ~
0or NTA (1985b) C

Chinese hamster V79 Elias et al. (1983) Z
0Basic zinc chromates Chinese hamster CHO Increased in presence of NaOH Levis & Majone (1981); Venier et aL. CI

or NTA (1985b)
Zinc chromate Chinese hamster CHO Increased in presence of NTA Venier et al. (1985b)
Barum chromate Chinese hamster CHO Increased in presence of NTA Venier et aL. (1985b)

1-..1-
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As reported in an abstract, potassium dichromate also increased the frequen-
cy of micronucleated ce Ils in human lymphocytes cuItured in vitro (Imreh & Radu-
les cu, 1982).

ln many studies, the induction of chromosomal aberrations was investigated,
often in parallel with assessments of the frequency of sister chromatid exchange; all
of them gave positive results (Table 27). Chromatid-type aberrations, mainly gaps,
breaks and chromatid exchanges, were the most frequently reported aberrations
(Levis & Bianchi, 1982).

Two studies dealt with the induction of aneuploidy by soluble chromium(VI)
salts in cultured mammalian ceIls: no increase in the number of aneuploids or poly-
ploids was detected foIlowing treatment of Chinese hamster V79 ceIls with potas-
sium chromate (Priee-Jones et al., 1980). Sodium chromate, however, exhibited
spindle-modifying properties in human skin fibroblasts, as assessed by means of a
differential staining technique for chromosomes and spindles, alterations in which
may represent one ofthe major causes of aneuploidy (Nijs & Kirsch-Volders, 1986).

The majority of studies provided evidence that soluble chromium(VI) salts can
induce cell transformation in different experimental systems. ln particular, as eva-
luated by means of the soft agar assay, potassium dichromate produced anchor-
age-independent growth of Syrian hamster BHK fibroblasts (Bianchi et aL., 1983;
Hansen & Stern, 1985), which was further enhanced in the presence of NTA (Lan-
franchi et al., 1988). (See General Remarks, p. 44, for concern about this assay.) The
same compound induced morphological transformation of Syrian hamster embryo
(SHE) primary ceIls (Tsuda & Kato, 1977; Hansen & Stern, 1985) and of mouse fetal
cells at the third passage (Raffetto et al., 1977), whereas a negative result was re-
ported in mouse embryo C3HIOTl/2 cells (Patierno et aL., 1988). (See General Re-
marks, p. 44, for concerns about this assay.) Sodium chromate also induced mor-
phological transformation of SHE primary cells (DiPaolo & Casto, 1979), but
potassium chromate did not, aIthough it potentiated the transforming capacity of
benzo(a )pyrene (Rivedal & Sanner, 1981); it also enhanced the morphological trans-
formation induced by the simian adenovirus SA 7 in SHE primary cells (Casto et al.,
1979).

Several studies were also carried out with soluble chromium(VI) compounds
in vivo. Following intraperitoneal In jection to Sprague- Dawley rats, sodium dichro-
mate induced a selective DNA fragmentation In different tissues, as assessed by
means of the alkaline elution technique. ln particular, liver nuclei contained
protein-associated DNA single-strand breaks as weIl as DNA-protein cross-links,
whereas kidney nuclei contained mainly DNA-protein cross-links (Tsapakos et aL.,
1981) and lung nuclei contained both DNA interstrand and DNA-protein
cross-links (Tsapakos et al., 1983a). These les ions were repaired most rapidly in the
liver, which may provide a partial explanation of the differential toxicity of



Table 27. Studies in which chromosomal aberrations were induced in cuItured mammalian cells bychromium(VI)
compounds

Chromium compound Cellline Commenta Reference

Potassium dichromate Mouse tertiary fetal
Mouse mammary carcinoma

Fm3A
Rat peripheral blood lymphocytes
Rat embryo fibroblasts
Syrian hamster embryo primary
Chinese hamster CHO

Raffetto et al. (1977)
Umeda & Nishimura (1979)

Chinese hamster V79
Human peripheral bloo lympho-
cytes

Sodium dichromate Chinese hamster CHO

Newton & Lily (1986)
Bigaliev et al, (1977a)

Inhibited by sodium sulfite Tsuda & Kato (1977)
Levis & Majone (1979); Majone & Levis
(1979); Bianchi et aL. (1980); Levis & Ma-
jone (1981); Venier et al. (1982)
Newbold et al. (1979)
Nakamuro et al. (1978); Imreh & Radulescu
(1982 (Abstract)); Stella et al. (1982)

Levis & Majone (1979); Majone & Levis
(1979); Bianchi et aL. (1980)
Sarto et al. (1980)Human peripheral bloo lympho-

cytes

Potassium chromate Mouse mammary carcinoma
Fm3A

Chinese hamster CHO

Umeda & Nishimura (1979)

Levis & Majone (1979); Majone & Rensi
(1979); Bianchi et aL. (1980)
Koshi & Iwasaki (1983)
Macrae et al. (1979)

Nakamuro et aL. (1978); Douglas et al.

( 1980)

Levis & Majone (1979); Bianchi et aL. (1980)

Chinese hamster lung Don
Human skin fibroblasts
Human peripheral blood lympho-
cytes

Sodium chromate Chinese hamster CHO
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Table 27 (contd)

('ChromiuIì compound Cell line Commenta Reference i:
::Chromium trioxide Mouse mammary carcinoma

Umeda & Nishimura (1979) 0
~Fm3A -
c:Syrian hamster embryo primary

Tsuda & Kato (1977) ~Chinese hamster CHO
Levis & Majone (1979); Bianchi et al. (1980)

~
Chinese hamster lung Don

Koshi (1979)

0Human peripheral bloo lym-
Kaneko (1976)

('phocytes
i:Calcium chromate Mouse embryo C3HlOT1I2 Random damage Sen et al. (1987) ::0Chinese hamster CHO Random damage Levis & Majone (1979); Sen et al. (1987) ~-Chinese hamster lung Don

Koshi & Iwasaki (1983) c:Basic zinc chromates Chinese hamster CHO Increased in presence of Levis & Majone (1981) ~NaOH ('Zinc chromate Chinese hamster lung Don Koshi & Iwasaki (1983) 0
~Lead chromate Chinese hamster CHO Increased in presence of Levis & Majone (1981); Montaldi et al. ""0NaOH or NTA (1987b ) c:Chinese hamster lung Don

Koshi & lwaaki (1983) Z0Human peripheral blood lympho- Increased in presence of Douglas et al. (1980)
CIcytes NaOH

'NA nitrilotriacetic acid

1-..
VI

kajo
Rectangle
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chromium(VI) in these organs (Tsapakos et al., 1983a). Following its injection onto
the inner shell membrane of eggs, sodium dichromate produced single-strand
breaks in blood cells and DNA cross-links in liver cells of chicken embryos (Hamil-
ton & Wetterhahn, 1986). Intraperitoneally injected potassium dichromate inhib-
ited DNA repair synthesis in rat lymphocytes (Rudnykh & Saichenko, 1985); it was
active in a mammalian spot test in C57BI/6J/BOM mice, but only when adminis-
tered at 10 mg/kg and not at 20 mg/kg (Knudsen, 1980).

Intraperitoneal injection of potassium dichromate or potassium chromate to
Chinese hamsters induced sister chromatid exchange in bone-marrow cells and an
increased frequency of micronucleated polychromatic erythrocytes (Kaths, 1981).
Micronucleated polychromatic erythrocytes were also enhanced by potassium
dichromate in BALB/c mice (Fabry, 1980) and in CBA x C57Bl/6J mice (Paschin &
Toropsev, 1982, 1983) and by potassium chromate in NMRI mice (Wild, 1978), ms
and ddY mice, the former strain being more sensitive (Hayashi et al., 1982). Com-
parative trials in various mouse strains showed no important sex-related variation
in induction of micronucleated cells by chromium(VI) and confirmed the different
susceptibilties of different strains (rank of sensitivity: ms :: BDF1 :: CD-1 ::
ddY) (Collaborative Study Group for the Micronucleus Test, 1986, 1988).

Chromosomal aberrations were induced in gil tissue cells of Boleophthalmus
dussumieri fish by intramuscular injection or addition to water of sodium dichro-
mate (Krishnaja & Rege, 1982). Potassium dichromate induced chromosomal
rearrangements and aneuploidy in rat bone-marrow cells when givcn orally or in-
tratracheally (Bigaliev et al., 1977b). Following intraperitoneal or intravenous injec-
tion, it produced chromos omal aberrations in lymphocytes and bone-marrow cells
(Newton & Lily, 1986). Intraperitoneal injection of potassium dichromate was also
clastogenic to bone-marrow cells ofBALB/c mice (Léonard & Deknudt, 1981 (Ab-
stractD, but no increase in chromosomal aberrations was obsefVed in CBA X
C57Bl/6J hybrid mice (Paschin et al., 1981). ln the sa me animaIs, dominant lethal
effects were produced at 2 mg/kg bw (21 doses) and 20 mg/kg bw (single dose) (Pas-
chin etal., 1982) but not at0.5-1.5 mg/kg bw(single dose) (Paschin et aL., 1981). At 20
mg/kg bw, potassium dichromatereduced the rate of pregnancies in BALB/c mice
(Léonard & Deknudt, 1981 (Abstract); Deknudt, 1982 (Abstract)) but failed to pro-
duce dominant lethal effects (Léonard & Deknudt, 1981 (Abstract)).

Calcium chromate, strontium chromate, hasic zinc chromate

Calcium chromate, strontium chromate and the industrial product, basic zii1c
chromate or zinc yellow (ZnCr04.Zn(OH)2 plus 10% Cr03). are generally com-
pletely dissolved in the media used in short-term tests. The resuIts obtained in a
variety of experimental systems thus virtually overlap with those reported for highly
soluble chromium(VI) compounds.
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Calcium chromate failed to induce an SOS response in strain PQ37 of E. coli
(Brams et al., 1987). ln contrast, it was active in a differential kiling assay in E. coli
WP2, using the triple mutant CM871 (uvrA- recA-Iex-) (De Flora et al., 1984a), and
in the trp- -+ trp + reversion test with strains WP2 (Venitt & Levy, 1974) and
WP2uvr A (Dunkel et aL., 1984). ln the his- -+ his + revers ion test in S. tyhimurium,
positive results were reported with calcium chromate (Petrili & De Flora, 1977; De
Flora, 1981a; Bennicell et al., 1983; Haworth et al., 1983; De Flora et al., 1984a,
1987b; Dunkel et al., 1984; Petrili et al., 1985; Venier et al., 1985b), strontium chro-
mate (Venier et al., 1985b) and zinc yellow (Petrili & De Flora, 1978b; De Flora,
1981a). The potency, spectrum of sensitivity of S. typhimurium strains and beha-
viour in the presence of in-vitro metabolic systems were comparable to those
reported for highly soluble chromium(VI) compounds. However, toxic effects of
calcium chromate hampered the detection of forward and back mutations in the
DNA of phage T4 grown in E. coli BB (Corbett et al., 1970).

Calcium chromate induced 'petite' mutants in mitochondria of 19 haploid
strains of Saccharomyces cerevisiae (Egilsson et al., 1979) and produced differential
chromosome breakage in excision-repair-deficient females of Drosophila melano-
gaster (mei-9a test), with complete loss of the X or Y and partial loss of the Y chro-
mosome (Zimmering, 1983).

Zinc yellow produced alterations of the mitotic cycle in human epithelial-like
heteroploid HEp-2 cells (Levis & Majone, 1981). Calcium chromate stimulated
DNA repair replication in Syrian hamster embryo primary celIs, as evaluated by
caesium chloride gradient density sedimentation (Robison etal., 1984). It also pro-
duced DNA single-strand breaks, DNA interstrand and DNA-protein cross-links
(alkaline elution technique) in mouse embryo C3H10T1/2 celIs, Chinese hamster
CHO cells and human osteosarcoma celIs, the maximal sensitivity being recorded
in early S-phase (Sugiyama et al., 1986a,b); human cells were more sensitive than
mou se or hamster cells (Sugiyama et al., 1986b). ln Chinese hamster CHO cells,
calcium chromate produced single-strand breaks, induced alkali-labile sites (Can-
toni & Costa, 1984) and, as assessed by alkaline sucrose gradient, decreased the
DNA molecular weight (Robison et al., 1982). DNA cross-links were more pro-
nounced and only partially repaired in a repair-deficient line (EM9) as compared
with CHO wild-type cells (AA8). Conversely, repair or single-strand breaks was
similar in the two cell lines (Christie et al., 1984). Calcium chromate produced
strand breaks, detected by nucleoid gradient sedimentation, when applied to intact
cells, but no breakage was observed when nucleoids were exposed directly to chro-
miumrvi) (Robison et al., 1984).

Calcium chromate induced forward mutation at the thymidine kinase locus in
mouse lymphoma L5178Y celIs, with no change (Myhr & Caspary, 1988) or de-
creased activity (McGregor et al., 1987; Mitchell et al., 1988) in the presence of rat
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liver post-mitochondrial supernatant. This salt induced dose-dependent cytotoxic-
ity and forward mutation to 6-thioguanine resistance in Chinese hamster CHO cells
but no mutation to ouabain resistance in the same cells or in mouse embryo
C3H10T1/2 cells (Patierno et al., 1988).

The frequency of sister chromatid exchange was increased in Chinese hamster
CHO cens by an three compounds (Table 26). In contrast to nickel, no predomi-
nance of sister chromatid exchange was observed in heterochromatic regions (Sen
& Costa, 1986). Chromosomal aberrations, with a random distribution of chromo-
somal damage, were produced by calcium chromate and zinc yellow (Table 27). Ab-
errant division patterns and spindle modifications were also caused by calcium
chromate in human skin fibroblasts (Nijs & Kirsch-Volders, 1986).

Several authors reported that calcium chromate could determine cell transfor-
mation in vitro in different systems: anchorage-independent growth of Syrian ham-
ster BHK fibroblasts in carboxymethylcellulose, after several. passages of treated
cells (Fradkin et al., 1975) or in soft agar (Bianchi et aL., 1983; Hansen & Stern, 1985),
with an enhancing effect in the presence of NTA (Lanfranchi et aL., 1988), attach-
ment-independence of virus-infected rat embryo 2 FRi 50 cells (Traul et al., 1981)
(see General Remarks for concern about this assay), morphological transformation
of mouse BALB/3T3 cens, R-MuIV-infected rat embryo cells and Syrian hamster
embryo primary cells (Dunkel et al., 1981); and enhancement of morphological
transformation in the same cells by the simian adenovirus SA 7 (Casto et aL., 1979).
As reported for potassium dichromate, calcium chromate did not induce morpho-
logical transformation in mouse embryo C3HI0T1/2 cells (Patierno et aL., 1988).

Conflicting results were reported in studies in vivo with calcium chromate. It
increased the frequency of sister chromatid exchange in bone-marrow cells of
intraperitoneally injected Chinese hamsters (Kaths, 1981), whereas it failed to
increase micronuclei in bone-marrow polychromatic eryhrocytes of intraperito-
neally injected BALB/c mice (Fabry, 1980) or Chinese hamsters (Kaths, 1981), and
did not induce dominant lethal mutations in BALB/c mice (Léonard & Deknudt,
1981 (AbstractD.

Zinc chromate, barium chromate, lead chromate and derived pigments (chro-
mium orange, chromium yellow and molybdenum orange)

An extensive data base is available concerning chromium(VI) compounds with
poor solubilty un der the conditions used in experimental systems. These are zinc
chromate, chromium orange or basic lead chromate ((PbCr04.PbO)), molybdenum
orange (PbCr04.PbS04.PbMo04), barium chromate, chromium yenow

(PbCr04.PbS04.Si02.AI203) and lead chromate, which is one of the most insoluble
salts. As is to be expected, their activity in short-term tests was related to the avail-
abilty of chromate to target cens, which was often achieved by artificial solubilza-
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tion in acids or alkali, except in mammalian cells, where some penetration of insolu-
ble compounds is likely to occur by phagocytosis.

Lead chromate did not induce differential kiling in E. coli W3110 or P3478
(pIA-), even when dissolved in sodi um hydroxide (Nestmann et al., 1979); this result
parallels those reported with soluble chromium(VI) compounds in polA- strains. It
was equally toxic in WP2 and in CM871 (uvrA- recA-lex-), unless dissolved in NTA
(Venier et al., 1987). Lead chromate did not elicit the SOS response in E. coli PQ37,
unless it was solubilzed by NTA (Venier et al., 1989).

Lead chromate reverted E. coli (trp- ~ trp +), when assayed in a fluctuation test
after preliminary solubilization in sodium hydroxide (Nestmann et al., 1979) and in
both the spot test and a fluctuation test when dissolved in NTA (Venier et al., 1987).
ln the his- ~ his + reversion test in S. typhimurium, zinc chromate was active in
aqueous medium, and its mutagenicity was increased in the presence of sodium hy-
droxide or NTA (Venier et al., 1985b). Chromium orange was mutagenic when
spotted directly on the centre of agar plates and also became active in the plate test
when dissolved in sodium hydroxide (Petrili & De Flora, 1978b; De Flora, 1981a) or
in NTA (Venier et al., 1985b; Loprieno et al., 1985). Likewise, molybdenum orange
was mutagenic when spotted in solid form and in the plate test when dissolved in
sodium hydroxide (De Flora, 1981a). Barium chromate was inactive unless dis-
solved in NTA (Venier et al., 1985b). Lead chromate, tested following solubilzation
in acid or alkali, was mutagenic to the same strains that áre sensitive to soluble chro-
mium(VI) compounds (Nestmann et al., 1979; Petrili & De Flora, 1982). When
tested in aqueous suspension, it was not mutagenic, but mutagenic chromate was
released when it was dissolved in sodium hydroxide or NTA (Loprieno et al., 1985;
Venier et al., 1985b, 1987). Its inactivity in strain TA102 was unaffected by the pres-
ence of oil dispersants (De Flora et al., 1985a). Highly insoluble chromium yellow
was inactive even when spotted in solid form; it became mutagenic in the plate test
only when dissolved in sodium hydroxide (De Flora, 1981a; Petrill & De Flora,
1982). In the gai + /gal- forward mutation test in straIn K-12/3431113 (À) of E. coli,
lead chromate was inactive even when dissolved in sodium hydroxide (Nestmann et
al., 1979).

Lead chromate, dissolved in hydrochloric acid, induced mitotic recombina-
tion in strain D5 of Saccharomyces cerevisiae; the effect was decreased in the pres-
ence of rat liver post-mitochondrial supernatant (Nestmann et al., 1979). It induced
sex-linked recessive lethal mutations in Drosophila melanogaster only when dis-
solved in NTA (Costa et al., 1988).

Alterations in the mitotic cycle were induced by the lead chromate-containing
pigments, chromium orange, molybdenum orange and chromium yellow, in human
epithelial-like heteroploid HEp-2 cells followinga 48-h incubation in .cell growth
medium (Levis & Majone, 1981). Lead chromate, even when dissolved in sodium
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hydroxide, did not induce DNA fragmentation in Chinese hamster CHO celIs, as
evaluated by alkaline sucrose gradient (Douglas et al., 1980), and it was not muta-
genic in these cells, as evaluated in both 6-thioguanine- and ouabain-resistant sys-
tems; it did not induce ouabain or 6-thioguanine resistance in mouse embryo
C3H10T1/2 cells' (Patierno et al., 1988). In the hprt assay in Chinese hamster V79
cells, lead chromate gave negative results both for 8-azaguanine resistance (New-
bold et al., 1979) and 6-thioguanine resistance, unless it was dissolved in NTA (Ce-
lotti et al., 1987).

In aqueous suspensioÌl, all of these poorly soluble chromium(VI) compounds
induced sister chromatid exchange in mammalian cells (Table 26). In human
peripheral blood lymphocytes, lead chromate also induced micronuclei, with an
enhancing effect following addition of an equimolar concentration ofNTA (Montal-
di et al., 1987b). Aqueous suspensions of lead chromate, of aIl three derived pig-
ments and of zinc chromate were clastogenic in mammalian ce Ils (Table 27).

Zinc chromate and lead chromate induced anchorage-independent growth of
Chinese hamster BHK fibroblasts in the soft agar assay (Hansen & Stern, 1985).
(See General Remarks, p. 44, for concern about this assay.) Only lead chromate
(which was phagocytized) induced morphological transformation in mouse embryo
C3H10T1/2 celIs, which contrasted with the lack of transforming abilty of potas-
sium dichromate, calcium chromate and strontium chromate òbserved in the same
study (Patierno et al., 1988). Both lead chromate (Casto et al., 1979; Hatch & Ander-
son, 1986) and zinc chromate (Casto et aL., 1979) enhanced viral transformation in
Syrian hamster embryo primary cells.

Lead chromate increased the frequency of micronuclei in polychromatic ery-
throcytes and decreased the polychromatic/normochromatic eryhrocyte ratio in
bone-marrow cells of intraperitoneally treated C57Bl/6N mice (Watanabe et al.,
1985).

Chromyl chloride

Chromyl chloride (CI2Cr02)' a volatile liquid chromium(VI) compound, re-
verted his- S. typhimurium in the plate test; its potency, the spectrum of sensitivity of
bacterial strains and the attenuating effeet of rat liver post-mitochondrial superna-
tant were similar to those seen for soluble chromium(VI) compounds. Moreover, as
assessed by suitable modifications of the standard Salmonella test, its vapours were
also mutagenic (De Flora et al., 1980; De Flora, 1981a).

(iv) Other chromiUln compounds

The water-soluble chromium(II) salt, chromous chloride (CrCI2), which
readilyoxidizes tochromium(III) incontactwith air, induced infidelityofDNAsyn-
thesis, with poly( d(A-T)) as a template in the presence of avian myeloblastosis virus
DNA polymerase (Sirover & Loeb, 1976). Chromium(II) was inactive, however, in
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aIl assays with cellular systems, inc1uding production of DNA fragmentation in
Novikoff ascites hepatoma cells (Wedrychowski et al., 1986a), of chromosomal aber-
rations and sis ter chromatid exchange in Syrian hamster embryo primary cells (Tsu-
da & Kato, 1977), and of aneuploidy in human skin fibroblasts (Nijs & Kirsch-Vold-
ers, 1986).

Chromium carbonyl (Cr(CO)6)' a hexacoordinated compound with oxidation
state 0 (dissolved in ether due to its insolubilty in water), was inactive in a differen-
tial killng test in E. coli (WP2 VS. WP67 and CM871) (De Flora et al., 1984a) and in
the reversion test in various his- S. typhimurium strains (De Flora, 1981a; De Flora et
aL., 1984a).

ln contrast to a purple, anionic chromium(III)-glutathione complex, a green
sodium chromium(V)-glutathione complex (N(4(GSH)4Cr(V).8H20) c1eaved

super-coiled DNA of the bacteriophage PM2 (Kortenkamp et al., 1989). Similarly,
in 'contrast to chromium(VI) and (III), the chromium(V) complex trans-bis(2-ethyl-
2-hydroxybutanoato(2-))oxochromate(V) cleaved covalently closed, circular plas-
mid puc9 DNA. In addition, it reverted strain TA100 of S. tyhimurium with a po-
tency comparable to that of potassium di chromate (Farrell et al., 1989).

3.3 Other relevant data in humans

(a) Absorption, distribution, excretion and metabolism

(i) Chromiumflllj conipounds

More than 99% of administered chromium was recovered in faeces following
oral administration of chromic chloride to humans; about 94% was recovered after
duodenal administration. In both cases, about 0.5% was excreted in urine (Donald-
son & Barreras, 1966). After exposure to chromium(III) by inhalation, urinary con-
centrations of chromium were somewhat increased, indicating respiratory absorp-
tion (Aitio et al., 1984; Foa et al., 1988). Pulmonary uptake of chromium(Ill) is
influenced by the nature of the compound; uptake and excretion of chromium(III)
lignosulfonate dust by industrial workers was similar to that of water-soluble chro-
mium(VI) (Kiilunen et al., 1983). A study of tannery workers indicated two
half-times - one În the order of hours, the other in the or 

der of several days - for
urinary excretion of chromium(III) (Aitio et al., 1988).

After one volunteer had immersed his hand in tanning liquor for 1 h, monitor-
ing of blood and urine for 24 h failed to detect dermal absorption of chromic sulfate

(Aitio etal., 1984). However, a fatal chromium intoxication, due to skin absorption,
was described after accidental submersion of a worker in hot (70°C) chromic sul-
fate tanning liquor (Kelly et al., 1982).
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(ii) ChromiumfVl compounds

Following oral administration of sodium chromate in tracer doses to humans,
faecal excretion of chromium indicated that about 10% of the administered dose
had been absorbed from the gastrointestinal tract. After duodenal administration,
approximately half of the administered radioactivity appeared to have been ab-
sorbed on the basis of faecal excretion, while 10% appeared in the urine during the
first 24 h. Reduction of chromium(VI) to the trivalent form was demonstrated (Do-
naldson & Barreras, 1966). Circadian monitoring showed post-meal peaks of chro-
mium(VIl reducing activity that may correspond to several tens of miligrams per
day (De Flora et aL., 1987a).

Correlation between respiratory exposure to chromium(VI) and urinary excre-
tion of chromium has been demonstrated in welders and in workers in the plating
industry (Lindberg & Vesterberg, 1983; Aitio et al., 1988). The respiratory uptake
rate is unknown, but it depends on the solubility of the chromium compound (for
review, see Aitio et al., 1988). Chromium(VI) is reduced in the lower respiratory
tract by the epithelial lining tluid and by pulmonary alveolar macrophages. At
equivalent numbers of cells, the reducing efficiency of alveolar macrophages by bio-
chemical mechanisms was significantly greater in smokers th an in nonsmokers (Pe-
trill et aL., 1986c).

ln contrast to chromium(IU), which is bound to plasma proteins such as trans-
ferrin, chromium(VI) entering the blood stream is taken up selectively byerythro-
cytes, reduced, and bound predominantly to haemoglobin (Gray & Sterling, 1950;
Aaseth et al., 1982; KItagawa et al., 1988; see also the section on genetic and related
effects). Reduction of chromium(VI) during transport in the blood is consistent
with the finding that chromium is present in urine only in its reduced form (Mertz,
1969; Nomiyama et aL., 1980).

Aitio et al. (1988) reviewed the results of biological monitoring of chromium
exposure to estimate biological half-times for excretion; the most data were avail-
able for manual metal arc stainless-steel welders exposed to soluble chromium(VI).
Three half..times - 7 h, 15-30 days and three to five years - were identified. The
best estimates for the sizes of the different compartments are 40%, 50% and 10%,
respectively. Lindberg and Vesterberg (1983) also found a correlation between ex-
posure and urinary excretion of chromium in platers.

Retention of chromium on the skin was observed following topical application
of sodium chromate (Baranowska-Dutkiewicz, 1981).

(b) Taxie effects

In adults, the lethal oral dose of chromates is considered to be 50-70 mg/kg bw.
The clinical features of acute poisoning are vomiting, diarrhoea, haemorrhagic dia-
thesis and blood loss into the gastrointestinal tract, causing cardiovascular shock
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(Sharma et al., 1978; World Health Organization, 1988). If the patient survives for
more than about eight days, the major effects are liver necrosis and tubular necrosis
of the kidneys (World Health Organization, 1988).

Chronic ulcers of the skin and acute irritative dermatitis have been reported
consistently in workers exposed to chromium-containing materials (World Health
Organization, 1988). Chromates and chromium(VI) released from alloys and chro-
mium-plated objects have been associated with the induction of allergic contact
dermatitis. It is generally assumed that chromium(VI) is necessary for the sensiti-
zation, while both chromium(VI) and chromium(III) may cause dermatitis in sensi-
tized individuals (see review by Haines & Nieboer, 1988). Intracellular reduction of
chromiumivi) to the trivalent form seems to be a prerequisite for the effect (Polak
et aL., 1973). In a study conducted in Finland, 2% of men and 1.5% of women
showed a positive patch-test reaction to potassium dichromate (Pelkonen & Fräki,
1983). Chromium ulcers and chromate dermatitis have been reported in people in
numerous occupations that involve manual handling of products containing chro-
mium (Pedersen, 1982; Burrows, 1983; Polak, 1983; Nieboer et al., 1984). The role of
chromiumiiii) compounds in causing skin ulcers and acute irritative dermatitis is
unclear (World Health Organization, 1988).

Inhalation of chromium(VI) compounds may give rise to necrosis in the nasal
septum, leading to perforation. Lindberg and Hedenstierna (1983) found nasal irri-
tation in chrome plating workers exposed by inhalation to chromium trioxide ( ~ 1
J.g/m3 Cr) and nasal perforation in two-thirds ofworkers with exposure to peak lev-
els above 20 J.g/m3 Cr. Decreased respiratory function has been reported in platers

exposed to chromates (Bovet et al., 1977; Lindberg & Hedenstierna, 1983). Similar
effects have been ohserved in welders and ferrochromium workers, although the
role of chromium is uncertain as such persons have mixed exposures (World Health
Organization, 1988).

Bronchial as th ma may occur as a result of inhalation of chromate dust or chro-
mium trioxide fumes (Meyers, 1950). Asthma among chromium platers, welders
and ferrochromium workers has been reported to be due to exposure to chromates,
among other compounds (Haines & Nieboer, 1988).

Franchini et al. (1978) reported on the excretion of ß-glucuronidase, protein
and lysozyme in the urine of 99 workers exposed to chromium compounds. No ab-
normal level was found among 39 stainless-steel welders; eight of 36 workers using
special electrodes when welding on armoured steel had increased urinary levels of
ß-glucuronidase, and three of these workers had proteinuria. Among 24 workers
engaged in chrome plating, nine had increased ß-glucuronidase levels and four had
elevated levels of protein in urine. The increased excretion of enzymes found in
these workers was corroborated by exposing rats to potassium di 

chromate by sub-
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cutaneous injection (1.5 mg/kg bw as a single injection or 0.3 mg/kg bw every other
day for two weeks); furthermore, a correlation between chromium in the renal cor-
tex and an increase in chromium clearance was reported. Verschoor et al. (1988)
investigated a number of parameters ofkidney function in chrome platers, welders,
boiler-makers and an unexposed reference group. Urinary chromium values
ranged from 0.3 to 62 l1g/g creatinine (0.1-2 l1g/g among controls). Renal function
was not related to urinary chromium or to chromium clearance, but chromium
clearance was increased in the two groups with the highest exposure (platers and
welders ).

(c) Effects on reproduction and prenatal toxicity

In a review, Clarkson et al. (1985) found no report in the literature of an effect of
any chromium compound on reproduction or prenatal development in humans.

(d) Genetic and related effects
The studies described below are summarized in Appendix 1 to this volume.

(i) Chromiumlllll compounds

ln a comparison of 17 healthy tannery workers with continuous exposure for
13.4 :l 8.2 years to chrome alum and 13 external employees matched for social stat-
us, age, sex and years of service, no increase in the frequency of chromos omal aber-

rations was seen (Hamamy et al., 1987). Average chromium levels of exposed per-
sons were 0.12 l1g/1 plasma and 0.14 l1g/1 urine; these values were not considered to
be different from those of controls. The level of chromium in air ranged from 15
(day) to 47 (night) l1g/m3. (The Working Group noted that exposure was estimated
by correlation with a parallel study.) When the data were analysed according to
smoking habit,workers who smoked had higher frequencies of chromosome-type
aberrations per cell (0.035) than either nonsmoking workers (0.011; p .: 0.01) or con-
trol smokers (0.016; p .: 0.05). The authors commented that the values for con troIs
were relatively high In comparison with those in other cytogenetic studies reported
in the literature.

ln the study described below, enhanced levels of chromosomal aberrations,
correlated with exposure duration, were observed in workers exposed to 'chromox-
ide' (Bigaliev et al., 1977a). (The Working Group was unclear whether or not this was
a chromium(III) compound.)

(ii) ChromiumfVl compounds

Bigaliev et al. (1977a) examined peripheral lymphocytes from 132 workers in
chromium production who were exposed to one of five chromium compounds and
compared them with 37 healthy,unexposed workers. Significant increases in the
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frequency of chromosomal aberrations over control values of 1.88:l 0.74% meta-
phases with aberrations were observed, as follows: monochromate (sodium chro-
mate), with a dose-related trend (correlation with exposure duration) ranging from
3.6 to 8.2% aberrant metaphases; sodium chrompik (sodium dichromate), with a
dose-related trend ranging from 4.5 to 5.7% aberrant metaphases; potassium dich-
romate, with a dose-related trend ranging from 3.6 to 9.0%; chromoxide (as re-
ported in the preceding section), with a dose-related trend ranging from 4.5 to 7.2%;
and chromanhydride(chromium trioxide), with a dose-effect trend ranging from 5.4
to 9.4%. (The Working Group noted that no information was provided on exposure
levels or on selection criteria, but the overall sample size was large.)When chromo-
somal aberrations were examined in detail (Bigaliev et al., 1977b,c; Bigaliev, 1981),
increased frequencies were found for single and double fragments, for transloca-
tions and for aneuploidy, consisting mainly of chromosome loss. Dose-responses
were observed overall, and for each type of damage. In a later study (Bigaliev et al.,
1979), elongated cell-cycle times were seen for cultured peripheral lymphocytes
from a group of chromium workers with five or more years' exposure, compared
with a control group registered at the city blood transfusion station. An effect of
duration of exposure was reported in a further analysis (Bigaliev et al., 1977c; Bigal-
iev, 1981).

Several studies have been carried out on chromium platers. Increased fre-
quencies of sister chromatid exchange were found in a study of male chromiuni
platers exposed to chromium trioxide fumes (Stella et al., 1982). Mean sister chro-
matid exchange values of 8.08 :l 2.67 (p ~ 0.001) were observed in exposed workers
versus 6.31:l 1.56 in ten healthy male donors aged 20-35 who had not been exposed
to ionizing radiation. The authors noted particularly that the seven youngest work-
ers, although the most recently engaged in chromium plating, showed significantly
increased sister chromatid exchange frequencies. An effect of age on the induction
of sister chromatid exchange was noted in the control group. (The Working Group
noted that details were not provided on exposure, or on confounding factors).

Sarto et al. (1982) analysed sis ter chromatid exchange and chromosomal aber-
rations in peripheral blood lymphocytes of chrome platers in four factories in the
same region, grouped by type of exposure and factory: groups 1 (eight persons) and
2 (nine persons) used a 'bright plating' process and were exposed to chromium
trioxide and nickel; groups 3 (12 persons) and 4 (nine pers ons) used a 'hard plating'
process and were exposed only to chromium trioxide. Controls were 35 healthy
male sanitary workers who had not been exposed to occupational or diagnostic ion-
izing radiation for at least five years and had not knowingly been exposed to either
occupational mutagens or mutagenic drugs. Their mean ages and smoking habits
were similar to those of the exposed workers. The average ages in the four exposed
groups were 39, 42, 24 and 34 years, respectively; urinary chromium levels (iig/g
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creatinine) in the four groups were 5.1 :l 1.8, 7.1 :l 3.3, 11.8 :l 8.7 and 6.8 1: 3.7,
respectively, versus 1.9 + 1.4 for controls. Sister chromatid exchange frequencies in
the 'hard plating' groups were increased (p .: 0.001) from 6.60:l 0.80% in controls
to 8.30 :l 1.80%; however, when the values were analysed by age, a significant in-
crease in sister chromatid exchange was observed only in the group of younger
workers (group 3). A correlation was observed between sister chromatid exchange
frequency and both age and urinary chromium levels (more sister chromatid ex-
change iD younger workers with higher levels of chromium). A significant increase
in the frequency of chromosomal aberrations, mostly of the chromosome type, was
observed, from 1.7% of metaphases in controls to 3.8 (p .. 0.001) in 'bright platers
and 2.8 (p .: 0.01) in 'hard' platers. Chromatid-type aberrations were observed only
in the 'bright platers. The correlation between urinary chromium levels and chro-
mosomal aberrations was poor.

No increase in the frequency of sis ter chromatid exchange was observed in a
group of 24 male chromium platers exposed to chromium in air for 0.5-30.5 (mean,
11.6 :l 7.5) years, when compared with a group of office workers matched for sex,
age and smoking habit (Nagaya, 1986). Smokers and nonsmokers were analysed
separately for each group, and a smoking-related increase in the frequency of sister
chromatid exchange was observed for both exposed (smokers, 10.7 :l 1.7%; non-
smokers, 9.0:l 1.0%) persons and controls (smokers, 10.6:i 2%; nonsmokers, 8.9:l
1.2%). No correlation was seen between sister chromatid exchange frequencies and
urinary chromium levels (13.1 :i 16.7 J.g/1 for exposed persons, none detected for
controls). In a further study of a larger group (Nagaya et al., 1989), essentially the
same results were obtained. The authors speculated that the chromium exposure
may have been too low to affect circulating lymphocytes. (The Working Group
noted that high control values were observed in both studies.)

Choi et aL. (1987) compared two groups of metal platers, consisting of seven
workers in chromium surface treatment (group 1) and 25 workers in chromium plat-
ing (group 2), with 15 non-plating workers matched for age, sex and length of career.
Exposures to chromium in air and urine were 0.027 (0.021-0.034) mg/m3 and 24.0:l
7.8 J.g/l, respectively, for group 1, and 0.008 (0,005-0.012) mg/m3 and 15.2:l 5.9 Ilg/l,
respectively, for group 2. Sister chromatid exchange frequency was increased from
3.6:i 1.5 (con troIs) to 6.9:l 1.8 (p .: 0.05) in group 1 and to 5.4:i 2.1 (p .: 0.05) in
group 2. A dose-effect relationship was observed with urinary chromium levels (p .c
0.01). No effect of smoking was observed in exposed workers or controls.

Deng et al. (1983, 1988) observed significant increases in the frequencies of sis-
ter chromatid exchange and of chromosomal aberrations (gaps, breaks, fragments;
5.7% versus 0.8% in controls) in lymphocytes of seven chromi um platers. Details of

the study are provided in the monograph on nickel and nickel compounds, p. 389.
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Several studies of occupational exposures to chromium during welding are de-
scribed iu the monograph on welding, pp. 487-489. Both enhancement (Koshi et al.,
1984) and lack of enhancement (Husgafvel-Pursiainen et al., 1982; Littorin et al.,
1983) of sister chromatid exchange and chromosomal aberrations were reported in
exposed workers.

As reported in an abstract (Imreh & Radulescu, 1982), 18 workers in a bichro-
mate producing plant with a mean duration of exposure of 21.3 years (19-26 years)
showed significantly elevated frequencies of chromosomal and chromatid-type ab-
errations and micronuc1ei when compared with eight mechanics from the same
plant and with 34 healthy external con troIs. Sister chromatid exchange frequencies
were not significantly greater than in the mechanics.

3.4 Case reports and epidemiological studies of carcinogenicity to humans

Epidemiological studies on chromium have been reviewed extensively (see,
e.g., Sunderman, 1976; Norseth, 1980; Anon., 1981; Norseth, 1981; Sunderman, 1984,
1986; Adachi & Takemoto, 1987; Fan & Harding-Barlow, 1987; Hayes, 1988; World
Health Organization, 1988; Yassi & Nieboer, 1988). Epidemiological studies on
welders exposed to chromium and its compounds are summarized in the mono-
graph on welding (see pp. 489-505).

Epidemiological studies of cancer in workers in industries in which exposure
to chromium compounds could occur are summarized in Tables 28-31. Standard-
ized mortality ratios (SMRs) and confidence intervals (CIs), assuming Poisson dis-
tribution, are given in square brackets when they were calculated by the Working
Group.

(a) Chromate production

(i) Case reports

Many case reports of lung cancer have been published in relation to work in
chromate production. Many of these were reviewed by a Working Group for the
IARC (1980a); further case reports were made by Pfeil (1935), Alwens and Jonas
(1938), Zober (1979), Hyodo et al. (1980), Abe et al. (1982), Tsuneta (1982) and Nishi-
yama et al. (1985, 1988). After having seen five cases of gastrointestinal cancer
among 44 deceased chromate workers, Teleky (1936) drew attention to the possibil-
ity that chromate exposure could also be associated with an increased risk for can-
cer of the gastrointestinal tract.

(ii) Epidemiological studies

The Working Group considered six studies covering several partially overlap-
ping populations in seven plants producing chromate froID chemical-grade chro-
mite ore (Brinton et aL., 1952) In the USA; the degree of overlap could not be ascer-
tained.

kajo
Rectangle



~
00

Table 28. EpidemiologicaI studies of cancer in workers in chromatc-producing industries 00

Study population Reference Cancer of respira tory organs Cancer at other sites Reference
population -

Site Number Estimated Site Number Estimated
relative relative
risk risk

Seven US chromate plants; Male oil refin- Respiratory 42 20.7 Digestive system 13 2.0 Machle & -
active employees 1930-47; ery workers, system Oral region (also 3 5.4* Gregorius

~193 deaths 1933-38 included in res- (1948)
piratory system) ~Seven US chromium US male white, Respiratory Other sites 6 (whole Brinton et al. 0

plants; active employees non-white system, ex- 10 white 14.3* cohort) 1. 0 ns (1952); Gafafer Z01940-50; 5522 person-years cept larynx 16 non- 80.0* (1953) Cìwhite

~Health survey, 897 workers Boston X-ray Bronchogen- 10 53.6 (prev- Gafafer (1953)
survey ic/lung alence ra- ::

tio) en

dThree US plants; men Cancer mortal- Respiratory 69 (2 9.4* Digestive system 16 1. 5 ns Taylor (1966);
employed 1937-40, sur- ity; US males (160-164) maxilary Enterline 8veyed 1941-60 1950, 1953, sinus) (1974) ~1958 tT
290 cases near US chro- Random sam- Lung ua Baetjer (1950)

.i00 \0
mium plant pIe of hospital

admissions

US chromate plant; No indepen- Lung 41 Mancuso &
employed one or more dent compari- Hueper (1951);
years 1931-37; aIl jobs re- son group Mancuso
lated to exposure to soluble

(1975)
and insoluble chromium;
lifetime expsure in
months calculated



Table 28 (contd)

Study population Reference
Cancer of respira tory organs Cancer at other sites Referencepopulation

Site Number Estimated Site Number Estimatedrelative relative
risk risk n

::
Hayes et al. ::

US chromate plant; 2101 Baltmore City; Lung 59 2.0* Digestive system 13 0.60 0(restricted to 1803) workers mortality
Gther 14 0.40 (1979) ~

initially employed three or
'"
C

more months 1945-74; sta-

~
tus 1977 (88.5% complete);

~
population working in new
and/or old production sites

t:Three UK chromate facto- Cancer mortal- Lung 12 3.6* Ali other sites No in- Bidstrup & n
::

ries; men employed ity, England
crease Case (1956) ::

1949-55 and Wales

0Same UK factories as stu- Cancer mortal- Lung 116 2.4* Gther sites 80 1. 2 ns Alderson et al, ~'"died by Bidstrup & Case ity, England,
Nasal cancer 2 7.1* (1981) C(1956); 1948-77; 2715 males Wales and

~
n

Scotland

0Two FRG chromate plants; Mortality, Lung 51 2.1* Stomach 12 0.94 ns Korallus et al. ~
1140 male workers North Rhine

(1982) "'
0

employed more th an one Westphalen

C
year 1934-79

ZTokyo chromium manufac- Age-, cause- Respiratory 31 9.2* Stomach 11 1.0 Satoh et al. U
CI

ture; 896 production work- specifie mortaI- cancers (6 sinD-
(1981)

ers, 1918-78 ity, Japanese nasal) 4.2*
males 1-10 years' 5

exposure
11-20 years' 9 7.5*
exposure
~21 year' 17 17.5*

i-
00

expsure
1.



Table 28 (contd)

Study population Cancer at other sites ReferenceReference
population

Cancer of respiratory organs

Site Number EstImated Site
relative
risk

Number Estimated
relative
risk

273 chromate producers in Age-, cause- Lung 25 18.3* Digestive system 6 0.9 Watanabe &
J apan; 1947-73; observed specifie mortal- (plus 1 Fukuchi (1984)

1960-82 ity, Japanese maxllary
males sinus)

540 Italian chromate pro- Italian cause- Lung 14 2.2* Larynx 3 2,9 De Marco et
ducers employed 10 years specifie death Highly 6 4.2* Pleura 3 30* al. (1988)
or more, 1948-85 rates exposed

ain comparison with internaI reference population

*Significant at 95% level

ns Nonsignificant
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Table 29. Epidemiological studies of cancer in workers in chromate-pigment industries

Study population Reference Cancer of respiratory organs Cancer at other sites Referencepopulation
n
i:Site Number Estimated Site Number Estimated ~0relative risk relative risk
3:-Norwegian chromium Cancer incI- Lung 6 (one case 44 Gastroin- 3 6.4 Langård & Norseth C
3:pigment production since dence, Nor- with ~ 3 67 (10 years' testinal

(1975, 1979);

~
1948; 133 workers of way 1955-76 years' em- latency) Nasal cavity 1 - Langård & Vigand-whom 24 over 3 years' ployment)

er (1983) Ueniployment to 1972

n
i:UK chromate pigment Mortality, Lung

Davies (1978, 1979, ~factories: A lead & zinc England and A (1932-54) 21 2.2* 1984a) 0chromate; B, lead & zinc Wales B (1948-67) 11 4.4*
3:-chromate; C, lead chro- C (1946-60) 7 1.1 ns
Cmate; followed up to 1981

3:French lead and zinc Standard Lung 11 4.6* Haguenoer et al. n0chromate manufacturers; death rates,
(1981)

3:
251 males employed 6 northern

~months or more, 1958-77 France
01958-77
C
ZGerman and Dutch man- Loal death Lung 19 2.0* Frentzel-Beyme Uufacturers of zinc and rates, FRG

(1983) c.lead chromates; 978 work- and the
ers followed up for 15 076 Netherlands
person-years

~
\0~



Table 29 (contd)

ReferenceStudy population Reference
population

Cancer of respiratory organs

Site Number Estimated
relative risk

Cancer at other sites

Site Number Estimated
relative risk

US lead and zinc chro-
mate production workers

employed ~ 1 month
1940-69; 1181 white, 698

non-white; followed up to
end of 1982

Mortality,
US whites
and non-
whites

Lung 24
(30-year
latency) 3
c: 1 year ex-
posure 3
1-9 years' ex-

posure 6
~io years'

exposure

1. 4 ns

1.4 **

2.0**

3.2**

Stomach 6 1.8 ns Sheffet et al. (1982);
Hayes et al. (1989)

** p for trend c: 0.01

ns Nonsignificant
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Table 30. Epidemiological studies of cancer in workers in chromium-plating industries

Study population Reference Cancer of respiratory organs Cancer at other sites Referencepopulation -
Site Number Estimated Site Number Estimated

relative risk relative risk

54 UK chromium-plating 109 non- Lung 24 1.4 ns AIl sites 44 1.7* Royle ('
::plants; 1056 male platers expsed males Gastrointes- 8 1.5 ns (1975a,b) :;in plants and

tinal 0in two nonplat- Other sites 12 1.9 ns a:-ing industries
CJ apanese chromium Platers not Lung 0 - Ali sites 5 0.5 ns Okubo & a:platers; 952 workers with exposed to

Tsuchiya ~~ 6 months' exposure chromium and
(1977, 1979, Uclerical workers
1987) ('US workers in diecasting US national Lung Stomach 4 2.5 ns Silverstein :::;and Ni-Cr-plating plant, mortality men 28 1.9* Larynx 2 3. 3 ns et al. (1981) 01974-78 statistics women 10 3.7* Lymphosar-

a:coma 2 2.9 ns -
CNine plants, Parma, Italy, Mortality, Italy Lung 3 3.3* Ali sites 8 1,9 Franchini a:116 'thick' and 62 'thin'

(4.3* for et al. (1983) ('platers; employed more
'thick' 0than 1 year 1951-81
platers) a:

'"UK chromium platers; Mortality, Lung Stomach 25 1. 5 ns Sorahan 02689 (1288 men, 1401 England and men 63 1.6* (men and et al. (1987) C
Zwomen) first employed Wales women 9 1. 1 ns women)
U1946-75; observed Nasal cavity (men 3 10* Liver en1946-83 and women) men 4 6.7*Lary women 0

men 3 3.0 ns
women 0

* Significant at 95% level
ns Nonsignificant

f-
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Table 31. Epidemiological studies of cancer in workers in ferrochromium industries

Study population Reference Cancer of respira tory organs Cancer at other sites Reference
population

Site Number Estimated Site Number Estimated
relative risk relative risk -

US SR ferrochromium Mortality, Lung (men) Not given 4.4-6.6* AIl sites Not given 0.5-3.3* Pokrovskaya ~n
alloy industry; 1955-69 general by age (men) & Shabynina

a:population of Oesophagus Not given 2.0*-11.3* (1973) 0municipality (men) Z
Swedish ferrochromium County or Lung Prostate (all 23 1.2 ns Axelsson et 0

, plant; ferroaIloy; 1876 national AIl workers 7 1.2 ns workers ) al. (1980) 0~
workers for 1 or more statistics; Maintenance 4 (2 meso- 4.0* t:years 1930-75; traced by classification of workers theliomas) ::
parish lists and cancer work areas by Arc workers 2 (1 meso- 1.0 ns CI
registry Cr(III) and thelioma) ~

Cr(VI) 0
Norwegian ferro- General popu- Lung 10 1.5 ns All sites 132 0.8 ns Langård et 5
chromium and ferro- lation; internaI (ferrochro- Kidney 5 2.7 ns al. (1980, ~
silcon; 1235 male workers comparison mium Prostate 12 1. 5 ns 1989) tT

employed 1928-65 with unexposed workers) Stomach . 7 1. 4 ns
.;1.

(ferrochro-
mium
workers )

*Significant at 95% level

ns, Nonsignificant
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Machle and Gregorius (1948) reported high proportionate mortality from
respiratory cancer among male workers at the seven chromate-producing plants in
the USA: between 1930 and 1947, the annual death rate from respiratory cancer was
2.63/1000, as compared with a frequency of 0.09/1000 in a comparison group from
an oil refinery in 1933-38. (The Working Group noted that the age structures of 

thetwo populations were not given.)
Brinton et al. (1952) and Gafafer (1953) conducted a mortality study (a US Pub-

lic Health Service study) of male workers in the seven chromate manufacturing
plants during 1940-50 with 5522 person-years of membership in sick-benefit associ-
ations for persons 15-74 years old, not including workers who had terminated em-
ployment with the chromate industry and those who had died more th 

an one yearafter the onset of disability. Comparison was made to age- and race-specific US
male mortality rates during 1940-48. Ten deaths from cancer of the respiratory sys-
tem (except larynx) were observed among white employees (SMR, 1429 (95% CI,
685-2627)). Among non-white empJoyees, 16 deaths from cancer at this site were
found (SMR, 8000 (95% CI, 4573-12991)). For the entire study group, six deaths
from cancers at all other sites were observed (SMR, 95.2; 95% CI, 35-207). (The
Working Group noted that the SMR for lung cancer may have been biased, because
of the exclusion of terminated and retired workers and of those who did not belong
to the sick-benefit plan.) A health survey of 897 workers gave a prevalence ratio of
53.6 for bronchogenic cancer in chromate workers compared to persons who had
undergone a chest X-ray survey for Jung cancer (Gafafer, 1953).

Enterline (1974) reanalysed data from a study by Taylor (1966) of 1212 male
workers who had been employed in three of the US plants for three months or longer
for the period 1937-60. The study cohort, constructed from earnings reports in old
age and survivors disability insurance records, was restricted to men born after
1889. Vital status was ascertained through 1960 by searching the death daim files of
the records; death certificates were subsequently obtained for workers for whom
death claims had been filed. Age-specific mortality figures for US males in the cal-
endar years 1950, 1953 and 1958 were used as reference. A total of 69 deaths from

cancers of the respiratory system (ICD codes 160-164) was observed (SMR, 943
(95% CI, 733-1193)), two of which were from maxilary sinus cancer; the author re-

garded this rate as greatly elevated. Furthermore, a small excess of deaths from
cancer of the digestive system was observed (16 deaths; SMR, 153 (95% CI, 88-249)).

ln a study of medical records from two hospitals in Baltimore, MD, USA, near
a chromate-producing plant, Baetjer (1950) found that Il (3.8%) of 290 male lung
cancer patients admitted in 1925-48 had had exposure to chromates, whereas no
chromate-exposed worker was found among a 'random' sample of 725 other hospi-
tal admissions. Ten of the Il cases had worked in the local chromate production
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plant and one in an electrical company. Occupation al history was derived only from
records.

Mancuso (1975) reported on a cohort recruited from a US chromate-produc-
ing plant that had been investigated earlier (Mancuso & Hueper, 1951). In the earli-
er report, six lung cancer deaths were observed, giving a relative risk of 15; using
hygiene data collected in 1949, cumulative exposures to soluble, insoluble and total
chromium, combined with length of exposure, were computed for each worker in
the cohort. The second analysis was confined to the 41 deaths from lung cancer that
occurred in pers ons first employed between 1931 when the plant started operation
and 1937 and followed through 1974, and rates were computed using direct stan-
dardization, with the entire plant population as the standard. Mortality from lung
cancer was assocIated with cumulative exposure to insoluble chromium, to soluble
chromium and to total chromium. (The Working Group noted that the three classes
of exposure were highly correlated and the risks of exposure to soluble and insoluble
chromium could not be distinguished.)

Hayes et al. (1979) studied workers at a chromate production plant in Balti-
more, MD, USA, which had been partly renovated in 1950-51 and 1960 to reduce
exposure to chromium dusts. The study cohort consisted of 2101 workers with more
th an 90 days of work experience, first employed between 1945 and 1974, and fol-
lowed through July 1977; vital status was ascertained for 75% on an individual basis
and for another 14% on a group basis. SMRs for 1803 hourly employees were ca1cu-

lated on the basis of expected values derived from the age-, race- and time-specific
mortality rates for Baltimore City males. There were 404 deaths from ail causes
(SMR, 92). The overall SMR for cancer of the trachea, bronchus and lung (ICD
code 162) was 202, based on 59 observed deaths (95% CI, 155-263). Workers hired
between 1945 and 1949, before the plant was renovated, who had been employed for
fewer th an three years, had an SMR for lung cancer of 180 (95% CI, 110-270), based
on 20 observed deaths, whereas workers with three or more years of employment
hired inthat period had an SMR of 300 (95% CI, 160-520), based on 130bserved
deaths. For workers hired in 1950-59, when part of the plant had better environmen-
tal controls, similarly elevated risks were seen, based on 12 and nine cases for
short-term and long-term employment, respectively. No case of lung cancer was
detected in 1960-74 after the plant had been renovated, but, as the authors noted,
the latent period is too short for an adequate assessment of risk for cancer at this
site. Additional case-control analyses were performed to determine whether specif-
ic work areas were associated with lung cancer hazard. Con troIs who had died from
causes other th an cancer were matched individually by race, date of hire, age at ini-
tial employment and duration of employment to the 66 hourly or salaried employees
who had died from lung cancer. A significant (p c( 0.05) elevation in risk for lung
cancer was found for employees who had worked in the 'special products' and dich-
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romate areas, where soluble chromium(VI) compounds were produced and pack-
aged (relative risks, 2.6 and 3.3, respectively).

On the basis of data from the previous study and the results of 555 air samples
analysed in 1945-50, Braver et al. (1985) studied the relationship between exposure
to chromium(VI) and occurrence of lung cancer. The authors reported a dose-re-
sponse relationship with cumulative exposure. (The Working Group noted that the
association appeared to be due predominantly to duration of exposure and not to
estimated level of exposure, which did not vary substantially.)

A total of 723 chromate production workers from three factories in the UK
who were interviewed and radiographed were followed up in 1949-55 by Bidstrup
and Case (1956), who reported significantly higher than expected lung cancer mor-
tality: 12 deaths (SMR, 364; 95% CI, 188-635) (based on age-adjusted rates for Eng-
land and Wales). The average duration of exposure was 12.2 years; 165 (22.8%) per-
sons had worked for more th an 20 years (Bidstrup, 1951). For cancers at other sites,
the observed and expected numbers of deaths did not differ significantly.

Alderson et al. (1981) studied 2715 chromate production workers with more
than one year of work experience between 1948 and 1977 and who had undergone at
least one X-ray of the lungs, 79 (2.9%) of whom were lost to follow-up, at the same
three UK factories studied by Bidstrup and Case (1956). The percentage of heavy
smokers was reported to be lower among the workers th an among males in England
and Wales (numbers not given). During the study period, 602 deaths occurred
(SMR, 135 (95% CI, 125-146)), 116 ofwhich were from lung cancer (SMR, 242 (95%
CI, 20-290)). Two deaths from nasal cancer were observed in one factory; 0.28
would have been expected for the whole cohort (SMR, 714 (95% CI, 87-2580)).

Korallus et al. (1982) identified 1140 workers who had been employed for one
year or more at two chromate-producing plants in the Federal Republic of Germa-
ny. The study subjects were active workers and pensioners who had been hired be-
fore 1948 or workers hired thereafter. Vital status was ascertained from personnel
documents and from population registries until 1979. Cause of death was deter-
mined from medical records and, in some cases, from death certificates. The SMR
for respiratory cancer (ICD 8, 160-163) was 210 (95% CI, 156-276). A total of 20
deaths from bronchial carcinomas (and one laryngeal carcinoma) was seen in one
factory (SMR, 192 (95% CI, 119-294), and 30 deaths, all from bronchial carcinoma,
in the second (SMR, 224 (95% CI, 151-319)). The author noted difficulties in the
ascertainment of cause of death and of comparability with the standard population.

Satoh et al. (1981) studied 896 men who had been engaged in manufacturing
chromium compounds for one or more yearsin a factory in the Tokyo, Japan, area
between 1918 and 1975. The workers were observed from 1918 through 1978 or to
death; vital status could not be ascertained for an additional 165 retired workers.
The authors stated that 84% of the chromium compounds manufactured between
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1934 and 1975 were hexavalent compounds and 16% trivalent compounds. The ex-
pected numbers of deaths were based on age- and cause-specific mortality rates for
J apanese males. Between 1950 and 1978, 120 deaths (SMR, 90) were observed, 31 of
which were from respiratory cancer (SMR, 923; 95% CI, 627-1310); 250fthesewere
from lung cancer and six from sinonasal cancer. No other cancer occurred in ex-
cess. When the population was subdivided by duration of work, there were five
cases of respiratory cancer in the group with one to ten years of exposure (SMR,423;
95% CI, 138-989), nine in the group with 11-20 years' exposure (SMR, 748; 95% CI,
343-1424) and 17 in the group with more than 21 years of exposure (SMR, 1747; 95%
CI, 1021-2806).

Watanabe and Fukuchi (1984) reported in an abstract a mortality study of 273
workers employed in 1947 or later at a chromate-producing factory in Japan for at
least five years until 1973, previously studied by Ohsaki et al. (1974, 1978). The pop-
ulation was observed from J anuary 1960 to December 1982. Expected numbers of
deaths were based on age-, year- and cause-specific deaths rates for the Japanese
male population. Sixt deaths from all causes were observed; 33 from aIl cancers, of
which 25 were from lung cancer (SMR, 1832 (95% CI, 1190-2714)) and six from can-
cer of the digestive organs (SMR, 88; 95% CI, 32-192); one cancer of the maxilary
sinus was seen.

In an Italian cohort study of 981 chromate production workers employed for
one year or more in 1948-85 (De Marco et al., 1988), analysis was limited to the 540
workers followed up for ten years or more. Cause-specifie death rates in Italy were
used as a reference leveL. The SMR for lung cancer was 217 (14 deaths; 95% CI,
118-363), and there were three deaths each from cancers of the pleura and larynx.

Among a subgroup of workers with heavy exposure to hexavalent chromium COff-
pounds (on the basis of job histories), the SMR for lung cancer was 420 (six deaths
(95% CI, 154-193)).

(b) Production of chromate pigments

(i) Case reports

Newman (1890) reported the first case of cancer in a 'chrome worker', which
was an adenocarcinoma of the anterior half of the Ieft nostril in a 47-year-old male
worker who had had perforation. of his nasal septum for 20 years; the patient had
been exposed to chrome pigments. Since that time, there have been a number of
case reports of lung cancer in workers involved In production of chromate pigments
(Gross & Kölsch, 1943; Letterer et al., 1944; Langård & Kommedal, 1975; Zober,
1979; Rivolta et al., 1982).

(ii) Epidemiological studies

Langård and Vigander (1983) followed up 133 workers for 1953-80, who had
been employed in a small Norwegian company producing chromate pigments in
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1948-72, previously studied by Langård and Norseth (1975). The work force was
exposed to zinc chromate from 1951; a small number of workers had also been ex-
posed to lead chromate between 1948 and 1956. While past levels of exposure to
hexavalent chromium are unknown, exposures to chromates as chromium mea-
sured in 1973 ranged from 0.01 to 1.35 mglm3 (Langård & Norseth, 1979). One case
of lung cancer occurred among 109 workers with less than three years of employ-
ment prior to 1972. Six cases oflung cancer occurred in a subpopulation of 

24 work-ers with more than three years of work experience prior to 1972 (giving a standard-
ized incidence ratio (SIR) of 4444 (95% CI, 1631-9674) on the basis of national
incidence rates among males). More than ten years after first exposure, the SIR was
667 (95% CI, 2447-14510) on the basis of national reference rates. Only 18 workers
had worked at the plant for more th an five years, and aIl six cases belonged to this
subgroup. One of the cases had worked in the production of zinc chromate as well
as lead chromate, while five cases had worked in the production of zinc chromate
only. A previous follow-up had found one case of cancer of the nasal cavity, one of
cancer of the prostate and three of cancer of the gastrointestinal tract (one cancer of
the pancreas, one stomach cancer and one cancer of the large intestine) (Langård &
Norseth, 1979). The three latter cases occurred in the subgroup of 24 workers
employed for more th an three years before 1972 (SMR, 638; 95% CI, 0.6-8.8).

Davies (1978, 1979, 1984a) studied mortality among 1002 male workers at three
factories in the UK where chromate pigments were manufactured. Production of
lead chromate(VI) occurred in aIl factories; workers in two of the factories (A and
B) were additionally involved in manufacturing zinc chromate(VI) until 1964 and
1976, respectively. Small amounts of barium chromate were produced in factory A
from 1942, and small amounts of strontium chromate were produced in factory B
from the early 1950s to 1968. Factory A closed in 1982 and factory B in 1978. Expo-
sure levels were classified only as high, medium or low. The 1984 report extended
the follow-up from the 1930s or 1940s to the end of 1981. The expected numbers
were based on calendar time period-, sex~ and age-specific mortality rates for Eng-
land and Wales. An excess of lung cancer appeared in two groups of workers as-
signed to high and medium exposure:, factory A, those entering before 1955 (21
cases; SMR, 222 (95% CI, 138-340)) and factory B, those entering before 1968 (11
cases; SMR, 440 (95% CI, 220-787)). In workers with low exposure to zinc and lead
chromates in factories A and B, seven lung cancer deaths were observed (SMR, 101;
95% CI, 41-208). ln factory C, where only lead chromate was produced, seven lung
cancer deaths were observed (SMR, 109; 95% CI, 44-224), and the highest ratio was
found for one to 29 years of foIlow-up of a group of 33 men among early entrants
with high and medium exposure (three cases (SMR, 357; 95% CI, 74-1044)). The
author indicated that moderate or heavy exposure to zinc chromate may give rise to
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a high risk for developing lung cancer, and that relatively mild or short-term expo-
sure may not constitute a measurable lung cancer hazard.

Davies (1984b) also studied a subgroup of 57 workers involved in the produc-
tion of lead chromate pigments from lead nitrate in the same three factories, who
had been reported to the work inspectorate to have lead poisoning, mostly between
1930 and 1945. Mortality was observed through 1981, giving 1585 person-years of
observation. Four deaths from lung cancer (SMR, 145 (95% CI, 40-370)) were ob-
served. (The Working Group noted that this small sample of workers might have
been highly selected.)

Haguenocr et aL. (1981) reported deaths among a cohort of 251 workers in a
factory manufacturing zinc and lead chromate pigments in France who had been
employed for more th an six months between 1 J anuary 1958 and 31 December 1977.
Fifty deaths occurred, the specific cause of which was known from medical records
for 30. Expected numbers were derived from death certificates. Among the 30
deaths, there were 11 confirmed lung cancer deaths (SMR, 461; 95% CI, 270-790).
The mean time from first employment until detection of cancer was 17 years, and
the me an duration of employment among cases was 15.3 years. (The Working
Group noted that cause of death was ascertained from different sources for ob-
served and expected cases.)

Frentzel-Beyme (1983) studied mortality among men employed for more than
six months in three factories in the Federal Republic of Germany and two factories
in the Netherlands that produced lead and zinc chromate pigments. The total num-
ber of study participants was 1396. Regional death rates in the two countries were
used to estimate expected figures. ln an analysis of 978 men with exposure begin-
ning before 1965, 117 deaths were observe-d (SMR, 96), of which 19 were from lung
cancer (SMR, 204; 95% Ci, 123-319).

Hayes et al. (1989) followed-up a cohort studied by Sheffet et al. (1982) consist-
ing of 1879 male employees of a New Jersey (USA) lead and zinc chromate pigment
production factorywho had been employed for at least one month betweenJanuary
1940 and December 1969; they were observed from 1940 to 1982. US age- and calen-
dar-specific death rates for white and nonwhite men were used as reference. Vital
status was ascertained for 1737 workers (92%). Airborne chromium concentrations
were measured du ring later years, giving estimates of )- 0.5 mg/m3 for exposed jobs
and of :; 2 mg/m3 for highly exposed jobs; the ratio of lead chromate:zinc chromate
in the working atmosphere was reported to be about 9: 1, and low levels of nickel may
have been present. The SMR for all cancers was 93 (101 deaths; 95% CI, 76-113).
Ainong a total of 41 lung cancer deaths (SMR, 116; 95% Ci, 83-158), 240ccurred
among workers exposed to chromate dusts (SMR, 143). The SMR for lung cancer
among men who had not worked in chromium-exposed jobs was 92 (17 deaths; 95%
Ci, 53-147), and that for men who had worked for less than one year was 93 (seven
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deaths; 95% CI, 37-192). For those with cumulative exposure tochromate dusts of
one to nine years, the SMR was 176 (nine deaths; 95% CI, 80-334), and for ten or
more years, 194 (eight deaths; 95% CI, 83-383). When accounting for 30 years since
first employment among men with more than ten years' exposure, the SMR rose to
321 (95% CI, 117-698), based on six cases. ln jobs with exposure to chromate dusts,
a nonsignificant excess of cancer of the digestive tract was found; for stomach can-
cer, the SMRs were 149, 185 and 214 for those with less than one, one to nine and
more than ten years' exposure, respectively.

(c) Chromium plating

(i) Case reports

Cases of lung cancer have also been reported among chromium platers (Bar-
borík et al., 1958; Kleisbauer et al., 1972; Korallus et al., 1974b,c; Michel-Briand &
Simonin, 1977; Takemoto et al., 1977; Sano, 1978; Zober, 1979; Brochard et aL., 1983;
Kim et al., 1985).

(ii) Epidemiological studies

Royle (1975b) conducted a mortality study among past and current workers
with three months or more of consecutive employment in 54 chromium-plating
plants in Yorkshire, UK. The study covered 1238 chromium-plating workers (1056
men, 182 women), 142 ofwhom had died by 31 May 1974. A control population of

128 manual workers (1099 men, 185 women) was drawn from non-chromium-plat-
ing departments of the largest firms and from the past and current work force of two
industrial companies located in the same geographic region. The control subjects
were matched individually to the platers by sex, age, date when last known to be
alive and, for current workers, smoking habits. The study population represented
91 % of the total exposed population and 93% of the eligible controls. Compared
with the controls, chromium platers experienced a significant excess proportion of
deaths from total cancer: 51/142 versus 24/104 in men and women combined (p .:
0.01). The excess was statistically significant only for individuals who had been plat-
ers for more than one year. In male chromium platers, 24lung cancer deaths (ICD
codes 162, 163) out of a total of 130 deaths were observed versus 13/96 among con-
troIs (nonsignificant). Cancer ofthe gastrointestinal tract and of'all other sites' also
occurred in excess in men, but the differences were not significant: 8/130 deaths
from gastrointestinal cancers among exposed versus 4/96 in con 

troIs; 12/130 deaths
from cancers of 'all other sites' in exposed versus 5/96 in controls. The smoking hab-
its of platers and con 

troIs were similar. A higher proportion of con troIs had workedin asbestos processing (8.3% of controls versus 3.6% of platers); more platers had
workedin coal mines, foundries, potteries, cotton manufacture and flax and hemp
mils (Royle, 1975a). (The Working Group noted that past exposure to asbestos
among the con troIs might have led to some underestimation of the lung cancer risk
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in the exposed group, and that the method of analysis used made the study difficult
to interpret.)

Okubo and Tsuchiya (1977, 1979) reported results from a mortality study
among 952 chromium platers in Tokyo, Japan. The cohort was constructed froID
records for 1970-76 of the Tokyo Health Insurance Society of the Plating Industry,
and consisted of chromium platers (889 men, 63 women) who were born prior to 31
May 1937, had more than six months of work experience in chromium plating and
had a work history record. Vital status was ascertained from a questionnaire sent to
the management of the plating firms and, for retired workers, by contacting family
registers; persons whose vital status was unknown were assumed to be alive. The
expected number of deaths was derived from age-, sex- and year-specific death rates
for the Tokyo general population. Twenty-one deaths from all causes were observed
in chromium platers (SMR, 55; 95% CI, 34-83). No case of lung cancer occurred,
although 1.2 would have been expected in men. These results were reiterated in a
99% follow-up of a subgroup reported in an abstract (Okubo & Tsuchiya, 1987).

(The Working Group questioned the completeness of assembling the cohort, the
low age structure of the population and the limited period of follow-up.)

Silverstein et al. (1981) performed a proportionate mortality study in a group of
hourly employees and retirees with at least ten years of service in a die-casting and
nickel- and chromium-electroplating plant in the USA. The 238 subjects who had
died between January 1974 and December 1978 were included in the study. Causes
of death as stated on death certificates were compared with US national mortality
rates. A total of 53 deaths from cancer were observed (proportionate mortality ratio
(PMR), 135 (95% CI, 101-176)) among white men and 23 among white WOffen
(PMR, 127 (95% CI, 81-191)). The study revealed 28 lung cancer deaths (PMR, 191
(95% CI, 127-276)) in white men and ten among white women (PMR, 370 (95% CI,
178-681)). Smoking habits were not known. Four deaths from stomach cancer
(PMR, 254 (95% CI, 69-648)), two from laryngeal cancer (PMR, 330 (95% CI,
40-1184) and two from lymphosarcoma and reticulosarcoma (PMR, 285 (95% CI,
35-1032)) occurred in white men. A case-control analysis of the lung cancer deaths,
using deaths from cardiovascular disease as controls, tested the association of can-
cer with duration ofwork in different work sites, without considering possible con-
founders. An association was seen (odds ratio, 9.2; p = 0.04) for white men with
more th an five years' work in a department which, prior to 1971, was one of the ma-
jor die-casting and plating areas in the plant. The authors noted that, although the
population had been exposed primarily to chromium(VI), they had also been ex-
posed to nickel compounds and may have been exposed to polycyclic aromatic hy-
drocarbons and metal fumes during die-casting.

Franchini et al. (1983) reported cancer mortality in a group of 178 ItalIan chro-
mium electroplaters, 62 ofwhom were 'bright (thin plating) and 116 ofwhom were
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'hard' (thick plating) platers, and who had worked for at least one year in one of nine
plants between 1951 and 1981. ln 1980, exposure to chromium averaged 7 l1g/m3 air
as chromium trioxide near the plating baths and 3 l1g/m3 in the middle of the room;
measurements of urinary chromium showed that hard platers were more heavily
exposed than bright platers: the median level of chromium in the urine of 

ha rd plat-ers was 23.1 l1g/g creatinine in 1974-76 and 5.7 l1g/g creatinine in 1980-81. The SMR
for deaths from aIl causes was 97 (15 deaths (95% Ci, 55-163)); there were eight
deaths from malignant tumours (SMR~ 191; (95% Ci, 82-375)) and three from lung
cancer (SMR, 333; 95% Ci, 69-974). Seven of the cancer deaths occurred among
hard platers (SMR, 259; 95% Ci, 105-534) as did all three of the lung cancers (SMR,
429; 95% Ci, 88-1252).

Sorahan et al. (1987) reported the mortality experience of 2689 chromium plat-ers (1288 men, 1401 women) in the UK observed from January 1946 to December
1983 who were involved mainly in 'bright' (thin) plating of bumpers and overriders,
initiaIly reported by Waterhouse (1975). Scattered sampling of exposure had taken
place before 1973, showing air concentrations of chromium trioxide up to 8.0 mg/
m3, while the median values were 'nondetectable' or 'trace'; after 1973, measure-
ments generaIly showed levels of chromium below 50 l1g/m3. The cohort comprised
workers employed in 1946-75 with more th an six months' employment as a (chro-
mium) electroplater. Death rates were compared with those of the general popula-
tion of England and Wales. AlI members of the cohort had had at least sorne expo-
sure to chromium but also some exposure to nickel chloride and nickel sulfate. A
total of 213 cancer deaths (SMR, 130 (95% CI, 113-148)) and 72 lung cancer deaths

(SMR, 150 (95% Ci, 117-189)) were observed in men and women combined; 63 lung
cancer deaths occurred in men (SMR, 158 (95% CI, 121-202)) and nine in women

(SMR, 111 (95% Ci, 46-261)). When the figures for each sex were combined and
account was taken of time from first employment, the highest SMRs were 342 (95%
CI, 182-585) after ten to 14 years and 245 (95% Ci, 127-428) after 15-19 years ofwork
at the chromium baths. Overall, three deaths (two in men, one in women) from can-
cer of the ,nose and nasal cavities occurred (SMR, 1000 (95% CI, 206-2922)); aIl three
persons had been exposed to chromi um for one to two years, while the third had also
worked for 13 years plating nickeL. There were 25 deaths from stomach cancer
(SMR, 154 (95% Ci, 100-228)), but this excess occurred only in men. Four deaths
from cancer of the liver were observed in men (SMR, 667 (95% Ci, 182-1707)) but
none in women. ln an analysis of data on first job held, the SMR for lung cancer was
199 (46 deaths (95% CI, 146-266) for men first employed as chrome bath workers
and 101 (17 deaths (95% Ci, 59-161)) for chromium workers who were first
employed at other work sites. The authors reported that only 11% of workers had
had periods of work at both the chrome baths and other chrome work. Although a
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significant association was found between work at chrome baths and death from
lung cancer, no such association was found with work at nickel baths (Burges, 1980).

In a case-control study in Denmark of 326 cases of laryngeal cancer and 1134
controls (Olsen & Sabroe, 1984), two of the cases occurred among male chromium
platers, yielding a standardized incidence odds ratio of 110 (95% CI, 30-360).

(d) Production of ferrochromium alloys

Pokrovskaya and Shabynina (1973) studied a cohort of male and female factory
workers engaged in chromium ferroalloy production between 1955 and 1969 in the
USSR. Workers were reported to be exposed to chromium(VI) and chromium(III)
compounds as weIl as benzo(a)pyrene. Death certificates were obtained from the
municipal vital statistics office, and comparison was made with city mortality rates
by sex and by ten-year age group. Access to complete work histories made it possi-
ble to exclude from the control cohort subjects who had beenexposed to chromium
In other plants. Male chromium workersaged 50-59 experienced significant fp =
0.001) increases in death rates from aIl malignancies, from lung cancer and from
oesophageal cancer, as compared with deaths rates in the municipal population.
The relative risk for lung cancer in men was reported to range from 4.4 in the
30-39-year age group to 6.6 (p = 0.001) in the 50-59-year age group. A large propor-
tion of the cases of lung cancer among workers exposed to high concentrations of
dust (cinder pit workers, metal crushers, smelter workers), including workers who
were not exposed to benzo(alpyrene in areas of furnace charge and finished prod-
ucts preparation. (The Working Group noted that the numbers ofworkers and the
numbers of cancers by specific site were not reported.)

Axelsson et aL. (1980) studied employees at a ferrochromium plant In Sweden
producing ferrochromium aUoys by furnace reduction of chromite ore, quartz, lime
and coke; the study was restricted to aU 1876 men employed for at least one year
during the period 1 January 1930 to 31 December 1975 and alive in 1951. Records
were available for aIl employees who had worked since 1913. Individuals were cate-
gorized according to length and place of work in the factory. Death certificates
(1951-75) were obtained from the national Central Bureau of Statistics and incident

cancer cases (1958-75) from a manu al search of Cancer Registry files. Expected
numbers of cancer deaths and incident cases were calculated assuming a 15-year
latent period from onset of employment. The estimated levels of chromium metal
plus chromium(III) in the work atmosphere ranged from Ö to 2.5 mg/m3, and those
for chromi um(VI) from 0 to 0.25 mg/m3. There were 87 cases of cancer in the period
1958-75 (SIR, 101; 95% CI, 81-125), òf which seven were cancers of the trachea,

bronchus, lung and pleura (SIR, 119; 95% CI, 48-245). Among 641 arc furnace
workers, who were considered as being most likely to have encountered exposure to
chromium(III) and (VI), there were two cases of cancer at these sites (SIR, 95; 95%
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CI, 12-344), one of which was a pleural mesothelioma. Among 326 maintenance
workers, there were four cases of cancer at these sites (SIR, 400; 95% CI, 109-1024),
two of which were mesotheliomas. Asbestos had been used in the factory.

Langård et al. (1980, 1990) studied male workers at a ferrochromium and ferro-
silcon production plant in Norway, primarily to explore the hypothesis that chro-
mium(III) might be carcinogenic to humans. Workers with one year or ~ore of
work were included. Hygiene studies in the plant in 1975 indicated the presence of
chromium(III) and (VI) in the work environment; the atmosphere contained a me 

anof 0.01-0.29 mg/m3 chromium, 11-33% of which was water-soluble chromium(VI).
The 1980 study comprised 976 workers with first employment before 1960 and alive
in 1953; in the 1990 report, the cohort also inc!uded those with first employment
before 1965 (to make a total of 1235 workers). ln the latter report, 357 deaths from all
causes were observed (SMR, 81 (95% CI, 73-90)). The SIR for all cancers was 84
(132 observed; 95% CI, 70-100); the total number of lung cancers was 17 (SIR, 88
(95% CI, 56-123)). Among the 379 ferrochromium workers, there were ten cases of
lungcancer (SIR, 154; 95% CI, 74-283), 12 of 

the prostate (SIR, 151 (95% CI, 78-262)and five of the kidney (SIR, 273; 95% CI, 89-638). The excess of lung cancer in
ferrochromium workers was higher in the 1980 study (seven cases; SMR, 226 (95%
CI, 91-466)).

(e) Other industrial exposures to chromium

In an exploratory proportionate mortality study, Tsuchiya (1965) investigated

the occurrence of cancer in 1957-59 in about 200 Japanese companies with more
th an 1000 employees each. A total of 492 cancer deaths occurred among 1 200 000
workers during that period. The 22lung cancer deaths that occurred among workers
in industries handling chromium compounds were compared with the Japanese
mortality rate for 1958 (SMR, 220; 95% CI, 138-333). The author pointed out that
because a person had handled chromium or nickel in a factory did not necessarily
imply that he had been exposed to these elements. (The Working Group noted that
the design of the study did not exclude selection bias, and that exposures to chro-
mium and a variety of carcinogens were not mutually exclusive.)

Dalager et al. (1980) carried out a proportionate mortality study on a group of
spray painters using zinc chromate primer paints in the maintenance of aircraft at
two US military bases. Spray painting was carried out mainly in air-conditioned
booths, butwithout respirators. The study cohort consisted of 

977 white malework-
ers who had spray painted for at least three months and who had terminated em-
ployment within a ten-year period prior to 31 July 1959. The relative 'frequency' of
causes of death through 1977 was generated by comparing the observed number of
cases with the expected relative frequency in the white US male population. There
were 202 deaths among the spray painters; 50 had died of cancer (PMR, 136 (95%
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CI, 101-179)),21 ofwhom had respiratory cancer (ICD 160-164; PMR, 184 (95% CI,
114-282)). The proportionate cancer mortality rate for respiratory cancer was 146
(not significant).

Bertaz et al. (1981) studied the causes of death in 1954-78 for 427 workers who
had been employed for at least six months between 1946 and 1977 in a plant produc-
ing paints and coatings, including chromate(VI) pigments. They found 18 deaths
due to cancer versus 9.8 expected on the basis of national rates; there were eight lung
cancer deaths, giving SMRs of 227 (95% CI, 156-633) based on local rates and 334

(95% CI, 106-434) on the basis of national rates. The authors were unable to differ-

entiate between exposures to different paints and coatings; they stated that the pri-
mary exposure was to chromate(VI) pigments but that there was low exposure to
asbestos.

Cornell and Landis (1984) studied the causes of death for 851 men who had
worked in 26 US nickel/chromium foundries between 1968 and 1979 and compared
them with the mortality experience of US males and of a control group of foundry
workers not exposed to nickel/chromium. Sixty deaths were from lung cancer versus
56.9 expected in the general population; a total of 103 deaths from all other neo-
plasms was observed with 118.0 expected. No death from nasal cancer was ob-

served.
Stern et al. (1987) followed up 9365 workers from two chrome leather tanneries

in Minnesota and Wisconsin, USA, from identification of the cohort in 1940
through to December 1982. Follow-up was 95% complete. By that time, 1582 deaths
had occurred, giving a SMR of 89. The SMRs for cancer of the lung, trachea and
bronchus (ICD 162-163) were low in both tanneries (18 deaths; SMR, 67; 95% CI,
40-106 and 42 deaths; SMR, 93; 95%- CI, 67-126) in comparison with expected rates

in the respective states. (The Working Group noted that exposure to chromium was
low and occurred in only a small subgroup of the workers.)

Hernberg et aL. (1983a,b) conducted a joint Danish-Finnish-Swedish case-con-
trol study among 167 living cases of cancer of the nasal or paranasal sinuses diag-
nosed between 1 July 1977 and 31 December 1980, who were individually matched
for country, age and sex with patients with colonic or rectal cancer. Cases and con-
troIs were interviewed by telephone. Patients who had had work-related exposures
during the ten years before occurrence of the iIness were excluded. Sixteen pa-
tients, many ofwhom were included within the category 'stainless steel welding' and
'nickel', versus six controls reported exposure to chromium (odds ratio, 2.7; 95% CI,
1.1-6.6). Among 21 cases categorized as having been exposed to nickel and/or chro-
mium, including the above cases, only two had been exposed to chromium only: one
spray pain ter (chromates) and one steel worker.

ln a case-control study in North Carolina and Virginia, USA, of 160 patients
(93 men, 67 women) with cancers of the nasal cavity and paranasal sinuses diag-
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nosed between 1970 and 1980, Brinton et al. (1984) found chromium/chromate expo-
sure to be 5.1 times more frequent among male cases than among 290 hospital con-
troIs, based on five exposed male cases. The authors stated that the excess was
associated mainly with use of chromate products in the building industry and in
painting.

A hospital-based case-control study in Norway of 176 incident male lung can-
cer cases was performed by Kjuus et al. (1986). Cases were recruited between 1979
and 1983, and 176 age- and sex-matched control subjects were recruited from the
same hospitals. Seven cases and six con troIs had been exposed to chromium and
nickel compounds (welding excluded) for more th an three years. The risk ratio, ad-
justed for smoking, was 1.4 (95% CI, 0.4-4.4).

Rafnsson and Jóhannesdóttir (1986) followed up 450 Icelandic men born be-
tween 1905 and 1945 who were lIcensed as masons (cement finishers). Nine deaths

from cancer of the lungt trachea and bronchus (ICD 162, 163) were found (SMR,
314; 95% CI, 143-595). The eight men who had been licensed for 

20 years had a SMRof 365 (95% CI, 158-720). The concentration of chromium(VI) in Icelandic cement
in 1983 was 5.8-9.5 mg/kg; however, masons also work with other substances. (The
Working Group noted that respiratory exposure to chromates would have been very
low, suggesting that the excess may have been due to other factors.)

ln an extended case-control study, Claude et al. (1988) further examined the
possible relationship between work-related exposure and bladder cancer proposed
by Claude et al. (1986). A total of 531 male cases were recruited from hospitals iu the
Federal Republic of Germany between 1977 and 1985 and were compared with sex-
and age-matched con troIs recruited mainly from urological hospital wards. Expo-
sure to chromium/chromate was reported for 52 cases versus 24 controls (odds ratiot
2.2; 95% CIt 1.4-3.5). The corresponding figures for spray painting were 49 versus 17
(odds ratio, 2.9; 95% CI, 1.7-4.9). Details were not given on the extent to which spray
painting included exposure to chromium-containing paints.Mter adjustment for
smoking, the rate ratio estimates for duration of exposure to chromium/chromate
were (number of caseslcontrols in parentheses); one to nine years, 1.2 (10/8); ten to
19 years, 1.0 (9/7); 20-29 years, 2.0 (11/5); and ? 30 years, 3.0 (26/8), which gives a

p-value for trend of 0.009. The corresponding rate ratios for spray paintingwere: 4.7
(13/2),8.4 (8/l)t 2.0 (14/9) and 2.4 (17/8). (The Working Group noted that the possi-
bilty of recall bias was high, since the risk ratios for 24/25 exposures exceeded uni-
ty.)

(f Environmental exposure to chromium

The possible relation between environmental exposure to chromium and mor-
tality from lung cancer was studied by Axelsson and Rylander (1980) in a popula-
tion-based study among people living close to two Swedish ferrochromium smelt-
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ers. Air concentrations of chromium near the smelter were 100-400 nglm3. The lung
cancer mortality rates in the two communities where the smelters were located were
253 per milion (p -= 0.05) and 161 per millon, respectively, as compared with the
county rate of 194 per milion during the entire period studied (1961-75).

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Chromium in the forff of various alloys and compounds has been in wide-
spread commercial use for over 100 years. Early applications inc1uded chrome pig-
ments and tanning liquors. ln recent decades, chromium has also been widely used
in chromium alloys and chrome plating.

Several milion workers worldwide are exposed to airborne fumes, mists and
dust containing chromium or its compounds. Of the occupational situations in
which exposure to chromium occurs, highest exposures to chromium(VIl mayoccur
during chromate production, welding, chrome pigment manufacture, chrome plat-
ing and spray painting; highest exposures to other forms of chromium occur during
mining, ferrochromium and steel production, welding and cutting and grinding of
chromium alloys.

Data on exposure levels are available for several specific industries and job
categories covering several decades. In the past, exposures to chromium(VIl in
excess of 1mg/m3 were found repeatedly in sorne processes, inc1uding chromium
plating, chromate production and certain welding operations; exposures to total
chromium have been even higher. Modern control technologies have markedly
reduced exposures in some processes, such as electroplating, in recent years.

Occupational exposure has been shown to give rise to elevated levels of chro-
mium in blood, urine and some body tissues, inhalation being the main route.

Nonoccupational sources of exposure to chromium include food, air and
water, but the levels are usually several orders of magnitude lower than those typi-
cally encountered in occupation al situations.

4.2 Experimental carcinogenicity data

Chromium(O)

Studies in rats by intratracheal, intramuscular and intrafemoral administra-
tion, in mi ce and rats by intrapleural and intraperitoneal administration and in
mi ce, rats and rabbits by intravenous injections were inadequate to evaluate the
carcinogenicity of chromium metal as a powder.
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Chromium(III)

ln studies in which chromic acetate was administered by the oral route to mice
and rats and by intrapleural and intramuscular administration to rats, the inci-
dence of tumours was not increased. ln studies in which rats were administered
chromic aride by intrabronchial or oral routes, no increase in the incidence of
tumours was observed. ln experiments by intrabronchial implantation of chromic
ch/onde or chrome tan (a basic chromic sulfate) in rats and by intraperitoneal
administration of chromic sulfate in mice, the incidence of tumours was not
increased. Many of these studies suffered from certain limitations. Chromite ore
has been extensively tested in rats by intrabronchial, intrapleural and intrafemoral
administration; no increase in the incidence of tumours was seen.

Chromium(Vl)

Calcium chromate has been tested by inhalation in mice, by intratracheal ad-
ministration in rats and hamsters, by intrabronchial administration and intrapleu-
raI administration in rats, by subcutaneous administration in mice, and by intra-
muscular administration in mice and rats. ln the one study by inhalation in mice,
there was an increase in the incidence of lung adenomas which was of borderline
significance; in the single study by intratracheal administration and in the three stu-
dies by intrabronchial administration in rats, lung tumours were induced. No lung
tumour was seen in hamsters after intratracheal instilation. Local tumours were
produced in rats by intrapleural and in rats and mice by intramuscular administra-
tion of calcium chromate. Chromium trioxzde (chromic acid) has been tested as a
mist by inhalation at two dose levels in mice and as a solid by intrabronchial implan-
tation in three studies in rats. ln mi ce, a low incidence oflung adenocarcinomas was
observed at the higher dose and of nasal papillomas at the lower dose; perforation
of the nasal septum was observed at both dose levels. A few lung tumours were seen
in two of the studies by intrabronchial administration in rats. Sodium dichromate
has been tested in rats by inhalation, intratracheal, intrabronchial, intrapleural and
intramuscular administration. Lung tumours, benign and malignant, were ob-
served in the studies by inhalation and by intratracheal administration. No increase
in the occurrence of local tumours was seen after intrabronchial, intrapleural or
intramuscular administration. Banum chromate has been tested in rats by intra-
bronchial, intrapleural and intramuscular implantation. No increase in the occur-
rence of tumours was seen following intrabronchial implantation; the other studies

were inadequate to allow an evaluaìion of the carcinogenicity of this compound.
Lead chromate and derived pigments have been tested by intrabronchial implanta-
tion in rats without producing a significant increase in the incidence of tumours.
Lead chromate and derived pigments have also been tested in rats by subcutaneous
and intramuscular injection, producing malignant tumours at the site of injection
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and, in one study, renal carcinomas. A study by intrapleural administration to rats
could not be evaluated. No increase in tumour incidence was observed when lead
chromate was administered intramuscularly to mice. A single subcutaneous injec-
tion of basic lead chromate produced a high incidence of local sarcomas in rats. Zinc
chromates have been tested in rats by intrabronchial implantation, producing bron-
chiaI carcinomas, by intrapleural administration, producing local tumours, and by
subcutaneous and intramuscular injection, producing local sarcomas. Two samples
of strontium chromatewere tested in rats by intrabronchial implantation, producing
a high incidence of bronchial carcinomas; intrapleural and intramuscular injection
of strontium chromate produced local sarcomas.

Other forms of chromium

A range of roasted chromite ores (Cr(III/VID, often described as mixed chro-
mium dust, and other residue materials encountered in the early stages of bichro-
mate production have been tested extensively in mice, rats, guinea-pigs and rabbits
by inhalation and by intratracheal, intrabronchial, intrapleural and intramuscular
administration. The results of these tests were generally negative, although a low
incidence of local tumours was observed in rats following intrapleural or intramus-
cular implantation of roasted chromite ore. The studies were considered to suffer
from certain inadequacies. ChromiumllVj dioxide was tested by inhalation in rats,
producing a few lung lesions of questionable nature; the study had a number oflimi-
tations.

4.3 "uman carcinogenicity data

Epidemiological studies carried out in the Federal Republic of Germany, Italy,
Japan, the UK and the USA ofworkers in the chromate production industry have
consistently shown excess risks for lung cancer. The workers in this industry may be
exposed to a variety offorms of chromium, inc1uding chromium(VI) and (III) com-
pounds.

Similarly, studies carried out in the Federal Republic of Germany, France, the
Netherlands, Norway, the UK and the USA of workers in the production of chro-
mate pigments have also consistently shown excess risks for lung cancer. Workers
in this industry are exposed to chromates, not only in the pigments themselves but
also from soluble chromium(VI) compounds in the raw materials used in their pro-
duction. Excess risk for lung cancer has been clearly established in facilities where
zinc chromate was produced, although other chromi um pigments were also general-
ly made in these plants. A sniall study in the UK of workers producing lead chro-
mate pigments showed no overall excess risk for lung cancer, but a nonsignificant
excess risk was seen in a subgroup of workers with le ad poisoning. No data were
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available on risk associated with exposure to strontium chromate or to other specif-
ic chromate pigments.

In two limited reports from the UK and in a small Italian study, excesses of
lung cancer were reported in workers in the chromium plating industry. ln a group
of pers ons working in die-casting and plating in the USA, similar results were seen.
These findings were confirmed in a large study of chromium platers in the UK,
which demonstrated an excess risk for lung cancer in platers, particularly among
those with at least ten years of employment at chrome baths. Workers in this indus-
try have been exposed to soluble chromium(VI) compounds and possibly also to
nickeL.

In three reports, from Norway, Sweden and the USSR, in which ferrochro-
mium workers were studied, the overall results with regard to lung cancer were
inconclusive. The major exposure in this industry is to chromium(III) compounds
and to metallc chromium, although exposure to chromium(VI) may also occur.

Cases of sinonasal cancer were reported in epidemiological studies of primary
chromate production workers in J apan, the UK and the USA, of chromate pigment
production workers in Norway and of chromium platers in the UK, indicating a
pattern of excess risk for these rare tumours.

For cancers other th an of the lung and sinonasal cavity, no consistent pattern
of cancer risk has been shown among workers exposed to chromium compounds.

The results of epidemiological studies of stainless-steel welders are consistent
with the finding of excess mortality from lung cancer among other workers exposed
to chromium(VI), but they do not contribute independently to the evaluation of
chromium since welders are also exposed to other compounds. (See also the mono-
graph on welding.)

No epidemiological study addressed the risk of cancer from exposure to metal-
lic chromium alone.

4.4 Other relevant data

Inhaled chromium(VI) from welding and chrome-plating aerosols is readily
absorbed from the respiratory tract. The degree of absorption depends on the
extent of reduction of the hexavalent form to chromium(III), which is absorbed to a
much lesser extent. The same factors apply to absorption from the gastrointestinal
tract, although absorption by this route is generally mu ch less than that froID the

respiratory tract.
Chromium(VI) compounds may cause adverse effects to the skin, the respira-

tory tract and, to a lesser degree, the kidneys in humans, while chromium(III) is less
toxic.

Elevated levels of sister chromatid exchange were observed in workers exposed
to chromium(VI) compounds in electroplating factories in four out of six studies.
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Chromos omal aberrations were found in all three studies of exposed workers; an
increased frequency of aneuploidy was reported in one of these studies. The two
available studies on chromium(III) were inadequate to evaluate its cytogenetic ef-
fect in humans.

Chromates enter cells more readily than chromium(lIl) compounds and are
reduced ultimately to chromium(III). The reduction process and the subsequent
intracellular activity of reduced chromium species are important for the mecha-
nism of toxicity and carcinogenicity of chromium(VI). Particulate chromium(III)
compounds can also enter cells by phagocytosis.

Chromium(VI) compounds cross the placental barrier in greater amounts
than chromium(III) compounds. Chromium trioxide increased fetal death rate,
caused growth retardation and increased the frequency of skeletal deformities and
of cleft palate in rodents. Developmental effects have also been reported in mice
exposed to chromic chloride.

Cnromium(VI) compounds of various solubilities in water wére consistently
active in numerous studies covering a wide range of tests for genetic and related
effects. In particular, potassium dichromate, sodium dichromate, ammonium
dichromate, potassium chromate, sodium chromate, ammonium chromate, chro-
mium trioxide, calcium chromate, strontium' chromate and zinc yellow induced a
variety of effects (including DNA damage, gene mutation, sister chromatid
exchange, chromosomalaberrations, cell transformation and dominant lethal mu-
tation) in a number of targets, including animal cells in vivo and animal and human
c€lls in vitro. Potassium chromate induced aneuploidy in insects, while chromium
trioxide did not; various compounds induced gene mutation in Insects. Potassium
dichromate produced recombination, gene mutation and aneuploidy in fungi. AlI
of these chtomium(VI) compounds induced DNA damage and gene mutation in
bacteria. Similar patterns were observed with zinc chromate, barium chromate,
lead chromate and the derived pigments chromium orange, chromium yellow and
molybdenum orange, which, however, often required preliminary dissolution in
alkali or acids. A liquid chromium(VI) compound (chromyl chloride) and its va-
pours induced gene mutation in bacteria.

AIthough chromium(III) compounds were generally even more reactive than
chromium(VI) compounds with purified DNA and isolated nuclei, 12 compounds
ofvarious solubilties (chromic chloride, chromic acetate, chromic nitrate, chromic
sulfate, chromic potassium sulfate, chromium alum, neochromium, chromic
hydroxide, chromic phosphate, chromic oxide, chromite ore and cupric chromite)
gave positive results in only a minority of studies using cellular test systems, often
under particular treatment conditions or at very high concentrations, which were
generally orders of magnitude higher th an those needed to obtain the same effects
with chromium(VI) compounds. Some of the positive results could be ascribed to
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contamination with traces of chromium(VI) compounds. ln particular, no DNA
damage was observed in cells of animaIs treated in vivo with chromic chloride, and
no micronuc1ei were seen in cells of animaIs given chromic nitrate. The chro-

mium(III) compounds tested generally did not produce DNA damage, gene muta-
tion, sister chromatid exchange or cell transformation in cultured animal and
human cells. Chromosomai aberrations were often observed with high concentra-
tions of chromium(III) compounds. Weak effects on gene mutation and mitotic
gene conversion were observed in fungi. Negative results were obtained in the large
majority of tests for DNA damage and gene mutation in bacteria. Certain com-
plexes of chromium(III) with organic ligands, which favour the penetration of chro-
mium(III) into cells, were reported to induce DNA damage and gene mutation in
bacteria and in culturedmammalian cells.

A chromium(II) compound (chromous chloride) gave negative results in in-
vitro tests with animal cells (DNA damage, chromos omal aberrations and aneu-
ploidy). A water-insoIubie chromium(O) compound (chromium carbonyl) did not
induce DNA damage in bacteria.

No relevant study on the genetic and related effects of metallc chromium was
available to the Working Group.

4.5 Evaluation 1

There is suffcient evidence in humans for the carcinogenicity of chromium(VI)
compounds as encountered in the chromate production, chromate pigment produc-
tion and chromium plating industries.

There is inadequate evidence in humans for the carcinogenicity of metallic
chromium and of chromium(III) compounds.

There is suffcient evidence in experimentai animaIs for the carcinogenicity of
calcium chromate, zinc chromates, strontium chromate and lead chromates.

There is limited evidence in experimental animaIs for the carcinogenicity of
chromium trioxide (chromic acid) and sodium dichromate.

There is inadequate evidence in experimental animaIs for the carcinogenicity of
metallc chromium, barium chromate and chromium(III) compounds.

The Working Group made the overall evaluation on chromium(VIl com-
pounds on the basis of the combined results of epidemiological studies, carcinoge-
nicity studies in experimental animaIs, and several types of other relevant data
which support the underlying concept that chromium(VIl ions generated at critical
sites in the target cells are responsible for the carcinogenic action observed.

lFor definitions of the italicized tenns, see Preamble, pp. 33-37
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Overall evaluation

Chromium(VI) is carcinogenic to humans (Group 1).
Metallc chromium and chromium(III) compounds are not classifiable as to

their carcinogenicity to humans (Group 3).
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NICKEL AND NieKEL eOMPOUNDS

Nickel and nickel compounds were considered by previous !AC Working
Groups, in 1972, 1975, 1979, 1982 and 1987 (IARC, 1973, 1976, 1979, 1982, 1987).
Since that time, new data have become available, and these are inc1uded in the pres-
ent monograph and have been taken into consideration in the evaluation.

1. ehemical and Physical Data

The list of nickel alloys and compounds given in Table 1 is not exhaustive, nor
does it necessarily reflect the commercial importance of the various nickel-con tain-
ing substances, but it is indicative of the range of nickel alloys and compounds avail-
able, including some compounds that are important commercially and those that
have been tested in biological systems. A number of intermediary compounds
occur in refineries which cannot be characterized and are not listed.

1.1 Synonyms, trade names and molecular formulae of nickel and selected
nickel-containing compounds

Table 1. Synonyms (Chemical Abstracts Service names are given in bold), trade
names and atomic or molecular formulae or compositions of nickel, nickel alloys
and selected nickel compounds

Chemical
Dame

Chem. Abstr. SYDoDyms and trade Dames
Seiv. Reg.
Numbera

Formula Oxda-
tion
stateb

Metallc nickel and nickel alloys

Nickel 7440-02-0 c.I. 77775; NI; Ni 233; Ni 270; Nickel 270; Ni
(8049-31-8; Nickel element; NP 2
17375-04-1;
39303-46-3;
53527-81-4;
112084-17-0)

o

-- 257 -
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Table i (contd)

Chemical Chem. Abstr. Synonym and trade names Formula Ox-name Seiv. Reg.
dationNumber4
stateb

Nickel sulfide 16812-54-7 Mononickel monosulfide; nickel monosul- NiS +2
(1344-49-6) fide; nickel monosulfide (NiS); nickelous

(amorphous 11113-75-0) sulfide; nickel (II) sulfide; nickel (2 + ) sul-
fide; nickel sulfde (NiS)

1314-0-1 Milerite (NiS) NiS +2
(61026-96-8)

Nickel sub- 12035-72-2 Nickel seuisulfide; nickel subsulfide Ni3S2 NSsulfide (NiiSi); nickel sulfde (NiJSi) tnnickel
disulfide

12035-71-1 Heazlewooite (Ni3~); Khizlevudite

Pentll1dite 53809-86-2 Pentlandite (FegNigS16) FegNigS16 NS
12174-14-0 Pentlandite (Feo.4-.~io.4-.6)gS8 NS

Nickel salts

Nickel 3333-7-3 Carbonic acid, nickel (2 + ) salt (1:1); nick- NiCÛ: +2carbonate el carbonate (1:1); nickel (II) carbonate;
nickel (2+) carbonate; nickel carbonate
(NiC03); nickel (2 + ) carbonate (NiC03);
nickel monocrbonate; nickelous carbon-
ate

Baic nickel 12607-70-4 Carbonic acid, nickel salt, basic; nickel NiCÛ:.2Ni(OHk +2carbonates (63091-15-6) carbonate hydroxide (Ni3(C03XOH)4);
nickel, (carbonato(2-)) tetrhydroxy-

12122-15-5 Nickel bis(carbonato(2- ))hexahydroxyn- 2NiC03.3Ni(OHk +2
ta-ô nickel hydroxycarbonate

Nickel acetate 373-02-4 Acetic acid, nickel (2 + ) salt; nickel (II) Ni(OCOCH3k +2
(17593-69-0) acetate; nickel (2+ ) acetate; nickel di-

acetate; nickelous acetate

Nickel acetate 6018-89-9 Acetic acid, nickel ( + 2) salt, tetrahydrate Ni(OCOCH3k.4H2O +2tetrahydrate

Nickel ammo- 15699-18-0 Ammonium nickel sulfate Ni(NlLk(S04k +2nium sulfates ((NH4hNi(S04)i); nickel ammonium sul-
fate (Ni(NH4)i(S04h); sulfuric acid, am-
monium nickel (2+) salt (2:2:1)

Nickel ammo- 25749-08-0 Ammonium nickel sulfate Ni2(NlLk(S04Y. +2nium sulfate ((NH4nNii(S04h); sulfuric acid, ammo-
hexahydrate nium nickel (2 + ) salt (3:2:2)
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Table 1 (contd)

Chemical Chem. Abstr. Synonyms and trade names Formula Ox-
name Serv. Reg. dation

Numbera stateb

7785-20-8 Ammonium nickel (2+) sulfate hexahy- Ni(NI-MS04~' +2
(51287-85-5, drate; ammonium nickel sulfate 6H2O
55526-16-4) ((NH4)iNi(S04)i); diammonium nickel

disulfate hexahydrate; diammonium nickel
(2+) disulfate hexahydrate; diammonium
nickel (II) disulfate hexahydrate; nickel
ammonium sulfate (Ni(NH4h(S04h)
hexahydrate; nickel diammonium disulfate
hexahydrate; sulfuric acid, ammonium
nickel (2+) salt (2:2:1), hexahydrate

Nickel 14721-18-7 Chromium nickel oxide (NiCr04); nickel NiCr04 +2
chromate chromate (NiCr04); nickel chromium

oxide (NiCr04)

Nickel 7718-54-9 Nickel (II) chloride; nickel (2 + ) chloride; NiCI2 +2
chloride (37211-05-5) nickel chloride (NiCli); nickel dichloride;

nickel dichloride (NiCli); nickelous chlo-
ride

Nickel 7791-20-0 Nickel chloride (NiCI2) hexahydrate NiCI2.6H2O +2
chloride
hexahydrate

Nickel nitrate 13478-00-7 Nickel (2+) bis(nitrate)hexahydrate; nick- Ni(N03)2.6H20 +2
hexahydrate el dinitrate hexahydrate; nickel (II) nitrate

hexahydrate; nickel nitrate (Ni(N03)2)
hexahydrate; nickelous nitrate hexahy-

drate; nitric acid, nickel (2 + ) salt, hexa-

hydrate

Nickel sulfate 7786-81-4 Nickel monosulfate; nickelous sulfate; NiS04 +2
nickel sulfate (1:1); nickel (II) sulfate;
nickel (2+) sulfate; nickel (2+) sulfate

(1:1); nickel sulfate (NiS04); sulfuråc
acid, nickel (2 + ) salt (1:1)

Nickel sulfate 10101-97-0 Sulfuråc acid, nickel (2 + ) salt (1: 1), hexa- NiS04.6H2O +2
hexahydrate hydrate

Nickel sulfate 10101-98-1 Sulfuric acid, nickel (2+) salt (1:1), hep- NiS04.7H2O +2
heptahydrate tahydrate

Other nickel compounds

Nickel 13463-39-3 Nickel carbonyl (Ni(CO)4)' (T-4)-; nickel Ni(CO)4 0
carbonyl (13005-31-7, tetracarbonyl; tetracarbonylnickel; tetra-

14875:'95-7, carbonylnickel (0)
36252-60-5,
42126-46-5,
71327-12-3)
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Table i (contd)

Chemical na me Chem. Abstr. Synonyms and trade names Formula Oxda-
Serv. Reg. tion
Numbera stateb

Nickel 12035-52-8 Antimony compound with nickel (1:1); NiSb NS
antimonide (73482-18-5) nickel antimonide (NiSb); nickel com-

pound with antimony (1:1); nickel mono-
antimonide

12125-61-0 Breithauptit€ (SbNi) NiSb NS
Nickel 27016-75-7 Nickel arsnide (NiAs) NiA NSarsnides (12068-59-6

24440-79- 7)

1303-13-5 Nickeline; nickeline (NiAs); nicolite NiA NS
(23292-74-2)
12256-33-6 Nickel arsenide (Ni11Asa); nickel arsnide NiiiAse NS

tetragonal
12044-65-4 Maucherite (Ni11Asa); Placodine; Temis- NiiiAse NS

kamite
12255-80-0 Nickel arsenide (NisAs2); nickel arsnide Nis~ NS

hexagonal
Nickel 1314-05-2 Nickel monoselenide; nickel selenide NiSe NS

selenide
(Ni Se )

12201-85-3 Maekinenite; Makinenite (NiSe) NiSe NS
Nickel 12137-13-2 Nickel selenide (Ni3Se2) Ni3Se2 NS

subselenide

Nickel 12255-10-6 Nickel arsenide sulfide (NiAsS) NiA NSsulfarsnide

12255-11-7 Gersdorfte (NiAsS) NiAS NS
Nickel 12142-88-0 Nickel monotelluride; nickel telluride NiTe NS

telluride
(Ni Te) 

24270-51-7 Imgreite (Ni Te) NiTe NS
Nickel titanate 12035-39-1 Nickel titanate(IV); nickel titanate (Ni- NiT03 +2

Ti03); nickel titanium oxide (NiTi03);

nickel titanium trioxide

Chrome iron 71631-15-7 CI 77504; CI Pigment Black 30;
(Ni,Fe XCrFe ~04 NS

nickel black DCMA-13-50-9; nickel iron chromite
spine! black spinel
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Table 1 (contd)

Chemical name Chem. Abstr. Synonym and trade names
Seiv. Reg.
Number'

Formula Oxda-
tion
stateb

Nickel ferrte 68187-10-0 CI Pigment Brown 34; DCMA-13-35-7 NiFei04 NS
brown spinel

Nickelocne 1271-28-9 Bis(1l5-2,4-cclopentadien-1-yl)nickel; 1T -(CsHskNi + 2
(51269-44-4) di-1T -cclopentadienylnickel; dicycIopen-

tadienylnickel; nickel, bis(T)5-2,4-cclo-

pentadien-1-yl)-; nickel, di-1T -cclopenta-
dienyl-

tZeplace CAS Registiy nuinbers are given in parenthes.

lIS, not speifed; mixed formai oxidation states of nickel and/or complex cordination in the sol id form

CCemical Abstracts Seivee Registiy lists hundreds of thes compounds; some tyical examples are given.

dJn commercial usge, 'black nickel oxide' usually refers to the low-temperature ciystallne form of nickel
monoxide, but nickel trioxide (Ni203), an unstable oxide of nickel, may also be called 'black nickel oxide'.

1.2 Chemical and physical properties or the pure substance

Known physical properties of sorne of the nickel compounds considered in this
monograph are given in Table 2. Data on solubility refer to saturated solutions of
the compound in water or other specified solvents. Nickel compounds are some-
times classed as soluble or insoluble in water; such a classification can be useful in
technical applications of the various compounds but may not be relevant to deter-
mining their biological activity. Water-soluble nickel compounds include nickel
chloride (642 gI at 20 0 C) and nickel sulfate (293 g/l at 20 0 C), while nickel mon~sul-
fide (3.6 mgl at 180 C) and nickel carbonate (93 mg/l at 25 0 C) are classed as insolu-
ble (Weast, 1986). Compounds with solubilties towards the middle of this range are
not easily classified in this way. Different forms of nominally the same nickel com-
pound can have very different solubilties in a given solvent, and particle size, hydra-
tion and crystallinity can markedly affect the rate of dissolution. For example, anhy-
drous nickel sulfate and. the hexahydrate are similarly soluble in unbuffered water
(Grandjean, 1986), but the hexahydrate dissolves several orders of magnitude faster
than the anhydráte.



Table 2. Physical properties of nickel and nickel compoundsa

Chemical name Atomic/ Melting- Boilng- Typical physical Solubilty
molecular point point description
weight (OC) (OC)

Metalic nickel and nickel alloys

Nickel 58.69 1455 2730 Lustrous white, hard fer- Soluble in dilute nitric acid; slightly sol-
romagnetic metaib or grey uble in hydrochloric and sulfuric acids;

Z
powder insoluble in cold or hot water -

(ìFerronickel alloy Grey solidc Combined properties of metallc iron ~- - -
tT

and nickel, ammonia and alkali hydrox- L-
ides

~Nickel oxides and hydroxides 0
ZNickel hydroxde 9270 230 Green crytals or amor- Nearly insluble (0.13 g/it in cold water; --
nphous solid soluble in acid, ammonium hydroxide ~
tTNickel monoxide 74.69 1984 - Grey, black or greenC Insoluble in water (0.0011 g/l at 20°C); L-

powder soluble in acid, ammonium hydroxided (ì0Nickel sulfides ~
'"

Nickel diulfide 1281 Decm- Black crytalsc or powder Insluble in watef' 0-
c:po at Z40d 0
czNickel sulfde

Amorphous 90.75 797 - Black crtals or powder Nearly insoluble (0.0036 g/, ß-form)d in~-form 90.75 - - -
water at 18°C; soluble in aqua regia, ni-ß-form 90.75 - - Dark-green crytalsC tre acid, potasium hydrosulfide; slight-
ly soluble in acids

Nïckel subsulfde 24.19 790 - Lutrous pale-yellowih Insluble In cold water; soluble In nItric
( ~-form) or bronze metallc cry- acid

tais ~w



Table 2 (contd) ~

Chemical name Atomic/ Melting- Boilng- Typical physical Solubilty
molecular point point description
weight (OC) (OC)

Nickel salts

Nickel acetate 176.78 Decom- 16.6 Dull-green crystals Soluble in water (166 g/l at 2O°C)d; in-

pos soluble in ethanol ~
Nickel acetate tetra- 248.84 Decom- 16 DUii-green crystals Soluble in water (160 g/l at 2O°C)d; solu- ~

hydrate poses ble in dilute ethanol (j
Nickel ammonium sulfates a=0

Hexahydrate 394.94 - - - Soluble in water (104 g/l at 2O°C)d Z0
Anhydrous 286.88 Decom- - Green crystalse Soluble in water (300 g/l at 2O°C)d; less

0
poese soluble in ammonium sulfate solution; ~insoluble in ethanoie ~

Nickel carbonate 118.70 Decom- Light-green crystals Nearly insoluble (0.093 g/l) in water at
en- ~

poes 25°C; insoluble in hot water, soluble in 0
acids

B
Nickel hydroxycarbonate 587.67 Decom- - Light-green crytals or Insoluble in cold water; decomposes in a=

poses brown powdere or wet hot water; soluble in acids tr
green paste

~i.
Nickel chlorides

Anhydrous 129.60 1001 Sublimes Yellow deliquescent Soluble in water at 20°C (642 g/l) and at
at 973 scales 100°C (876 g/l); soluble in ethanol, am-

monium hydroxide; insoluble in nitric
acid

Hexahydrate 237.70 - - Green deliquescent cry- Soluble in water (2540 g/l at 2O°C)d;

taIs very soluble in ethanol

Nickel chromate 174.71 - - Black crytals Insoluble in water



Table 2 (contd)

Chemical name Atomic/ Melting- Boilng- Typical physical Solubility
molecular point point description
weight (OC) (OC)

Nickel nitrate hexa- 290.79 56.7 Decom- Green deliquescent Soluble in water (2385 g/I at O°C), am-hydrate poses at crystals monium hydroxide and ethanol
Z136.7 -
()Nickel sulfates ~
trAnhydrous 154.75 Decom- Pale-green to yellow Soluble in water (293 g/I at 20°C); insol- ~-

~poses at crystals uble in ethanol and diethyl etherd,e
848 Û

Hexahydrate 262.84 53.3 - Blue or emerald-green Soluble in water (625 g/l at O°C); solu- Z-crytalse ble in ethanoid ()
~Heptahydrate 280.85 99 - Green crystals Soluble in water (756 g/I at 20°C); solu- tr
r-ble in ethanoid nOther nickel compounds 0
~Nickel antimonide 180.44 1158 Decom- Ught-copper to mauve Insoluble in waterd ""0poses at crystalsC e140 Z

Nickel arenides 133.61 968 Grey crystalsC Insoluble in hot or cold water, soluble
Û-
enNiA in aqua regia

Ni"Ase 124.96 100 - Platinum-grey crystals Insoluble in waterd
Ni~2 443.39 993 - Grey crystalsC Insoluble in wateJ"

Nickel carbonyl 170.73 -25 43 Colourless to yellow Nearly insoluble (0.18 g/I) in water at
liquid 9.8°C; soluble in aqua regia, ethanol,

diethyl ether, benzene, nitric acid; insol-
uble in dilute acids or dilute alkaIi

~
VI



Table 2 (contd)

SolubiltyChemical name Atomicl
molecular
weight

Melting-
point
(OC)

Boilng-
point
(OC)

Typical physical
description

Nickelocne

Nickel selenide

(NiSe)

Nickel subselenide
(Ni3Se2)

Nickel telluride

Nickel titanate

188. 88

137.65

333. 99

186.29

154.57

171-173e

Red heat

Decom-
poses a t
600-900d

Decom-
poses at
1000

Dark-green crystalse

White or grey crystals

Green crystalsC

Grey crystalsC

Yellow crystalsC

Soluble in most organic solvents; insolu-
ble in water; decompos in acetone,
ethanol, diethyl ether

Insoluble in water and hydrochloric
acid; soluble in aqua regia, nitric acid

Insoluble in waterd

Insoluble in water; soluble in nitric acid,
aqua regia, bromine waterd

Insoluble in waterd

'Prom Weast (1986), unless otheiwse specified; -, depending on composition

bprom Windholz (1983)

'From Sunderman (1984)

dprom Grandjean (1986)

eprom Sax & Lewis (1987)

~

~

~
~ozo
o

~
:c
en
~o
B
s:
tI
.i1.
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1.3 Technical products and impurities

This section does not include nickel-containing intermediates and by-products
specific to nickel production and use, which are considered in section 2.

(a) Metallic nickel and nickel al/oys

Ferronickel contains 20-50% nickel (Sibley, 1985). Other components include
carbon (1.5-1.8%), sulfur (-: 0.3%), cobalt ( -: 2%), silicon (1.8-4%), chromium
(1.2-1.8%) and iron (balance of alloy). It is delivered as ingots or granules

(ERAET-SLN, 1986).
Pure unwrought nickel is available commercially in the form of cathodes, pow-

der, briquets, pellets, rondelles, ingots and shot. Its chemical composition is :: 99%
nickel, with carbon, copper, iron, sulfur and oxygen as impurities (Sibley, 1985).

Metallc nickel undergoes surface oxidation in air; oxidation of finely divided nickel
powder can result in the conversion of a large fraction of the metal to oxide upon
prolonged storage (Cotton & Wilkinson, 1988).

Nickel-aluminium alloy (for the production of Raney nickel) is avaIlable as Eu-
ropean Pharmacopoeia grade with the following typical analysis: nickel, 48-52%;
aluminium, 48-52%; and chloride, 0.001% (Riedel-de Haën, 1986).

Nickel alloys can be categorized as nickel-chromium, nickel-chromium-cobalt,
iron-nickel-chromium and copper-nickel alloys. Typical analyses are given in Table
3. Austenitic steels are the major group of nickel-containing steels. Typical composi-
tions are given in Table 4.

(b) Nickel axides and hydroxides

The temperature of formation of nickel oxide (up to 1045°C) determines the
colour of the crystal Get-black to apple green), the crystallne surface area and the
nickel (III) content ( -: 0.03-0.81 % by weight). The temperature of formation may
also affect the crystallne structure and the incidence of defects within it (Sunder-
man et al., 1987; Benson et al., 1988a).

Nickel monoxides are available commercially in different forffs as laboratory
reagents and as industrial products. Laboratory reagents are either green powder
(Aldrich Chemical Co., Inc., 1988) or black powders; industrial products are either
black powders, coarse particles (Sinter 75) or grey sintered rondelles (INCO, 1988;
Queensland Nickel Sales Pty Ltd, 1989). Sinter 75 (76% Ni) con tains about 22% oxy-
gen and small amounts of copper (0.75%), iron (0.3%), sulfur (0.00%) and cobalt
(1.0%) (Sibley, 1985). Sintered rondels (::85% Ni) are formed by partially reducing
a cylindrical pressing of granular nickel oxide to nickel metal. The degree of reduc-
tion achieved determines the nickel content of the finished rondel (Queensland
Nickel Sales Pty Ltd, 1989).



~
00

Table 3. Elemental analyses of representative nickel alloys (weight %)Q

Alloy Ni Cu Cr Co Fe Mo W Ta Nb Al Ti Mn Si C Zr
-

Nickel-chromium ~
Cast alloy 625 63.0 - 21.6 - 20 8.7 - - 3.9 0.2 0.2 0.06 0.20 0.20 - n
Hastelloy alloy X 47.0 - 22.0 1.5 18.5 9.0 0.6 - - - - 0.50 0.50 0.10 - ~0
Inconel alloy 617 54.0 - 220 125 - 9.0 - - - 1.0 - - - 0.07 - Z

Nickel-chromium-cobalt 00
Haynes Alloy 1002 16.0 - 22.0 Bal 1.5 - 7.0 3.8 - 0.3 0.2 0.70 0.40 0.60 0.30

~Haynes Alloy No. 188 220 - 22.0 39.0 3.0 - 14.0 - - - - 1.25 0.40 0.10 -
Max Max :i

U'
Nickel-iron-chromium

âHaynes Alloy 556 20.0 - 22.0 20.0 29.0 3.0 25 0.9 0.1 0.3 - 1.50 0.40 0.10 -
Incoloy Alloy 800b 325 - 21.0 - 46.0 - - - - 0.4 0.4 0.80 0.50 0.05 - t

~ Nickel-copper ~
tT

Monel alloy 40b 66.5 31.5 - - 1.3 - - - 1.0 0.25 0.15 ..- - - - \0
Monel alloy K-500b 65.0 29.5 - - 1.0 - - - - 28 0.5 0.6 0.15 0.15

aprom Nickel Development Institute (1987a); Bal, balance 

bprom Tien & Howson (1981)

kajo
Rectangle
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Table 4. 1)ical composition of nickel-containing steels (weight %)a

Grade Cr Ni Mn Mo C Si S P Fe

AISI-201 16-18 3.5-5.5 5.5-7.5 0.15 1.0 0.03 0.06 Balance
AISI-302 17-19 8.0-10.0 2.0 0.15 1.0 0.03 0.045 Balance
AISI-304 18-20 8.0-10.5 2.0 0.08 1.0 0.03 0.045 Balance
AISI-316 16-18 10-14 2.0 2-3 0.08 1.0 0.03 0.045 Balance

aprom Nickel Development Institute (198Th); AISI, American Iron and Steel Institute

Nickel hydroxide is commercially available at 97% purity (Aldrich Chemical
Co., Inc., 1988).

(c) Nickel sulfdes

Nickel sulfide exists in three forms: the high-temperature, hexagonal crystal
form, in which each nickel atom is octahedrally coordinated to six sulfur atoms; the
low-temperature, rhombohedral form (which occurs naturally as milerite), in which
each nickel atom is coordinated to two other nickel atoms and five sulfur atoms
(Grice & Ferguson, 1974); and amorphous nickel sulfide. Amorphous nickel sulfide
is gradually converted to nickel hydroxy sulfide on contact with air (Cotton & Wil-
kinson, 1988). Grice and Ferguson (1974) referred to the rhombohedral (milerite)
form as ß-nickel sulfide and the high-temperature hexagonal form as ~-nickel sul-
fide. Different nomenclatures have been used by other au 

th ors (Abbracchio et al.,
1981; Grandjean, 1986). The term ß-nickel sulfide is used to denote the rhombohe-
dral milerite form throughout this monograph.

Nickel subsulfide exists in two forms: Q!-nickel subsulfide, the low-temperature,
rhombohedral form (heazlewoodite), in which nickel atoms exist in distorted tetra-
hedral coordination and the sulfur atoms form an almost cubic body-centred sub-
lattice, with six equidistant nickel neighbours; and ß-nickel subsulfide, the
high-temperature form (Sunderman & Maenza, 1976).

An examination of the surface of crystallne and amorphous nickel sulfide par-
ticles revealed that crystallne particles have a net negative surface charge, while the
surface charge of amorphous nickel sulfide appears to be positive. X-Ray photo-
electron spectroscopy analysis of amorphous and crystallne nickel sulfide showed
that the outermost surface of the two compounds differed with respect to the NilS
ratio and the sulfur oxidation state (Abbracchio et al., 1981).

Nickel sulfides are intermediates in nickel smelting and refining which can be
isolated as crude mattes for further processing but are notsignificant materials of
commerce. Most nickel subsulfide is produced as an intermediate in many nickel
refining processes (Boldt & Queneau, 1967).
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(d) Nickel salts

Nickel acetate is available as the tetrahydrate at a purity of :: 97% (Mallnck-
rodt, Inc., 1987).

Nickel ammonium sulfate hexahydrate is available as analytical reagent-grade
crystals at a purity of 99.0% min or at a grade for nickel plating (purity, 99-100%;
Riedel-de-Haen, 1986).

Nickel carbonate is available mainly as hydroxycarbonates, such as basic nickel
carbonate. Laboratory reagent grades may contain 47.5% or 45% nickel; industrial
grades, as green powders or wet pastes, contain approximately 45% nickel (INCO,
1981-82; Pharmacie Centrale, 1988).

Nickel chloride is available as the hexahydrate as a laboratory reagent of :: 99%
purity and as industrial products with about 24.7% nickeL. It is also available ¡n
industrial quantities as an aqueous solution (ERAMET-SLN, 1985).

Nickel nitrate is available as the hexahydrate at :: 99% purity and as crystals
and flakes (1.1: Baker, 1988).

Nickel sulfate is available as the heptahydrate at :: 99% purity and as the hexa-
hydrate at 99% purity (Aldrich Chemical Co., Inc., 1988).

(e) Other nickel compounds

Nickelocene is available in solid form at :: 90% purity or as an 8-10% solution
in toluene (American Tokyo Kasei, 1988).

2. Production, Use, Occurrence and Analysis

2.1 Production

Nickel was first isolated in 1751 by a Swedish chemist, Cronstedt, from an arse-
nosulfide ore (Considine, 1974).

~) Memllk nkkd and nkkd allo~

Table 5 gives world mine production of nickel by region. Table 6 shows world
nickel plant production, including refined nickel, ferronickel and nickel recycled
from scrap (Chamberlain, 1988).

Various combinations of pyrometallurgical, hydrometallurgical and vapome-
tallurgical operations are used inthe nickel producing industry (Boldt & Queneau,
1967; Evans et al., 1979; Tien & Howsen, 1981; Tyroler & Landolt, 1988). The de-
scription that follows is a generalized discussion of some of the more common
smelting and refining processes.
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Table S. World mine production or nickel, by region (thousand tonnes)a

Region 1982 1983 1984 1985 1986

Albania 6.0 7.2 9.2 9.6 9.7
Australia 87.7 76.6 77.1 85.8 69.9
Botswana 17.8 18.2 18.6 19.6 20.0
Bral 14.5 15.6 23.6 20.3 23.1
Bunna 0.02 0.02 0.02 0.02 0.02
Canada 88.7 128.1 174.2 170.0 181.0
China 12.0 13.0 14.0 25.1 25.5
Colombia 1.8 17.5 21.9 15.5 22.1
Cuba 36.2 37.7 31.8 32.4 32.7
Dominican Republie 5.4 19.6 24.0 25.4 22.1
Finland 6.3 5.3 6.9 7.9 6.5
France (New Caledonia) 60.2 46.2 58.3 73.0 65.1
Gennan Democratie Republie 25 2.2 20 1.6 1.5
Greece 5.0 16.8 16.7 18.7 17.5
Indonesia 46.0. 49.4 47.6 40.6 43.9
Moroc 0.13
Noiwy 0.39 0.36 0.33 0.44 0.40
Philppines 19.7 13.9 13.6 28.2 13.6
Poland 2.1 2.1 2.1 2.0 2.0
South Afrea 22.0 20.5 25.1 25.1 25.1
USA 2.9 13.2 5.6 1.1
USSR 165.1 170.0 174.2 180.0 186.0
Yugoslavia 4.0 3.0 4.0 5.0 5.0
Zimbabwe 15.8 12.0 12.2 11.1 11.0

Total 622.24 675.28 770.65 802.96 784.82

Ilrom Chamberlain (1988)

Table 6. World production of processed nickel by region (thousands of
tonnes)a

Region 1982 1983 1984 1985 1986

Australia 45.9 41.8 38.7 40.9 41.9
Brazl 3.5 8.3 9.2 13.3 13.5
Canada 58.6 87.2 104.0 100.0 115.0
China 12.0 13.0 14.0 22.5 22.5
Colombia 1.3 13.1 17.1 11.8 18.6
Cuba 9.0 9.3 8.5 8.5 7.7
Czechoslovakia 1.5 3.0 4.5 4.5 4.5
Dominican Republic 5.3 21.2 24.2 25.8 22.0
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Table 6 (contd)

Region 1982 1983 1984 1985 1986

Finland 12.6 14.8 15.3 15.7 16.0
France 7.4 4.9 5.2 7.1 10.0
France (New Caledonia) 28.0 21.7 29.2 36.1 33.0
Gennan Democratie Republie 3.0 3.0 3.0 3.0 3.0
Gennany, Federal Republic of 1.2 1.2 1.0 0.7
Gree 4.5 12.9 15.8 16.0 12.0
Indonesia 5.0 4.9 4.8 4.8 5.0
Japan 90.6 82.2 89.3 92.7 88.8
Norwy 25.8 28.6 35.6 37.5 38.2
Philppines 11.2 6.1 3.5 17.0 2.1
Pol and 2.1 2.1 2.1 2.1 2.1
South Afca 14.4 17.0 20.5 20.0 20.0
UK 7.4 23.2 23.3 17.8 31.0
USA 40.8 30.3 40.8 33.0 1.5
USSR 180.0 185.1 191.4 198.0 215.0
Yugoslavia 1.5 1.5 2.0 3.0 3.0
Zimbabwe 13.3 10.2 10.3 9.4 9.8

Total 585.9 646.6 713.3 741.2 736.2

tlrom Chamberlain (1988)

Nickel is produced from two kinds of ore: sulfide and silicate-oxide. The latter
occurs in tropical regions, such as New Caledonia, and in regions that used to be
tropical, such as Oregon (USA). Both types of ore generally contain no more th an
3% nickel (Warner, 1984). Mining is practised by open pit and underground meth-
ods for sulfide ores and by open pit for silicate-oxide ores. Sulfide ores are extracted
by flotation and magnetic separation into concentrates containing nickel and vari-
ous amounts of copper and other metals, such as cobalt, precious metals and iron.
Silcate-oxide ores are extracted by chemical means.

The extractive metallurgy of sulfide nickel ores (see Fig. 1) is practised in a
large variety of processes. Most of these processes begin wi th oxidation of iron and
sulfur at high temperatures in multiple hearth roasters or in fluid bed roasters, or, in
the early days, in lInear calciners or on travellng grate sinter machines ('sintering').
The roaster calcine is smelted in reverberatory or electric furnaces to remove rock
and oxidized iron as a slag, leaving a ferrous nickel (copper) matte. ln modern pro-
cesses, both operations - roasting and smelting - are combined in a single opera-
tion called 'flash smelting'. Thé furnace matte is upgraded by oxidizing and slagging
most of the remaining iron in converters. If the converter matte or 'Bessemtr matte'
contains copper, the matte can be separated into nickel subsulfide, copper sulfide
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Fig. 1. Extraction and refining of nickel and its compounds from sulfides oresa
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and metallic concentrates by a slow cooling process followed by magnetic concen-
tration and froth flotation.

The high-grade nickel subsulfide concentrate is then refined by various pro-
cesses. Most of them begin with roasting of the concentrate to a cru de nickel oxide.

When the copper content is low, this cru de oxide is directly saleable ('Sinter 75'). ln
older processes, copper was leached directly from the crude oxide with sulfuric acid
(as in Clydach, Wales) or by an acidic anolyte from copper electrowinning (as in
Kristiansand, Norway). Refining can be pursued after reducing the crude nickel
oxide to metal either in a rotary kiln or in an electric furnace with addition of a car-
bonaceous reductant. ln the first case, the crude particulate metallc nickel is re-
fined by the atmospheric pressure nickel-carbonyl process (Mond carbonyl pro-
cess) which allows a c1ear-cut separation of nickel from other metals. Nickel is then

produced either as nickel powder or as nickel pellets. The carbonylation residue is
further processed to recover precious metals and some nickel and cobalt salts. ln
the second case, the molten cru de nickel is cast into anodes which are 'electrore-
fined'. The anolyte is purified outside the electrolytic cell by removal of the main
impurities, which are iron, arsenic, copper and cobalt. These impurities are gener-
allyextracted as filter cakes containing significant amounts of nickel, warranting
recycling upstream in the process. Nickel is then produced in the form of electrolyt-
ic cathodes or small 'rounds'. This electrorefining process, which was used in Kris-
tiansand, Norway, and Port Colborne, Ontario, is no longer practised there.

The Bessemer nickel (copper) matte can also be refined without roasting,
either by a combination of hydrometallurgy and electrolysis ('electrowinning') or by
hydrometallurgy alone. There are three tyes of nickel 'electrowinning' processes:
(i) directly from matte cast into (soluble) anodes; (ii) from nickel sulfate solutions
obtained by leaching matte with a very low sulfur content; and (Hi) from nickel chlo-
ride solutions obtained by leaching matte with chloride solution in the presence of
chlorine gas. ln the three cases, the solutions obtained by dissolving the matte must
be purified before plating pure nickel, as for the electrorefining process. In the
chloride-electrowinning process, purification is accomplished through solvent ex-
traction methods using tributylphosphate and aliphatic amines diluted in petro-
leum extracts.

Complete hydrometallurgy can be practised directly on sulfide concentrates or
on Bessemer matte by ammonia leaching in sulfate medium in autoclaves. The so-
lution is purified by precipitation of sulfides, and nickel is recovered as metal pow-
der by hydrogen precipitation in autoclaves. The nickel powder can be further sint-
ered into briquettes.

Silcate-oxide ores ('garnierites' /'laterites') are processed either by pyrometal-
lurgy or by hydrometallurgy (Fig. 2). Pyrometallurgy consists of drying, calcining in
rotary kilns, then reduction/smelting in electric furnaces. The crude ferronickel
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Fig. 2. Extraction and retining or nickel and its compounds rrom silicate-oxide
(laterite) oresa
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obtained (containing 20-40% Ni) is partially refined by thermic processes (in ladIes)
before being cast into ingots or granulated in water. With pyrometallurgy, nickel
matte can be produced from silcate-oxide ore either by smelting the ore in the pres-
ence of calcium sulfate in a blast furnace (old process) or in an electric furnace, or
by direct injection of molten sulfur into molten ferronickeL.

Hydrometallurgy of silcate-oxide ores, preferentially poor in silca and mag-
nesia, is practised by ammoniacal leaching or by sulfuric acid leaching. Ammonia-
cal leaching is used for ore that is selectively reduced in rotary kilns by a mixure of
hydrogen and carbon monoxide. Cobalt, the main dissolved impurity, is removed
from solution by precipitation as cobalt monosulfide (containing nickel monosul-
fide). This by-product is further refined to separate and refine nickel and cobalt.
The purified nickel stream is then transformed into the hydroxycarbonate by am-
monia distilation. The hydroxycarbonate is then dried, calcined and partially re-
duced to a saleable nickel oxide sinter. Sulfuric acid leaching is conducted under
pressure in autoclaves. Nickel and cobalt are extracted from the process liquor by
precipitation with hydrogen sulfide, and the mixed nickel-cobalt (10:1) sulfide is fur-
ther refined in one of the processes described above.

Nickel is obtained not only by recovery from nickel ores but also by recycling
process or consumer scrap. Nickel scrap is generated in forming and shaping oper-
ations in fabricating plants where nickel-containing materials are used and is also
recovered from obsolete consumer goods containing nickeL. Small amounts of nick-
el are also produced as a coproduct of copper and platinum metal refining (Sibley,
1985).

Nickel-containing steels (stainless steels and others) are produced by melting
cast iron and adding ferronickel and/or pure nickel or steel scraps in large electric
furnaces. The melt is transferred to a refining vessel to adjust the carbon content
and impurity levels and is then cast into ingots or continuously into casting shapes.
Defects in cast steel are repaired by cutting or scarfing or by chipping or grinding.
The desired shapes are produced by a variety of operations, including grinding, pol-
ishing and pickling (Warner, 1984). Production volumes of stainless-steel are given
in Table 7.

The technology for the production of nickel alloys is very similar to that used for
steel production, except that melting and decarburizing units are generally smaller,
and greater use is made of vacuum melting and remelting (Warner, 1984). ln west-
ern Europe, it was estimated that 15% of nickel consumption was in nonferrous
nickel alloys (Eurométaux, 1986).
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Table 7. Stainless-steeia production (in thousands
of tonnes) in selected regionsb

Region 1987 1988

Austria 54 67
Belgium 182 254
Finland 189 20
France 720 784
Germany, Federal Republic of 957 1186
Italy 550 623
Spain 327 426
Sweden 457 482
United Kingdom 393 427
Yugoslavia 30 30

Total Europe 3859 445
USA 1840 1995
Japan 2722 3161
Other countries 787 798

Total 9208 10 439

astainless steels with and without nickel
h£RAMET-SLN (1989a)

(b) Nickel oxides and hydroxides

Nickel oxide sin ter (a coarse, somewhat impure form of nickel monoxide) is
manufactured by roasting a semipure nickel subsulfide at or above 100°C or by
decomposing nickel hydroxycarbonate. The sinters produced commercially contain
either 76% nickel or, in partially reduced form, 90% nickeL. Nickel oxide sinter is
produced in Australia, Canada and Cuba (Sibley, 1985).

Green nickeloxide, a finely divided, relatively pure form of nickel monoxide, is
produced by firing a mixture of nickel powder and water in air at 100°C (Anton-
sen, 1981). Nickel monoxide is currently produced by two companies in the USA,
six in Japan, two in the UK and one in the Federal Republic of 

Germany (Chemical
Information Services Ltd, 1988).

Black nickel oxide, a finely divided, pure nickel monoxide, is produced by calci-
nation of nickel hydroxycarbonate or nickel nitrate at 600° C (Antonsen, 1981). It is
produced byone company each in Argentina, Brazil, Canada, Japan, Mexico, the
UK and the USA (Chemical Information Services Ltd, 1988).



278 lARe MONOGRAHS VOLUME 49

Nickel hydroxie is prepared by (1) treating a nickel sulfate solution with so-
dium hydroxide to yield a gelatinous nickel hydroxide which forms a fine precipitate
when neutralized, (2) electrodeposition at an inert cathode using metallc nickel as
the anode and nickel nitrate as the electrolyte, or (3) extraction with hot alcohol of
the gelatinous precipitate formed by nickel nitrate solution and potassium hydrox-
ide (Antonsen, 1981). Nickel hydroxide is currently produced by four companies in
Japan, three in the USA and one each iu the Federal Republic of Germany and the
UK (Chemical Information Services Ltd, 1988).

(c) Nickel sulfdes

Purified nickel sulfie can be prepared by (i) fusion of nickel powder with mol-
ten sulfur or (ii) precipitation using hydrogen sulfide treatment of a buffered solu-
tion of a nickel(II) salt (Antonsen, 1981).

Nickel subsulfide can be made by the direct fusion of nickel with sulfur. Impure
nickel subsulfide is produced during the processing of furnace matte.

Nickel sulfide and nickel subsulfide are formed in large quantities as interme-
diatesin the processing of sulfidic and silcate-oxide ores and are traded and trans-
ported in bulk quantities for further processing. No data on production volumes
are available for any of the nickel sulfides.

(d) Nickel salts

Nickel acetate is produced by heating nickel hydroxide with acetic acid in the
presence of metallc nickel (Sax & Lewis, 1987). This salt is currently produced by
six companies in the USA, three each in Argentina, Brazil, Italy, J apan and the UK,
two each in the Federal Republic of Germany and Mexico, and one each in Australia
and Spain (Chemical Information Services Ltd, 1988).

An impure basic nickel carbonate (roughly 2NiC03.3Ni(OH)2.4H20) is.ob-
tained as a precipitate when sodium carbonate is added to a solution of a nickel salt.
A pure nickel carbonate is prepared by oxidation of nickel powder in ammonia and
carbon dioxide (Antonsen, 1981). Nickel carbonate is currently produced by six
companies each in the USA and J apan, three each in India and the Federal Repub-
lic of Germany, two each in Argentina, France, Italy, Mexico and the UK, and one
each in Belgium, Brazil, Canada, Spain and Switzerland (Chemical Information
Services Ltd, 1988). Finland and Japan produce the largest volumes of nickel
carbonate (ERAET-SLN, 1989b).

Nickel ammonium sulfate is prepared by reacting nickel sulfate with ammo-
nium sulfate and crystallzing the salt from a water solution (Antonsen, 1981; Sax &
Lewis, 1987). Nickel ammonium sulfate (particular form unknown) is currently
produced by three companies in the UK, two in the USA and one In Japan (Chemi-
cal Information Services, Ltd, 1988).
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Nickel chlonde (hexahydrate) is prepared by the reaction of nickel powder or
nickel oxide with hot aqueous hydrochloric acid (Antonsen, 1981). It is currently
produced by eight companies in the USA, six in India, four each in the Federal Re-
public of Germany, Japan and the UK, three in Mexico, two each in Brazil, France
and Italy and one each in Spain, Switzerland and Taiwan (Chemical Information
Services Ltd, 1988). The countries or regions that produce the largest volumes are:
Czechoslovakia, Federal Republic of Germany, France, Japan, Taiwan, UK, USA
and USSR (ERAMET-SLN, 1989b).

Nickel nitrate (anhydrous) can be prepared by the reaction of fuming nitric acid
and nickel nitrate hexahydrate. The hexahydrate is prepared by reaction of dilute
nitric acid and nickel carbonate (Antonsen, 1981). Nickel nitrate hexahydrate is
manufactured on a commercial basis by three methods: (1) slowly adding nickel
powder to a stirred mixture of nitric acid and water; (2) a two-tank reactor system,
one with solid nickel and one with nitric acid and water; and (3) adding nitric acid to
a mixture of black nickel oxide powder and hot water (Antonsen, 1981). Nickel ni-
trate is currently produced by six companies in the USA, four each in Brazil, Japan
and the UK, two each in the Federal Republic of Germany, France, India, Italy and
Spain and one each in Argentina, Australia, Belgium, Mexico and Switzerland
(Chemical Information Services Ltd, 1988).

Nickel sulfate hexahydrate is made by adding nickel powder or black nickel ox-
ide to hot dilute sulfuric acid or by the reaction of nickel carbonate and dilute sulfu-
ric acid. Large-scale manufacture of the anhydrous form may be achieved by
gas-phase reaction of nickel carbonyl with sulfur dioxide and oxygen at 100° Cor in
a closed-Ioop reactor that recovers the solid product in sulfuric acid (Antonsen,
1981).

Nickel sulfate hexa- and heptahydrates are currently produced by ni ne com-
panies each in Japan and the USA, six in India, four each in Argentina, the Federal
Republic of Germany, Mexico and the UK, three in Canada, two each in Austria,
Belgium, Brazil and Italy, and one each in Australia, Czechoslovakia, Finland, the
German Democratie Republic, Spain, Sweden, Switzerland, Taiwan and the USSR
(Chemical Information Services Ltd, 1988). The countries or regions that produce
nickel sulfate in the largest volumes are: Belgium, Czechoslovakia, the Federal
Republic of Germany, Finland, J apan, Taiwan, the UK, the USA and the USSR
(ERAET-SLN, 1989b).

(e) Other nickel compounds

Nickel carbonyl can be prepared by the Mond carbonyl process, described
above for nickeL. Two commercial processes are used to manufacture nickel carbo-
nyL ln the UK, the pure compound is produced by an atmospheric method in which
carbon monoxide is passed over freshly reduced nickeL. In Canada, high-pressure
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carbon monoxide is used in the formation of iron and nickel carbonyl, which are
separated by distilation. In the USA, nickel carbonyl was prepared commercially
by the reaction of carbon monoxide with nickel sulfate solution (Antonsen, 1981).
Nickel carbonyl is currently produced by two companies each in the Federal Repub-
lic of Germany and the USA and by one in Japan (Chemical Information Services,
Ltd., 1988).

Nickelocene is formed by the reaction of nickel halides with sodium cyclopen-
tadienide (Antonsen, 1981). It is currently produced by two companies in the USA
(Chemical Information Services Ltd, 1988).

Nickel selenide (particular form unknown) is produced by one company each in
J apan and the USA, nickel titanate by one company each in the UK and the USA
and potassium nickelocyanate by one company each in India and the USA (Chemi-
cal Information Services Ltd, 1988).

2.2 Use

Uncharacterized alloys of nickel have been used in tools and weapons since
12 AD or earlier (Considine, 1974; Tien & Howsen, 1981). ln fact, the principal
use of nickel has always been in its metallc form combined with other metals and
nonmetals as alloys. Nickel alloys are typically characterized by their strength,
hardness and resistance to corrosion (Tien &.Howsen, 1981). The principal current
uses of nickel are În the production of stainless and heat-resistant steels, nonferrous
alloys and superalloys. Other major uses of nickel and nickel salts are in electro-
plating, in catalysts, in the manufacture of alkaline (nickel-cadmium) batteries, in
coins, in welding products (coated electrodes, filter wire) and in certain pigments
and electronic products (Antonsen, 1981; Tien & Howsen, 1981; Mastromatteo,
1986). Nickel imparts strength and corrosion resistance over a wide range of tem-

peratures and pressures (Sibley, 1985; Chamberlain, 1988).

Worldwide demand for nickel in 1983 was 685 000 tonnes (Sibley, 1985). US
consumption of nickel ranged from approximately 93 000 to 122000 tonnes over the
period 1982-86 (Chamberlain, 1988). Table 8 shows the US consumption pattern by
end-use for 1983. ln 1978, 44% was used in stainless steels and alloy steels, 33% in
nonferrous and high-temperature alloys, 17% in electroplating and the remaining
6% primarily as catalysts, in ceramics, in magnets and as salts (Tien & Howson,
1981). ln western Europe, it was estimated that, in 1982,50% of the nickel was used
in stainless steels, 10% in alloy steel, 15% in nonferrous alloys, 10% in foundry
alloys, 10% in plating and 5% in other applications, su ch as catalysts and batteries
(Eurométaux, 1986).
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Table 8. US consumption pattern of nickel in 1983 (%)a

Use Consumption (%)

Transportation
Aircraft
Motor vehicles and equipment
Ship and boat building and repairs

Chemicals
Petroleum
Fabricated metaI products
ElectricaI
Household appliances
Machinery
Construction
Other

10.3
10.2
4.3

15.6
8.2
8.8

10.7
7.9
7.2
9.7
7.1

tlrom Sibley (1985)

(a) Metallic nickel and nickel alloys

Pure nickel metal is used to prepare nickel alloys (including steels). It is used as
such for plating, electroforming, coinage, electrical components, tanks, catalysts,
battery plates, sintered components, magnets and welding rods (Eurométaux,
1986).

Ferronickel is used to prepare steels. Stainless and heat-resistant steels ac-
counted for 93% of its end use in 1986 (Chamberlain, 1988).

Nickel-containing steels with low nickel content ( -c 5% Ni) are used for con-
struction and tool fabrication. Stainless steels are used for general engineering

equipment, chemical equipment, domestic applications, hospital equipment, food
processing, architectural panels and fasteners, pollution control equipment, cryo-
genic uses, automotive parts and engine components.

Nickel-copper alloys are used for coinage, in indus trial piping and valves, ma-
rine components, condenser tubes, heat exchangers, architectural trim, thermocou-
pIes, desalination plants, ship propellers, etc. Nickel-chromium alloys are used in
many high-temperature applications, such as furnaces, jet engine parts and reac-
tion vessels. Molybdenum-containing nickel alloys are notable for their corrosion
resistance and thermal stability, as are the nickel-iron-chromium alloys, and are
used in nuclear and fossil-fuel steam generators, food-processing equipment and
chemical-processing and heat-treating equipment. The majority of permanent
magnets are made from nickel-cast Iron alloys (Mastromatteo, 1986). The other
groups of nickel alloys are used according to their specifie properties for acid-resis-
tant equipment, heating elements for furnaces, low-expansion alloys, cryogenie
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uses, storage of liquefied gases, high magnetic-permeabilty alloys and surgical im-
plant prostheses.

(b) Nickel oxides and hydroxides

The nickel oxide sinters are used in the manufacture of alloys, steels and stain-
less steels (Antonsen, 1981).

Green nickeloxide is used to make nickel catalysts and in the ceramics industry.
In specialty ceramics, itis added to frit compositions used for porcelain enamellng
of steel; in the manufacture of magnetic nickel-zinc ferrites used in electric motors,
antennas and television tube yokes; and as a colourant in glass and ceramic stains
used in ceramic tiles, dishes, pottery and sanitary ware (Antonsen, 19S1).

Black nickel oxide is used in the manufacture of nickel salts and specialty
ceramics. It is also used to enhance the activity of three-way catalysts containing
rhodium, platinum and palladium used in automobile exhaust control. Like green
nickel oxide, black nickel oxide is also used for nickel catalyst manufacture and in
the ceramic industry (Antonsen, 1981).

The major use of nickel hydroxie is in the manufacture of nickel-cadmium bat-
teries. It is also used as a catalyst intermediate (Antonsen, 1981).

(c) Nickel sulfides

Nickel sulfide is used as a catalyst in petrochemical hydrogenation when high
concentrations of sulfur are present in the distilates. The major use of nickel mono-
sulfide is as an intermediate in the hydrometallurgical processing of silicate-oxide
nickel ores.

(d) Nickel salts

Nickel acetate is used as a catalyst intermediate, as an intermediate in the for-
mation of other nickel compounds, as a dye mordant, as a sealer for anodized alu-
minium .and in nickel electroplating (Anton sen, 1981).

Nickel carbonate is used in the manufacture of nickel catalysts, in the prepara-
tion of coloured glass, in the manufacture of nickel pigments, inthe production of
nickel oxide and nickel powder, as a neutralizing compound in nickel electroplating
solutions, and in the preparation of specialty nickel compounds (Antonsen, 1981).

Nickel ammonium sulfate has limited use as a dye mordant and is used in met-
al-finishing compositions and as an electrolyte for electroplating (Sax & Lewis,
1987).

. . Nickel chloride is used as an intermediate in the manufacture of nickel catalysts
and to absorb ammonia in industrial gas masks. The hexahydrate is used in nickel
electroplating (Antonsen, 1981) and hydrometallurgy (Warner, 1984).

Nickel nitrate hexahydrate is used as an intermediate in the manufacture of
nickeLcatalysts, especially sulfur-sensitive catalysts, and as an intermediate in
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loading active mass in nickel-cadmium batteries of the sintered-plate type (Anton-
sen, 1981).

Nickel sulfate hexahydrate is used as an electrolyte primarily for nickel electro-
plating and also for nickel electrorefining. It is also used in 'electro-less' nickel plat-
ing, as a nickel strike solution for replacement coatings or for nickel flashing on steel
that is to be porcelain-enamelled, as an intermediate in the manufacture of other
nickel chemicals, such as nickel ammonium sulfate, and as a catalyst intermediate
(Anton sen, 1981).

(e) Other nickel compounds

The primary use for nickel carbonyl is as an intermediate in the Mond carbo-
nyl-refining process to produce highly pure nickeL. Other uses of nickel carbonyl
are in chemical synthesis as a catalyst, as a reactant in carbonylation reactions such
as the synthesis of acrylic and methacrylic esters from acetylene and alcohols, in the
vapour plating of nickel, and in the fabrication of nickel and nickel alloy compo-
nents and shapes (Antonsen, 1981; Sax & Lewis, 1987).

Nickelocene is used as a catalyst and complexing agent and nickel titanate as a
pigment (Sax & Lewis, 1987).

No information was available on the use of nickel selenides or potassium nicke-
locyanate.

2.3 Occurrence

(a) Natural occurrence

Nickel is widely distributed in nature, forming about 0.008% of the earth's
crust (0.01% in igneous rocks). It ranks twenty-fourth among the elements in order
of abundance (Grandjean, 1984), just above copper, lead and zinc (Mastromatteo,
1986). The core of the earth contains about 8.5% nickel; meteorites have been found
to contain 5-50% (National Research Council, 1975). Nickel is also an important
constituent of deep-sea nodules, typically comprising about 1.5% (Mastromatteo,
1986). Nickel-containing ores are listed in Table 9.

Laterites are formed by the long-term weathering of igneous rocks which are
rich in magnesia and iron and con tain about 0.25% nickeL. Leaching by acidified
groundwater over a long period removes the iron and magnesia, leaving a nickel-en-
riched residue with nickel contents up to 2.5%. Nickel is found as mIxed nickel/iron
oxide and as nickel magnesium silicate (garnierite) (Grandjean, 1986; Mastromat-
teo,1986). Laterite deposits have been mined in many regions of the world, inc1ud-
ing New Caledonia, Cuba, the Dominican Republic, Indonesia, the USSR, Greece,
Colombia, the Philippines, Guatemala and the USA (Mastromatteo, 1986).
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Table 9. Nickel-containing mineralsa

Name Chemical composition

Breithauptite

Nicclite
Zaatite
Bunsenite

Morenosite

Milerite
Vaesite
Polydomite

Heazlewooite
Pentlandite
Pyrhotite, nickeliferous

Garnierite

NiSb

NiA
NiC032Ni(OH)2.4H20

NiO

NiS04.7H20

NiS

NiS2

Ni3S4

Ni3S2

(Ni,Fe )aSe

(Fe,Ni)i_xSb

(Ni, Mg) Si03.nH20

llrom Grandjean (1986)

bprom Wamer (1984); Grandjean (1986)

Nickel and sulfur combine in a wide range of stoichiometric ratios. Nickel
monosulfide (milerite), nickel subsulfide (heazlewoodite), nickel disulfide (vaesite)
and Ni3S4 (polydymite) are found in mineraI form in nature (Considine, 1974). Sul-

fide nickel ores contain a mixure of metal sulfides, principally pentlandite, chalco-
pyrite (CuFeS2) and nickeliferous pyrrhotite in varying proportions. The major
nickel mineraI is pentlandite. While pentlandite may contain about 35% of nickel
by weight, the nickel content of pyrrhotite is usually 1% or less, and the sulfide ore
available for nickel production generally contains only 1-2% nickel (Grandjean,
1986). A large deposit of pentlandite is located in Sudbury, Ontario, Canada.

Other nickel ores include the nickel-arsenicals and the nickel-antimonials, but
these are of much less commercial importance (Mastromatteo, 1986).

(b) Occupational exposures

Occupational exposure to nickel may occur by skin contact or by inhalation of
dusts, fumes or mists containing nickel or by inhalation of gaseous nickel carbonyL.
Nickel-containing dusts may also be ingested by nickel workers (Grandjean, 1984).
The National Institute for Occupational Safety and Health (1977a) published a list
of occupations with potential exposure to nickel (Table 10); it has estimated that
about 1.5 milion workers in the USA are exposed to nickel and nickel compounds
(National Institute for Occupational Safety and Health, 1977b).
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Table 10. Occupations with potential exposule to
nickel a

Battery makers, storage

Catalyst workers

Cemented carbide makers
Ceramic makers

Chemists

Disinfectant makers

Dyers

Electroplaters

Enamellers

Gas-mask makers

Ink makers

Jewellers

Magnet makers

Metallzers
Mond procss workers

Nickel-alloy makers

Mould makers

Nickel miners
Nickel refiners

Nickel smelters

Nickel workers

Oil hydrogenators
Organic chemical synthesizers

Paint makers

Penpoint makers
Petroleum refinery workers

Spark-plug makers

Stainless-steel makers

Textile dyers

Vacuum tube makers
Varnish makers

Welders

QAdapted from National Institute for Occpation 

al Safety and
Health (197Th)

Occupational exposure to nickel is evaluated by monitoring air and blood se-
rum, plasma or urine. (For recent reviews on this subject, see Rigaut, 1983; Grand-
jean, 1984; Nieboer et al., 1984a; Warner, 1984; Grandjean, 1986; Sunderman et al.,
1986a). Tables 11-13 summarize exposure to nickel as measured by air and biologi-
cal monitoring in various industries and occupations. The biological indicator lev-
els are influenced by the chemical and physical properties of the nickel compound
studied and by the time of sampling. It should be noted that the nickel compounds,
the timing of collection ofbiological sam pIes (normally at the end of a shift) and the
analytical methods used differ from study to study, and elevated levels of nickel in
biological fluids and tissue samples (Table 11) are mentioned only as indications of
uptake of nickel, and may not correlate directly to exposure levels (Angerer et al.,
1989). (See also section 3.3(b) and the monographs on chromium and chromium
compounds, and on welding.)



Table 11. Occupational exposure to nickel in the nickel producing industry ~

Industry and activity (country) No. of Air (J.g!m3) Urine (J.g!l) Serum (J.g!l) Reference

(year, when available) workers (mean ::SD)

Mean ::SD Range Mean ::SD Range

Mines, Ontaro (Canada) (1976) 20 6-40 Rigaut (1983)

Mines, Oregon (USA) (1981) 30 Rigaut (1983) ..
Mines, New Caledonia 20 6-40 Rigaut (1983)

~(1982)

Smelter, producing ferronickel 5-76a 2-274b f
"' 10 (86% of samples) Wamer (1984) ~

and matte, New Caledonia "' 20 (98% of samples)
0
Z

Laterite minin§ and smelting, Wamer (1984) 00
Oregon (USA)

~
Ore handling 3 52 5-145

Dryng 4 17 9-21

Calcining 4 90 37-146
en

â
Skull drillng 8 16 4-43

Ferrosilcon manufacturing 15 32 4-214
~Mixng 17 6 4-7

Refining 10 11 4-34
tT

~
Handling of finished products 6 5 4-9

Maintenance 9 39 7-168

Miscellaneous 3 193 8-420

Refinery, Clydach (Wales, UK) Morgan &

Kiln Rouge (1984)

Before shut-downc 310 10-500 24::24 8. 9::5. 9

(26 samples) (67 samples) (37 samples)

On retum to workC 14:i7 3.0:i2.0

(20 samples) (20 samples)
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Table i i (contd)

Industry and activity (country) No. of Air (J.g!m3) Urine (J.g!l) Serum (J.g!l) Reference

(year, when available J workers (mean :iSD)

Mean :iSD Range Mean :iSD Range

Refinery, Krstiansand (Norway) Torjussen &
-
~Roasting-smelting 97 34:i35 5.2:127 Andersen (1979)

Electrolysis 144 73:185 8. 1:16.0 ~
Other procsses 77 22:i 18 4.3:i22 az

Electrolytic refinery (USA) 15 489 20-220 222 8.6-813 Bernacki et al. a
124 (J.g! g 6.1-287 (1978a)

0

~creatinine)

Electrolytic refinery (FRG) 50 14.8 (J.g!g 2.5-63 Raithel (1987) ::
CI

creatinine)
â

ElectrolytIC refinery 60 86- 1265 26 125-450 Rigaut (1983)

5(Czechoslovakia)

Hydrometallurgical refinery Warner (1984)
~
tT

(Canada) .¡1.
Acid leaching of matte 99 5- 1630

Purification of nickel electrolyte:
Tube filterman 12 144 13-316

121 129 11-316

Filter pressman 16 20 61-535
il! 152 31-246

Filter-press area 11 242 64508
11f 221 52-466



Table 11 (contd)

Industry and activity (country) No. of Air (/Jg!m3) Urine (/Jg!l) Serum (/Jg/I) Reference(year, when available) workers
(mean ::SD)

Mean ::SD Range Mean ::SD Range

H ydrometallurgical refinery

(Canada) (contd)
Purification of nickel electrolyteli

Z-Cementation of copper on 39 168 48-644 (jnickel in Pachuca tanks 39- 38 1-133 ~
trRemoval of iron slimes with 56 20 27-653 t"a tube filter 5(/ 85 3-433
~Oxdizing cobalt with chlorine 47 183 30-672 0471 66 1-267
Z-General operations in a tank 96a 336 40 1100 (jhouse using insoluble anodes 45b 185 80- ~
t"Tankhouse using nickel matte
(janodes:
0General area iia 48 14-223 ~
""11 a, 29 5-210 0Tankman 15b 48 18-88 c:

1SbJ 30 12-71 Z
UAnode scrapman iib 179 43-422 CIiibJ 52 1-236

aArea air sampling

bpersonal air sampling
cSpecimens obtained before and after six months' closure of refinery operations
dShort exposures to high levels of insoluble nickel compounds
eChronic exposures to soluble nickel sulfate

!soluble nickel
N
001.





Table 12 (contd)

Industry and activity (country) No. of Air (¡.glm3) Urine (¡.gli) Reference
workers -

Mean Range Mean Range

Six jobbing foundries procssing alloys
Scholz & Hol-containing 0-60% nickel, averaging
comb (1980)

Z10-15% nickel: -Melting 15 21 .i 5-62 (j
~Casting 7 14 .i 4-35
t"Cleaning room:

~
Cutting and gouging 11 233 7-90
Welding 14 94 20-560 '0

ZHand grnding 24 94 .i 5-44 -
(jSwing grnding 3 19 13-30
~Jobbing foundry procssing cabon, alloy

Warner (1984) t"and stainless steel containing 0-10% nickel:
(jMelting and cating 16 13 NDK- 70 0
~Cleaning room:
"iAir arc gouging 7 310 40-710 0
CWelding 34 67 10-170
ZThree low alloy (0-2% nickel) iron and steel

Warner (1984) 0
CIfoundries

Melting and cating 16 13 4-32
Cleaning room (gnding, air arc 18 54 7- 156

gouging, welding)

Steel foundry (Finland) (steel cutters) 4 518 145-1100 39 18-77 Aitio et al. (1985)
Production of soluble nickel salts (Wales, 66 500 10-20 00

(68) 65Ji 10- 20Ji Morgan &UKY 60 450 .i 10- 12 070 (60) 49h .i 10- 210h Rouge (1979)

N\0'"



Table 12 (contd)

Indu8try and activity (country) No. of Air (~g/rn3) Urine (~g/l) Reference
workers -

Mean Range Mean Range

Production of nickel salts frorn nickel or Wamer (1984)
nickel öxide:

Nickel sulfate 12 117! 9-590
Nickel chloride 10 196"i 2O-485i
Nickel acetate/nitrate 6 15st 38-525

acompanies reporting expures
Ziamples taken outside protective hoo
'Exc1udes one suspiciously high measurernent (146 ~g Ni/rn3)
d£xcludes one suspiciously high measurernent (500 ~g Nilrn3)
e"he rnedian nickel concentration in workroorn air wa 300 ~g/rn3; values that exceeded 500 ~g/rn3 were found at 2 of 8 rneasuring

stations
JMainly frorn personal sampling
BNot detected

liorrected to 1.6 g/l creatinine

Î£c1udes one suspiciously high value (2780 ~g Ni/m3)

t¿N

-
~
~ozo
o

~
:i
en

â
E
~
tT
+:1.



Table 13. Occupational exposure in industries using nickel in special applications

Industry and activity (country) No. of Air (J.g!m3) Urine (J.g!l) Serum (J.g!l) Referenceworkers -
Mean Range Mean :f SD Range Mean Range

Ni/Cd-battery production with 36 378a,b 2O-1910a,b Warner (1984)nickel and nickel hydroxide;
Z-assembly and welding of plates
()

Ni/Cd-battery production 51 4.0c 1.9-10.9 Raithel (1987) ~~(FG)

~Ni/Cd or Ni/Zn-battery 6 11.7:f7.5 3.4-25 Bernacki et al.production (USA)
10.2 7.2-23 (J.g!g creatinine) (1978a) 0

ZNi/H2-battery production 7 322:f40.4 28-103 -
()

Ni/Cd-battery production 12-33 24-27 (J.g!g creatinine) Adamsson et ~
al. (1980) ~

()Ni-catalyst production 73 -: 200-5870 64 (J.g!g 9-300 8 2-41 Zwennis & 0
(Netherlands) creatinine) Franssen a=~

(1983) 0
Ni-catalyst production from 7 150a 10-6ooa Warner (1984) C

Znickel sulfate (USA) 5 370d 190-530d 0
enNi-catalyst use; coal gasifica- 9 4.2 0.4-7.9 Bernacki et al.tion workers (USA) 3.2 0.1-5.8 (J.g!g creatinine) (1978a)

Electroplating
Warner (1984)

Sulfate bath, 45°C
Area 1 sample 16 -:6 -:5--:8
Area 2 samples 3 ..4 ..2-..7
Personal samples 6 -: 11 -:7--: 16

~w



Table 13 (contd)
~.¡

Industry and activity (country) No. of Air (J.g!m3) Urine (J.g!I) Serum (J.g!I) Reference
workers

Mean Range Mean :l SD Range Mean Range

Electroplating (contd)

Sulfate bath, 70°C
Area samples 6 c:3 c:2-c:3 -

Sulfamate bath, 45-55°C ~
Area 1 sample 9 c:4 c:4
Area 2 samples 6 c:4 c:4 ~0

Electroplating (Finland) 90 20- 170 53.5 12-109 6.1 1.2-14.1 Tossavanen Z
et al. (1980) 00

Electroplating (Finland) - 30- 160 - 25- 120 - 3-14 Tola et al.
~(1979) :I

Electroplating (USA) 9.3a 0.5-21.2 48 5-262 Bemacki et al. CI

(1980) â
Electroplating (USA) 21 30.4 3.6-85 Bemacki et al. E

(21.0 24-2 J.g!g creatinine) (1978a) ~
Electroplating(India) 12 122 11..26 Tandon et al. m

.¡
(1977) 1.

Electroplating (FG) 10 (soluble anode) Gross (1987)

110 (insoluble anode)

7 (insoluble anode and wet- 1.7-3.6
ting agent)

Exsed persons in the hollow 9 3-3800 11.9 3.6-421 e 1.6 0.75-3.25e Raithel (1987)

glass industry (FO) (946 samples) (288 sam-
pIes)

Flame sprayer 3-600 25.3 8.5-81.5 1.95 0.75-3.25

(114 samples) (40 sam-
pIes)



Table 13 (contd)

Industry and activity (country) No. of Air (¡.g!m3) Urine (¡.g!l) Serum (¡.g!l) Referenceworkers -
Mean Range Mean:f sn Range Mean Range

Grinder, polisher 18-3800 7.4 29-24.3 0.9 0.75-205
(40 samples) (140 sam- ZpIes) -Mixed mechanical work 300-410 17.5 4.9-53.9 1.65 0.75-4.10

~'and flame spraying
(394 samples) (108 samples) ~Plasma spraying (FG) 6 20 3.4-125 Gross (1987)

~Spark eroding (FG) 6 ~ 10 0.7-21 Gross (1987) . 0
Flame spraying (USA) 5 2.4 ~ 1-6.5 17.2 1.4-26 Bemacki et aI. Z-

(j(16.0 1.4-54 ¡.g!g creatinine) (1978a)
~Plasma cutting (FG) 17 ~ 100 1.1-6.5 Gross (1987) ~

Painting (j0Spray painting in a construc- 13 3.2 ~ 0.5-9.2 4.4 ~ 0.5-17.2 Grandjean et a:tion shipyard (USA)
al. (1980) ""0Painting in repair shipyard 18

5.9 ~ 0.5-13 Grandjean et c:(USA)
aI. (1980) ~Manufacturing paints (USA) 10

15.3:f11. 1 6-39 Tandon et al. en
(1977)Buffing, polishing, grnding

Buffers and polishers (air- 7 26 ~ 1-129 4.1 0.5-9.5 Bernacki et al.craft engine factory) (USA)
(24 0.5-4.7 ¡.g!g creatinine) (1978a)Grinders (abrasive wheel 9 1.6 ~ 1-9.5 5.4 21-8.8 Betnacki et al.grnding of aircraft par) (3.5 1.7-6.1 J.g1g creatinine) (1978a)(USA)

~
VI



~0'

Table 13 (contd)

Industry and activity (country) No. of
workers

Air (¡.glm3) Urine (¡.gll) Serum (¡.gli) Reference

Mean Range Mean :f SD Range Mean Range

3.6

Gross (1987) -
Heidermanns

~et al. (1983)
a:0

Bemacki et al. Z
(1978a) 00

1.1-13.5 Grandjean ~
:i

et al. (1980) en

oe 0.5-7.4 Grandjean âet al. (1980)
B1.5-6.8 Grandjean

et al. (1980) a:
0.5-3.8 Grandjean tr,i

et al. (1980) \0

Polisher, grinder (FRG) 15
Polisher, grinder (stainless 46
steel) (PRO)

Miscellaneous expsure
Bench mechanics (assemb- 8
ling, fittings and finishing
aircraft parts made of Ni-
aUoys) (USA)
Riggers/carpnters (construc- 16

tion shipyard) (USA)
Riggers/carpnters (repair 11

shipyard) (USA)
Shipfitters/pipefitters (con- 6
struction shipyard (USA)
Shipfitters/pipefitters (repair 15
shipyard) (USA)

'Personal air sampling
~xcludes three suspiciously high values (5320; 18 300; 53 300 ¡.g!m3)
'Median
d Area air monitoring
e68th percentie range.

f9th percentile range

140

350c 10-10 OOW 28
0.7-9.9

(12) 3-7/

52 oe 1-252 122
(7.2

1. 4-41
0.7-20 ¡.glg creatinine)

3.7 1.1-13.5 3.3

4.9 3.7-7.1 4.1

9.1
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(i) Nickel mining and ore comminution

On the basis of personal gravimetric sampling among Canadian underground
miners of nickel, the time-weighted average concentration of totalairborne nickel
was about 25 iig/m3 and that of respirable nickel, c( 5 iig/m3 (see Table 11; Warner,
1984). Ore miners may also be exposed to radon, oil mist, diesel exhausts and asbes-
tos (see IARC, 1977, 1988a, 1989).

(ii) Nickel roasting, calcining, smelting and refining

The nickel content of air sam pIes from a Sudbury (Canada) smelter seldom
exceeded 0.5 mg/m3 but could be as high as 1 mg/m3. The average concentrations of
airborne nickel were higher in the roaster areas (0.048 mg/m3) th an in the converter
areas (0.033 mg/m3), because the handling of fine solids is a greater source of dust
than the handling of molten phases. Thus, work-place air may contain roaster feed
and product, which include various nickel-containing mineraIs and solid solutions
of nickel in iron oxides. Nickel-bearing dusts from converters contain mainly nickel
subsulfide (Warner, 1984). Arsenic, silca, copper, cobalt and other metal com-
pounds may also occur in work-place air.

Emissions from the high-temperature ore calcining and smelting furnaces
used to produce ferronickel from lateritic ores would contain nickel predominantly
in the form of silicate oxides and iron-nickel mixed/complex oxides of the ferrite or
spinel type. The nickel content of these dusts can range from 1 to 10% (Interna-
tional Committee on Nickel Carcinogenesis in Man, 1990).

Average concentrations of airborne nickel in refining operations can be con-
siderably higher th an those encountered in mining and smelting because of the
higher nickel content of the materials being handled in the refining process (Table
11). The nickel species that may be present in various refining operations include
nickel subsulfide, nickel monoxide, nickel-copper oxides, nickel-iron oxides, metal-
lic nickel, pure and alloyed, nickel sulfate, nickel chloride and nickel carbonate.
Other possible exposures would be to hydrogen sulfide, ammonia, chlorine, sulfur
dioxide, arsenic and polycyclic aromatic hydrocarbons (Warner, 1984; International
Committee on Nickel Carcinogenesis in Man, 1990).

A recentattempt has been made, in conjunction with a large epidemiological
study (International Committee on Nickel Carcinogenesis in Man, 1990), to esti-
mate past exposures in various nickel refineries using different processes. Exo-
sure estimates were made first for total airborne nickel, based either on historical
measurepents (after 1950) or on extrapolation of recent measurements. ln aH cases,
further estimates were made of nickel species (metallc, oxidic, sulfidic and soluble),
as defined in the report, on the basis of knowledge of the processes and rough esti-
mates of the ratio of the various species generated in each process.
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Prior te the widespread. use of personal samplers" high..volume samplers were
used ta take area samples however, ln many instances, iieither personal gravimetric
nor high-volume samples \Vere available, and konimeter readings were the only
available means of assessing the level of airborne dust. No measurement of the ac-
tuaI concentration of nickel, and especially nickel species, in work places exists for
any refining operation prior to 1950. More recently, measurements have been made
of total dust and, in some cases, total nickel content of dust or mist in refinery
work-place air. Conversion of high-volume sampler and konimeter measurements
to concentrations comparable to personal gravimetric sarnpler measurements in-
troduces another uncertainty in the environmental estimates. The main reason for
this uncertainty is that it is impossible to derive unique conversion factors to inter-
relate measurements from the three devices; different particle size distributions
give rise to different conversion factors. Information concerning particle size in
airborne dusts was seldom available in the work places un der study (International

Committee on Nickel Carcinogenesis in Man, 1990).
Estimates of nickel exposure were further divided into four categories repre-

senting different nickel species: (i) metallc nickel, (ii) oxidic nickel (undefined, but
generally understood to include nickel oxide combined with various other metal ox-
ides, such as iron, cobalt and copper oxides), (iii) sulfidic nickel (including nickel
subsulfide) and (iv) soluble nickel, defined as consisting 'primarily of nickel sulfate
and nickel chloride but may in some estimates include the less soluble nickel car-
bonate and nickel hydroxide'. No actual measurement of specifie nickel species in
work-place air was available upon which to base exposure estimates. As a result,
the estimates are necessarily very approximate. This is clear, for example, froID the
estimates for linear calciners at the Clydach refinery (Wales, UK), which gave total
nickel concentrations of 10-100 mg/m3, with 0-5% soluble nickeL. Because of the
inherent error in the processes of measurement and speciation and the uncertainty
associated with extrapolating estimates from recent periods to earlier periods, the
estimated concentrations of nickel species in work places in this study (Internation-
al Committee on Nickel Carcinogenesis in Man, 1990) must be interpreted as broad
ranges indicating only estimates of the order of magnitude of the actual exposures.

(ii) Production of stainless steel and nickel alloys

While some stainless steels contain up to 25-30% nickel, nearly half of that pro-
duced cantains only 8-10% nickeL. Nickel oxide sinter is used as raw material for
stainless and alloy steelmaking in sorne plants, and oxidized nickel may be found in
the fumes from many melting/casting and arc/torch operations in the melting
trades. The nickel concentrations in air .in the stainless and alloy producing indus-
tries were given ifi Table 12. Occupational exposure in alloy steel making should
generally be lower th an those observed for comparable operations with stainless
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steel. The normal range of nickel iu alloy steels is 0.3-5% but the nickel content can
be as high as 18% for certain bigh-strength steels. The production of 'high nickel'
alloys consumes about 80% of the nickel used for nonferrous applîcations. The
technology is very simIlar to that used for stainless steel production except that
melting and decarburizing units are generally smaller and greater use is made of
vacuum melting and remelting. Since these alloys contain more nickel than stain-
less and alloy steels, the concentrations of nickel in workroom air are generally high-
er than for comparable operations with stainless and alloy steels (Warner, 1984).

(iv) Steel foundries

ln foundries, shapes are cast from a wide variety of nickel-containing materi-
aIs. Melts ranging in size from 0.5 to 45 tonnes are prepared in electric arc or induc-
tion furnaces and cast into moulds made of sand, metal or ceramic. The castings
are further processed by chipping and grinding and may be repaired by air arc
gouging and welding. Foundry operations can thus be divided roughly into melting/
casting and cleaning room operations. Typical levels of airborne nickel in steel
foundries were presented in Table 12 (Warner, 1984). Health hazards in foundry
operations include exposure to silica and metal fumes and to degradation products
from moulds and cores, such as carbon monoxide, formaldehyde and polycyclic
aromatic hydrocarbons (see IARC, 1984).

(v) Production of nickel-containing batteries
The principal commercial product in nickel-containing batteries is the electro-

chemical couple nickel/cadmium. Other couples that have been used include nick-
el/iron, nickel!hydrogen and nickel/zinc. ln nickel-cadmium batteries, the positive
electrode is primarily nickel hydroxide, contained in porous plates. The positive
material is made from a slurry of nickel hydroxide, cobalt sulfate and sodium hy-
droxide, dried and ground with graphite flake. Sintered nickel plates impregnated
with the slurry may also be used. The nickel/hydrogen system requires a noble met-
al catalyst and opera tes at high pressures, requiring a steel pressure vesseL. Nickel!
iron batteries can be produced using nickel foil (Malcolm, 1983).

The concentrations of nickel in air and in biological samples from workers in
the nickel-cadmium battery industry were summarized in Table 13. Workers in such
plants are also exposed to cadmium.

(vi) Production and use of nickel catalysts
Metallc nickel is used as a catalyst, often alloyed with copper, cobalt or iron,

for hydrogenation and reforming processes and for the methane conversion and
Fischer-Tropsch reactions. Mixed, nickel-containing oxides are used as partial oxi-
dation catalysts and as hydrodesulfuration catalysts (cobalt nickel molybdate)
(Gentry et aL., 1983). Occupation al exposure occurs typically in the production of
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catalysts from metallc nickel powder and nickel salts such as nickel sulfate (Warn-
er, 1984), but coal gasification process workers who use Raney nickel as a hydroge-
nation catalyst have also been reported to be exposed to nickel (Bernacki et al.,
1978a). Exposure levels are generally higher in catalyst production than during the
use of catalysts (see Table 13).

(vii) Nickel plating

Metal plating is an operation whereby a metal, commonly nickel, is deposited
on a substrate for protection or decoration purposes. Nickel plating can be per-
formed by electrolytic processes (electroplating) or 'electroless' processes (chemi-
cal plating), with aqueous solutions (the 'baths'). During electroplating, nick~l is
taken out of the solution and deposited on the substrate, which acts as the cathode.
Either soluble anodes, made from metallc nickel feed, or insoluble anodes, in which
the nickel is introduced as the hydroxycarbonate, are used. The baths con tain a
mixure of nickel sulfate and/or chloride or, less often, sulfamate. ln electroless
processes, a hypophosphite medium is used, the nickel feed being nickel sulfate.

The electrolyte contains soluble nickel salts, such as nickel fluoborate, nickel
sulfate and nickel sulfamate (Warner, 1984). Nickel plating can be performed with a
soluble (metallc nickel) or insoluble anode. The principal source of air contamina-
tion in electroplating operations is release of the bath electrolyte into the air. Elec-
troplaters are exposed to readily absorbed soluble nickel salts by inhalation, which
subsequently causes high levels in urine (Tola et aL., 1979; see Table 13).

(viii) Welding

Welding produces particulate fumes that have a chemical composition reflect-
ing the elemental content of the consumable used. For each couple of process/mat-
erial of application, there is a wide range of concentrations of elements present in
the fume. Nickel and chromium are found in significant concentrations in fumes
from welding by manual metal arc, metal inert gas and tungsten inert gas processes
on stainless and alloy steels. Typical ranges of total fume and nickel, as found in the
breathing zone ofwelders, are presented in Table 14. Certain special process appli-
cations not listed can also produce high nickel and chromium concentrations, and
manual metal arc and met al inert gas welding of nickel in confined spaces produce
significantly higher concentrations of total fume and elemental constituents. Expo-
sure to welding fumes that contain nickel and chromium can lead to elevated levels
of these elements in tissues, blood and urine (see monograph on welding fòr details).

(ix) Thermal spraying of nickel
Thermal spraying of nickel is usually performed by flame spraying or plasma

spraying (Gross, 1987). Forflame spraying, nickel in wire forrn is fed to a gun
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Table i 4. Total fume and nickel concentrations found in
the breathing zone of weldersa

Procssb Total fumeC(mglm3) Ni (J.g!m3)

MMNSS
MIG/SS

TIG/SS

4-10

2-5

2-6

10-100

30-500

10-
OCompiled from Table 4 of monograph on welding
~MA, manual metal arc; SS, stainless steel; MIG, metal inert gas; TIG,
tungsten inert gas
C50-90% range

fuelled bya combustible gas such as acetylene, propane or natural gas. The wire is
melted in the oxygen-fuel flame, atomized with compressed air, and propelled from
the torch at velocities up to 120 mis. The material bonds to the workpiece by a com-
bination of mechanical interlocking of the molten particles and a cementation of
partially oxidized materiaL.

The material can also be sprayed in powder form, the fuel gases being either
acetylene or hydrogen and oxygen. The powder is aspirated by an air stream, and
the molten partic1es are deposited on the workpiece with high efficiency. For plas-
ma spraying, an electric arc is established in the controlled atmosphere of a special
nozzle. Argon is passed through the arc, where it ionizes to form a plasma that
continues through the nozzle and recombines to create temperatures as high as
16700°C. Powder is melted in the stream and released from the gun at a velocity of
approximately 10 mis (Burgess, 1981; Pfeiffer & Wilert, 1986).

Workers who construct or repair nickel-armoured moulds in hollow-glass and
ceramics factories use flame spraying with metallc powder (70-98% Ni) and are
exposed to nickel dusts (as metallc and oxidic nickel) and fumes. After the moulds
have been poli shed with grinding discs, abrasives and emery paper, they are in-
stalled in glass-making machines. Exposure levels in various types. of thermal
spraying, cutting and eroding were shown in Table 13.

(x) Production and use of paints
Some pigments for paints (e.g., nickel flake) and colouis for enamels (e.g., nick-

el oxide) contain nickeL. Exposure to nickel can occur when spraying techniques are
used and when the paints are manufactured (Tandon et al., 1977; Mathur & Tandon,
1981). Paint and pigment workers have slightly higher concentrations of nickel in
plasma and urine than controls (see Table 13). Sandblasters may be exposed to
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dusts from old paints containing nickel and, additionally, to nickel-containing abra-
sive materials (Stettler et al., 1982).

(xi) Grinding, polishing and buffng of nickel-containing metals

Grinding, polishing and buffing involve controlled use of bonded abrasives for
metal finishing operations; in many cases the three operations are conducted in se-
quence (for review, see Burgess, 1981). Grinding includes cutting operations in
foundries for removal of gates, sprues and risers, rough grinding of forgings and
castings, facing off of welded assemblies and grinding out major surface impedec-
tions. Grinding is done with wheels made of selected abrasives in bonding structur-
al matrices. The commonly used abrasives are aluminium oxide and silcon car-
bide. The wheel components normally make up only a small fraction of the total
airborne particulates released during grinding, and the bulk of the particles arise
from the workpiece. Polishing techniques are used to rem ove workpiece sudace
imperfections such as tool marks, and this may remove as much as 0.1 mm of stock
from a workpiece. In buffing, little metal is removed from the workpiece, and the
process merely provides a high lustre surface by smearing any surface roughness
with a high weight abrasive; e.g., ferric oxide and chromium oxide are used for soft
metals, aluminium oxide for harder metals. Sources of airborne contaminants from
grinding, polishing and buffing have been identified (Burgess, 1981; König et al.,
1985). Grinding, polishing and buffing cause exposures to metallic nickel and to
nickel-containing alloys and steels (see Table 13).

(xii) Miscellaneous exosure to nickel

A group of employees exposed to metallic nickel dust was identified among
employees of the Oak Ridge Gaseous Diffusion Plant in the USA. ln one depart-
ment, finely-divided, highly pure, nickel powder was used to manufacture 'barrier',
a special porous medium employed in the isotope enrichment of uranium by gas-
eous diffusion. The metallc powder was not oxidized during processing. Routine
air sampling was performed at the plant from 1948 to 1963, during which time 3044
air samples were collected in seven areas of the barrier plant and analysed for nickel
content. The median nickel concentration was 0.13 mg/m3 (range, .. 0.1-566
mglm3), but the authors acknowledged that the median exposures were probably
underestimated (Godbold & Tompkins, 1979). Other determinations of nickel in
miscellaneous industries and activities were presented in Table 13.

(c) Air

Nickel enters the atmosphere froID natural sources (e.g., volcanic emissions
and windblown dusts produced by weathering of rocks and soils), from combustion
of fossil fuels in stationary and mobile power sources, from emissions from nickel
mining and refining operations, from the use of metals in industrial processes and
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from incineration of wastes (Sunderman, 1986a; US Environmental Protection
Agency, 1986). The estimated global emission rates are given in Table 15. The pre-
dominant forms of nickel in the ambient air appear to be nickel sulfate and complex
oxides of nickel with other metals (US Environmental Protection Agency, 1986).

Table 15. Emission of nickel into the global
atmospherea

Source Emision rate
(iOS kg/year)

Natural
Wind-blown dusts
Volcanoes
Vegetation
Forest fîres

Meteoric dusts
Sea spray
Total

Anthropogenicb
Residual and fuel oil combustion
Nickel mining and refîning

Waste incineration
Steel production
Industrial applications
Gasoline and diesel fuel combustion
Coal combustion
Total

llrom Bennett (1984)

~missions during the mid-1970s

4.8
2.5
0.8
0.2
0.2
0.00
8.5

27
7.2
5.1
1.2
1.0

0.9
0.7

43.1

Nickel concentrations in the atmosphere at remote locations were about 1 ng/
m3 (Grandjean, 1984). Ambient levels of nickel in air ranged from 5 to 35 ng/m3 at
rural and urban sites (Bennett, 1984). Surveys have indicated wide variations but no
overall trend. In the USA, atmospheric nickel concentrations averaged 6 ng/m3 in
non urban areas and 17 ng/m3 (in summer) and 25 ng/m3 (in winter) in urban areas
(National Research Council, 1975). Salmon et al. (1978) reported nickel concentra-
fions in 1957-74 at a semirural site in England to range from 10 to 50 nglm3 (mean,
19 nglm3). Nickel concentrations at seven sites in the UK ranged, with one excep-
tion, from c: 2 to 4.8 ng/kg r c: 2.5 to 5.9 ng/m31 (Cawse, 1978). Annual averages iD
four Belgian cities were 9-60 ng/m3 during 1972-77 (Kretzschmar et al., 1980).
Diffuse sources (traffic, home heating, distant sources) generally predominated.
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High levels of nickel in air (110-180 ng/m3) were recorded in heavily industrialIzed
areas and larger cities (Bennett, 1984).

Loal airborne concentrations of nickel are high around locations where nickel
.Is mined (e.g., 580 nglm3 in Ontario, Canada) (McNeely et al., 1972). The average
atmospheric nickel concentration near a nickel refinery in West Virginia (USA) was
120 ng/m3, compared to 40 ng/m3 at six sampling stations not contiguous to the
nickel plant. The highest concentration on a single day was about 2000 ng/m3 near a
large nickel production facility (Grandjean, 1984).

Average exposure to nickel by inhalation has been estimated to be 0.4 l1g/day

(range, 0.2-1.0 l1g/day) for urban dwellers and 0.2 l1g/day (range, 0.1-0.4 l1g/day) for
rural dwellers (Bennett, 1984).

(d) Tohacco smoke

Cigarette smoking can cause a daily absorption of nickel of 1 l1g/pack due to
the nickel content of tobacco (Grandjean, 1984). Sunderman and Sunderman
(1961) and Szadkowski et al. (1969) found average nickel contents of 2.2 and 2.3 l.g/
cigarette, respectively, with a range of 1.1-3.1. The latter authors also showed that
10-20% of the nickel in cigarettes is released in mainstream smoke; most of the nick-
el was in the gaseous phase. The nickel content of mainstream smoke ranges from
0.005 to 0.08 l1g/cigarette (Klus & Kuhn, 1982). It is not yet known in what form
nickel occurs in mainstream smoke (US Environmental Protection Agency, 1986); it
has been speculated that it may be present as nickel carbonyl (Grandjean, 1984),

but, if so, it must occur at concentrations of c: 0.1 ppm (Alexander et al., 1983). Pipe
tobacco, cigars and snuff have been reported to contain nickel at levels of the same
magnitude (2-3 l1g/g tobacco) (National Research Council, 1975).

(e) Water and beverages

Nickel enters groundwater and surface water by dissolution of rocks and soils,
from biological cycles, from atmospheric fallout, and especially from industrial pro-
cesses and waste disposaI, and occurs usually as nickel ion in the aquatic environ-
ment. Most nickel compounds are relatively soluble in water at pH values less than
6.5, whereas nickel exists predominantly as nickel hydroxides at pH values exceed-
ing 6.7. Therefore, acid rain has a pronounced tendency to mobilze nickel froID soil
and to increase nickel concentrations in groundwater.

The nickel content of groundwater is normally below 20 l1g/1 (US Environmen-
tal Protection Agency, 1986), and the levels appear to be simIlar in raw, treated and
distributed municipal water. ln US drinking-water, 97% of aIl samples (n = 2503)
contained ~20 l1g11, whIle about 90% had ~10 l1g/1 (National Research Council,
1975). Unusually high levels were found in groundwater polluted with soluble nickel
compounds from a nickel-plating facilty (up to 2500 l1g/l) and in water from 12
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wells (median, 180 l1g/l) (Grandjean, 1984). The median level in Canadian ground-
water was .: 2 l1g/1, but high levels were reported in Ontario (Méranger et aL., 1981).
In municipal tap-water near large open-pit nickel mines, the average nickel concen-
tration was about 200 l1g/1, while that in a control area had an average level of about
1 l1g/1 (McNeely et al., 1972).

Nickel concentrations in drinking-water in European countries were reported
to range in general from 2-13 l1g/1 (mean, 6 l1g/l) (Amavis et al., 1976). Other studies
have suggested low background levels in drinking-water, e.g., in Finland an average
of about 1 l1g/1 (Punsar et al., 1975) and in Italy mostly below 10 l1g1L. In the German
Democratic Republic, drinking-water from groundwater showed an average level of
10 l1g/1 nickel, slightly below the amount present in surface water (Grandjean, 1984).
In the Federal Republic of Germany, the mean concentration of nickel in drink-
ing-water was 9 l1g/l, with a maximal value of 34 l1g/1 (Scheller et al., 1988).

The nickel concentration in seawater ranges from 0.1 to 0.5 iig/l, whereas the
average level in surface waters is 15-20 l1g/L. Freshly fallen arctÏc snow was reported
to contain 0.02 l1g/kg, a level that represents 5-10% of those in annual condensed
layers (Mart, 1983).

Nickel concentrations of 100 iig/l have been found in wine; average levels of
about 30 l1g/1 were measured in beer and levels of a few micrograms per litre in
mineraI water (Grandjean, 1984). ln the Federal Republic of Germany, however, the.
mean concentration of nickel in mineraI waters was 10 iig/l, with a maxmal value of
31 l1g/1 (Scheller et al., 1988).

(f Soil

The nickel content of soil may vary widely, depending on mineraI composition:
a normal range of nickel in cultivated soils is 5-500 l1g/g, with a typical level of 50

l1g/g (National Research Council, 1975). ln an extensive survey of soils in England
and Wales, nickel concentrations were generally 4-80 iig/g (median, 26 l1g/g; max-
mum, 228 l1g/g) (Archer, 1980). Farm soils from different parts of the world con-
tained 3-1000 iig/g. Nickel may be added to agricultural soils by application of sew-
age sludge (National Research Council, 1975).

The nickel content of coal was 4-24 l1g/g, whereas crude oils (especially those
from Angola, Colombia and California) contained up to 100 l1g/g (Tissot & Welt1e,
1984; World Health Organization, 1990).
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(g) Food

Nickel levels. in various foods have been summarized recently (Grandjean,
1984; Smart & Sherlock, 1987; Scheller et al., 1988; Grandjean et al., 1989). Table 16
gives the results of analyses for nickel in various foodstuffs in Denmark; the mean
level of nickel in meat, fruit and vegetables was ~0.2 mg/kg fresh weight. This result
was confirmed by analysis of hundreds of food samples from Denmark, the Federal
Republic of Germany and the UK (Nielsen & Flyvholm, 1984; Veien & Andersen,
1986; Smart & Sherlock, 1987; Scheller et al., 1988): the nickel content of most sam-
pIes was cC 05 mg/g. The nickel concentration in nuts was up to 3 mg/kg (Veien &

Andersen, 1986) and that in cocoa up to 10 mg/kg (Nielsen & Flyvholm, 1984). The
nickel content of wholemeal flour and bread was significantly higher thaIi that of
more refined products due to the high nickel content ofwheat germ (Smart & Sher-
lock, 1987). High nickel levels in flour may also originate from contamination dur-
ing millng. ln addition, fats can contain nickel, probably owing to the use of nickel

catalysts in commercial hydrogenation. Margarine normally contains less than 0.2
mg!kg, but levels up to 6 mg!kg have been found (Grandjean, 1984).

Table 16. Nickel content (mg/kg) in foods in the average
Danish dieta

Foo No. of Range Mean
samples

Milk products

Fun milk 63 BDLb-O.13 0.02
Yogurt 3 0.004-0.03 0.01
Cre am 3 0.01-0.04 0.03
Cheese 25 0.02-0.34 0.10

Meat, fish, egg
Beef 32 0.01-0.03 0.02
Pork 20 .. 0.02-0.02 0.02
Chicken 9 0.02-0.24 0.11
Lamb 12 .. 0.02-0.02 0.02
Liver, kidney 108 0-0.94 0.11
Fish 658 0.005-0.303 0.04
Egg 30 0.01-0.35 0.05

Roots and vegetables
Potatoes 45 BDL-O.44 0.14
Carrots 17 .. 0.01-0.16 0.04
Celery root 8 0.04-0.1 0.06
Beetroot 7 0.01-0.3 0.12
Cabbage 31 0.01-0.63 0.17
Cauliflower 5 0.03- 1.0 0.3
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Table 16 (contd)

Foo No. of Range Mean
samples

Roots and vegetables (contd)
Kale 2 0.15-0.24 0.20
Lettuce 21 BDL-1.4 0.36
Spinach 15 0.02-2.99 0.52
Asparagus 1 0.42
Cucumber 8 0.01-0.11 0.04
Tomatoes 21 0.01-0.25 0.07
Peas 24 0.13-0.8 0.42

Fruits
Apples 11 BDL-O.03 0.01
Pears 10 0.07-0.42 0.14
Flums 10 0.03-0.20 0.12
Currants 13 0.01-0.2 0.06
Strawberres 9 0.03-0.08 0.05
Rhubarb 10 0.01-0.22 0.13
Grapes 4 0.01-0.04 0.02
Raisins 3 0.02-0.04 0.03
Citrus frits 3 0.01-0.04 0.03
Bananas 4 0.01-0.03 0.02
Canned fruits 65 0.02-1.36 0.31
Juice 11 .0.01-0.17 0.04

Meal, grain ànd bread
Wheat fIour 32 0.03-0.3 0.13
Rye fIour 15 0.03-0.3 0.1
Oatmeal 18 0.80-.7 1.76
Rice 16 0.08-0.45 0.21

Other
Butter 4 0.03-0.2 0.1
Margarine 13 0.2-2.5 0.34
Sugar 22 0.01-0.09 0.05

tlrom Grandjean et al. (1989)
~DL, below detection Iimit (not specified)

Stainless-steel kitchen utensils have been shown to release nickel into acid so-
lutions, especially during boiling (Christensen & Möller, 1978). The amount of nick-
el liberated depends on the composition of the utensil, the pH of the food and the
length of contact. The average contribution of kitchen utensils to the oral intake of
nickel is unknown, but they could augment alimentary exposure by as mu ch as
1 mglday (Grandjean et al., 1989).
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A study of hospital dietsIn the USA showed that the general diet contained 160
iig/ day, and special diets varied by less th 

an 40% from this level (Myron et aL., 1978).
A recent study (Nielsen & Flyvholm, 1984) suggested a daily intake of 150 iig in the
average Danish diet. Knutti and Zimmerli (1985) found dietary intakes in Switzer-
land of 73 :: 9 iig in a restaurant, 83:: 9 iig in a hospital, 141 + 33 iig in a vegetarian
restaurant and 142:: 20 iig in a miltary canteen. The mean nickel intake in the UK
in 1981-84 was 140-150 iig/day (Smart & Sherlock, 1987).

(h) Humans tissues and secretions
The estimated average body burden of nickel in adults is 0.5 mg/70 kg (7.4 iig/

kg bw). ln post-mortem tissue samples from adults with no occupational or iatro-
genic exposure to nickel compounds, the highest nickel concentrations were found
in lung, bone, thyroid and adrenals, followed by kidney, heart, liver, brain, spleen
and pancreas in diminishing order (Scemann et al., 1985; Sunderman, 1986b; Rai-
thel, 1987; Raithel et al., 1987; Rezuke et al., 1987; Kollmeier et al., 1988; Raithel et al.,
1988). Reference values for nickel concentrations in autopsy tissues from nonex-
posed persons are listed in Table 17.

The mean nickel concentration in lung tissues from 39 nickel refinery workers
autopsied during 1978-84 was 150 (1-1344) iig/g dry weight. Workers employed in
the roasting and smelting department had an average nickel concentration of 333

(7-1344) iig/g, and those who had worked in the electrolysis department had an aver-
age nickel concentration of34 (1-216) iig/g dryweight. Lung tissue from 16 persons
who were not connected with the refinery contained an average level of 0.76
(0.39-1.70) iig/g dry weight (Andersen & Svenes, 1989).

The concentrations of nickel in body fluids have diminished substantially over
the past ten years as a consequence of improved analytical techniques, including
better procedures to minimize nickel contamination during collection and assay.
Concentrations of nickel in hum an body fluids and faeces are given in Table 18 (see
also Sunderman, 1986b; Sunderman et aL., 1986a).

(i) latrogenic exosures

Potential iatrogenic sources of exposure to nickel are dialysis treatment, leach-
ing of nickel from nickel-containing alloysused as prostheses and implants and con-
taminated intravenouS medications (for review, see Grandjean, 1984; Sunderman et
al., 1986a).
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Table 17. Concentrations of nickel in human autopsy tissues

Tissue No. of Nickel concentration Reference
subjects

nglg wet weight nglg dry weight

Mean:lSD Range Mean:lSD Range

Lung 4 16 :l 8 8-24 86 :l 56 33-1% Rezuke et al.
(1987)

8 119 :l 50 48-221
9

132 :l 99 50-290
41 7 :l 10 -c 1-70
9 18 :l 12 7-4 173 :l 94 71-371

15
180 :l 105 43-361 Seemann et al.

(1985)70 137 :l 187 754 :l 1010 Kollmeier et
al. (1988)

30 2040" 8-120" 101-195a 42-6" Raithel et al.
(1988)

16 760 :l 390 3901700 Andersen &
Svenes (1989)

Kidney 8 11 :l 4 7-15 Rezuke et al.
(1987)

6 125 :l- 54 50-120
36 14 :l 27 -c 1-165

10 9:l6 3-25 62 :l 43 19-171
18

34 :l 22 -c5-84 Seemann et al.
(1985)

Liver 4 9:l3 5-13 32 :l 12 21-4 Rezuke et al.
(1987)

8 8:l2 6-11
10 10 :l 7 8-21 50 :l 31 11-102
23 18 :l 21 -c5-86 Seemann et al.

(1985)
Hear 4 6:l2 4- 23 :l 6 16-30 Rezuke et al.

(1987)
8 7:l2 4-9
9 8:l5 1-14 54 :l 40 10-110

Spleen 22
23 :l 20 -c5-85 Seemann et al.

(1985)
10 7:l5 1-15 37 :l 31 9-95 Rezuke et al.

(1987)
"Range of median values and 68th percentile of range on the basis of 60 lung specimens from 30
autopsies
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Table 18. Nickel concentrations iD specimens from healthy, uDexposed
adultsO

Speimen Mean :l SD Range Units

Whole bloo 0.34 :l 0.28 ~ 0.05-1.05 j.g/l
Serum 0.28 :l 0.24 ~ 0.05-1.08 j.g/l
Urine (spot collection) 2.0 :l 1.5 0.5-6.1 j.g/l

2.0 :l 1.5 0.4-.0 j.g/g creatinine
2.8 :l 1.9 0.5-8.8 j.g/ib

Urine (24h collection) 2.2 :l 1.2 0.7-5.2 j.g/l
2.6 :l 1.4 0.5-6.4 j.g/day

Faec (3-day collection) 14.2:l 2.7 10.8-18.7 j.g/g (dry weight)
258 :l 126 80-540 j.g/day

tlrom Sunderman et al. (1986a)
bfactored to specific gravit y = 1.024

Hypernickelaemia has been observed in patients with chronic renal disease
who are maintained by extracorporeal haemodialysis or peritoneal dialysis (Table
19; Linden et al., 1984; Drazniowsky et aL., 1985; Hopfer et al., 1985; Savory et al. ,
1985; Wills et al., 1985). ln one severe incident, water from a nickel-plated stain-
less-steel water-heater contaminated the dialysate to approximately 250 J.g/l, result-
ing in plasma nickellevels of 300 J.g/I and acute nickel toxicity (Webster et al.,
1980). Even during normal operation, the average intravenous uptake of nickel may
be 100 J.g per dialysis (Sunderman, 1983a).

Nickel-containing alloys may be implanted in patients as joint prostheses,
plates and screws for fractured bones, surgical clips and steel sutures (Grandjean,
1984). Corrosion of these prostheses and implants can result in accumulation of
alloy-specific metàls in the surrounding soft tissues and in release of nickel to the
extracellular fluid. (Sunderman et al., 1986a, 1989a).

High concentrations of nickel have been reported in human albumin solutions
prepared by six manufacturers for intravenous infusion. ln three lots that con,.
tained 50 g/l albumin, the average nickel concentration was 33 J.g/I (range, 11-17
J.g/l); in nine lots that contained 250 g/l albumin, the average nickel concentration
was 83 J.g/l (range, 26-222 J.g/l) (Leach & Sunderman, 1985). Meglumine diatri-
zoate('Renografin-76'), an-X-raycontrast medium, tends to be contaminated with
nickeL. Seven lots of this preparation (containing 760 g/l diatrizoate) contained
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Table 19. Nkkel concentrations in dialysisl1uids and in serum specimens
trom patients with cbroniè renal. disease (CRD)Q

Regin and patients
No. of Ni Cone. in Serum Ni concentration (J:g/l)
subjeets dialysis fluid

(J:g/l) Pre-dialysis Post -dialysis

USA
Healthy con troIs 30 0.3 :f 0.2
Non-dialysed CRD patients 7 0.6 :f 0.3
CRD patients on haemodialysis

Hospital A 40 0.82 6.2:l 1.8 7.2:i 2.2
Hospital B 9 0.40-0.42 3.9 :l 2.0 5.2:i 2.5
Hospital C 10 0.68 3.0:l 1.3 3.7:i 1.3

USA
Healthy con troIs 50 0.4:l 0.2
CRD patients on haemodialysis 28 3.7:l 1.5

UK and Hong Kong
Healthy controls 71 1.0 ( .c 0.6-3.0)
Non-dialysed CRD patients 31 1.6 ( .c 0.6-3.6)
CRD patients on haemodialysis

Hospital A 25 2-3 8.6 (0.6-16.6) 8.8 (3.0-21.4)
Hospital B 16 2.9 (1.8-4.0) 3.4 (2.2-5.4)

CRD patients on peritoneal dialysis 13 2-3 8.6 (5.4-11.4)

tlrom Sundennan et al. (1986a)

nickel at 144 :i 44 Ilg/l. Serum nickel concentrations in Il patients who received
intra-arterial injections of 'Renografin-76' (164 :i 10 ml peT patient (giving 19.1 :l
4.0 Ilg Ni per patient)) for coronary arteriography increased from a pre-injection
level of 1.33 1lg/1 (range, 0.11-5.53 Ilg/l) to 2.95 1lg/1 (range, 1.5-7.19 Ilg/I) 15 min
post-injection. Serum levels remained significantly elevated for 4 h and returned to
baselIne levels only 24 h post-injection (Leach & Sunderman, 1987).

V) Regulatory status and guidelines
Occupational exposure limits for nickel in various forms are given in.Table 20.
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Table 20. Occupational exposure limits for airborne nickel in various formsa

Country or region Year Nickel species Concentration Interpretationb
(mglm3)

Belgium 1987 Nickel metal and insoluble 0.1 TWA
nickel compounds (as Ni)
Nickel cabonyl (as Ni) 0.35 TWA

Brazl 1987 Nickel carbonyl (as Ni) 0.28 TWA

Chile 1987 Soluble nickel compounds 0.08 TWA
(as Ni)

China 1987 Nickel cabonyl (as Ni) 0.001 TWA

Denmark 1988 Nickel metal 0.5 TWA
Nickel carbonyl 0.007 TWA
Soluble nickel compounds 0.1 TWA
(as Ni)
Insoluble nickel compounds 1 TWA
(as Ni)

Finland 1987 Nickel metal 1 TWA
Nickel carbonyl 0.007 TWA
Soluble nickel compounds 0.1 TWA
(as Ni)

France 1986 Nickel sulfide (as Ni) 1 TWA
German Democratie 1987 Nickel compounds (as Ni) 0.25 TWA

Republic Nickel carbonyl (as Ni) 0.01 TWA
Nickel compounds (as Ni) 0.5 STEL
Nickel carbonyl (as Ni) 0.03 STEL

Hungary 1987 Nickel compounds (as Ni) 0.005 T\VNSTEL
Nickel carbonyl (as Ni) 0.007 TWNSTEL

India 1987 Nickel carbonyl (as Ni) 0.35 TWA

Indonesia 1987 Nickel metal and insoluble 1 TWA
nickel compounds (as Ni)
Nickel carbonyl (as Ni) 0.007 TWA

Italy 1987 Nickel carbon yI (as Ni) 0.007 TWA

J apan 1987 Nickel 1 TWA
Nickel carbonyl (as Ni) 0.007 TWA

Mexico 1987 Nickel metal and insoluble 1 TWA
nickel compounds (as Ni)
Soluble nickel compounds 0.1 TWA
(as Ni)

Nickel carbon yi (as Ni) 0.35 TWA
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Table 20 (contd)

USSR

Year Nickel species Concentration Interpretationb
(mglm3)

1987 Nickel metal and insoluble 0.5 MAC
nickel compounds (as Ni)
Nickel cabonyl (as Ni) 0.005 MAC
Nickel monoxide, oxide, sul- 0.5 MAC
fide

Country or region

tlrom Arbeidsinspetie, 1986; Institut National de Recherche et de Sécurité, 1986; National Institute
for Occpational Safety and Health (NOSH), 1988; Arbetarkyddsstyrelsens, 1987; Cok, 1987;
Health and Safety Exective, 1987; Työsuojeluhalltu, 1987; US Occpation al Safety and Health Ad-
ministration (OS HA), 1987; Amerin Conference of Governmental Industrial Hygienists (ACGIH),
1988; Arbejdstilsynet, 1988

lrA, time-weighted averae; STEL, short-term expure limit; MAC, maximum allowable concen-

tration

2.4 Analysis

Typical methods for the analysis of nickel in air, water, food and biological ma-
terials are summarized in Table 21. Amethod has been developed for classifying
nickel in airborne dust samples into four species - 'water-soluble', 'sulfidic', 'me-
tallc' and 'oxidic' - on the basis of a sequential leaching procedure (Blakeley &
Zatka, 1985; Zatka, 1987, 1988; Zatka et aL., undated).

Atomic absorption spectrometry and differential pulse anodic stripping vol-
tammetry (DPASV) are the most common methods for analysis of nickel in environ-
mental and biological media. Air samples are collected on cellulose ester mem-
brane filters, wet digested with nitric acid-perchloric acid and analysed byelectro-
thermal atomic absorption spectrometry (EAAS) or inductively coupled argon
plasma emission spectrometry (ICP) (National Institute for Occupational Safety
and Health, 1984; Kettrup et al., 1985). The National Institute for Occupational
Safety and Health (1977b, 1981) has recommended standard procedures for person-
al air sampling and analysis of nickeL. The routine procedure does not permit iden-
tification of individual nickel compounds.

Assessment of individual nickel compounds, especially as components of com-
plex mixures, necessitates procedures such as X-ray diffraction and would not be
feasible for routine monitoring. Sampling and analytical methods used to monitor
air, water and soil have been summarized (US Environmental Protection Agency,
1986).

Nickel concentrations in blood, serum or urine are used as biological indica-
tors of exposure to or body burden of nickeL. Biological monitoring as a part of
biomedical surveilance has been evaluated in several reviews (Aitio, 1984; Norseth,



Table 21. Methods for the analysis of nickel

Sample matri Sample preparation Assay procdureQ Sensitivi ty / deteetion Reference
limit

Air Colleet on cellulos ester membrane fllter; AA - National Institute fordigest with nitrie acid and perehlorie acid
Occupational Safety and
Health (1981)

Colleet on cellulos acetate membrane AA
1 ,.g absolu te; Hauptverband der gewerb-fllter; digest with nitrie acid and hydro-
10 ,.g/m3 (sample lichen Berufsgenossen- Z-ehlorie acid
volume, 0.1 m3) schaften (1981) (j

~Colleeton cellulose ester membrane fiter; ICP
1.5 ,.g/sample National Institute for ' trdigest with nitric acid and perehlorie acid

Occupation al Safety and l'
Health (1984) ~Colleet on cellulos ester membrane fiter; AA 20 ng/m3 (sample Kettrup et al. (1985) Udigest with nitrie acid

volume, 1.5 m3) Z-Water Chelate; extract with ammonium pyroli- AA McNeely et al. (1972) (j0.04 ,.g/l ~dine dithiocmate: methyl isobutyl ke- tr
l'tone
(jFilter; irradiate with ultraviolet DPASV (dimethylglyox- 1 ng/l Pihlar et al. (1981) 0

ime-sensitized) s:~Chelate; extract with ammonium pyroli- EAA 0.2 ¡.g/l Sunderman (1986b) 0dine dithiocbamate: methyl isobutyl ke-
c:
Ztone
UFoo Digest with acid

Evans et al. (1978) enAA -
Wet digest with nitric acid, hydrogen per- DPASV (dimethylglyox- 1 ng/l digestion solu- Pihlar et al. (1981)oxide and sulfuric aeid ime-sensitized) tion
Dry ash DPASV (dimethylglyox- 5 ng/sample Meyer & Neeb (1985)

ime-sensitized)
Dry ash, chelate with sodium(ditrifluor- Chelate-GC 100 ng/sample Meyer & Neeb (1985)ethyl)dithiocbamate

Bloo Wet digest with nitric acid, hydrogen per- DPASV (dimethylglyox- 1 ng/l digestion solu- Pihlar et al. (1981)
VJoxide and sulfuric acid ime-sensitized) Hon i-
VI
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Table 21 (contd)

0'

Sample matri Sample preparation Assay procdure 
a Sensitivity/detection Reference

limit

Serum/whole Digest with nitric acid; heat EAA (Zeeman) 0.05 j.gll serum Sunderman et al. (1984a)
blòo 0.1 j.gll whole bloo

Body fluids/ Digest with nitrie acid, perehloric acid and EAA 0.2 j.gll boy fluids Sunderman (1986b)
tissues sulfuric acid; chelate; extraet with ammo- 0.4 j.g!g tissues

-
nium pyrolidine dithiocarbamate: methyl ~isobutyl ketone

Tissues Homogenize; digest with nitric acid, EAA (Zeeman) 0.01 j.gl g dry wt Sunderman et al. (1985a)
s:0

perchloric acid and sulfurie acid Z
Digest with nitric acid and sulfurie acid EAA (Zeeman) 0.8 j.glg wet wt Raithel et al. (1987) 00

Serum/urine Digest with nitrie acid, perchloric acid and EAA - Brown et al. (1981)
~

sul furie acid; chelate; extract with ammo-
nium pyrolidine dithiocarbamate: methyl

:t
V)

isobutyl ketone
6

Urine Chelate; extract with ammonium pyroli- BAA 0.5 j.gll Schaller & Zober (1982)
Edine dithiocarbamate: methyl isobutyl ke-

tone s:

Digest with nitric acid, perehloric acid and
tr

DPASV 1 j.g/l Schramel et al. (1985) .t
sulfuric acid

\0

Chelate; extract with hexamethylene am- AA 0.2 j.gll Angerer & Schaller (1985)
monium: hexamethylene dithiocarbamate:
diisopropylketone

Dilute with nitrie acid EAA (Zeeman) 0.5 j.gll Sunderman et al. (1986b)

Dilute directly with nitric acid EAA 1.2 j.gll Kiiunen et al. (1987)

aAA, flameless atomic absorption spectrometry; ICp, inductively coupled argon plasma speetrometry; DPAS~ differential pulse anodie
stripping voltammetry; EAA, eleetrothermal atomic absorption spectrometry; GC, gas chromatogrphy
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1984; Sunderman et al., 1986a). Choice of specimen, sampling strategies, specimen
collection, transport, storage and contamination control are of fundamental impor-
tance for an adequate monitoring programme (Sunderman et al., 1986a). As dis-
cussed in recent reviews (Stoeppler, 1980; Schaller et al., 1982; Stoeppler, 1984a,b;
Sunderman et al., 1986a, 1988a), EAAS and DPASV are practical, reliable tech-
niques that furnish the requisite sensitivity for measurements of nickel concentra-
tions In biological samples. The detection limits for determination of nickel by
EAAS with Zeeman background correction are approximately 0.45 J.g/1 for urine,
0.1 J.g/I for whole blood, 0.05 J.g/l for serum or plasma, and 10 ng/g (dry wet) for
tissues, foods and faeces (Andersen et al., 1986; Sunderman et al., 1986a,b; Kiilußen
et al., 1987; Angerer & Heinrich- Ramm, 1988). An EAAS procedure for the deter-.
mination of nickel in serum and urine, which was developed on the basis of collabo-
rative interlaboratory trials involving clinical biochemists in 13 countries, has been
accepted as a reference method by the International Union of Pure and Applied
Chemists (Brown et al., 1981). This procedure, with additional applications for
analysis of nickel in biological matrices, water and intravenous fluids, has also been
accepted as a reference method by the IARC (Sunderman, 1986b). A new working
method based on EAAS and Zeeman background correction for the analysis of
nickel in serum, whole blood, tissues, urine and faeces has been recommended
(Sunderman et al., 1986a,b, 1988a). Sam pIe preparation depends on the specimen
and involves acid digestion for tissue and faeces, protein precipitation with nitric
acid and heat for serum and whole blood, and simple acidification for urine.

Greater sensitivity can be achieved with DPASV analysis using a dimethylgly-
oxime-sensitized mercury electrode; this method has been reported to have a de 

tec-tion limit of 1 ng/l for determination of nickel in biological media (Flora & Nieboer,
1980; Pihlar et al., 1981; Ostapczuk et aL., 1983). However, DPASV techniques are
generally more cumbersome and time consuming th an EAAS procedures. Isotope
dilution mass spectrometry provides the requisite sensitivity, specificity and preci-
sion for determination of nickel (Fassett et al., 1985) but has not yet been used to
analyse nickel in biological samples.

Nickel carbonyl has been measured in air and exhaled breath by gas chroma-
tography and chemiluminescence (Sunderman et al., 1968; Stedman et al., 1979).
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3. Biological Data Relevant to the Evaluation
of Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animaIs 1

Experimental studies on animaIs exposed to nickel and various nickel com-
pounds were reviewed previously in the lARC Monographs (!ARC,. 1976, 1987). Re-
cen~ reviews on the biological and carcinogenic properties of nickel have been com-
piled by Fairhurst and Illng (1987), Kasprzak (1987) and Sunderman (1989), among
others. In addition, a detailed document on the health effects of nickel has been
prepared for the Ontario (Canada) Ministry of Labour (Odense University, 1986).
A comprehensive technical report on nickel, emphasizing mutagenicity and carcI-
nogenicity, was published by the European Chemical Industry Ecology and Toxicol-
ogy Centre (1989).

(a) Metal/ic nickel and nickel al/oys

(i) lnhalation

Mouse: A group of 20 female C57BL mice, two months of age, was exposed by
inhalation to 15 mglm3 metallc nickel powder ( ;: 99% pure; particle diameter, .c4
J.m)Jor 6 h per day on four or five days per week for 21 months. AlI mi ce had died
by the end of the experiment. No lung tumour was observed. No control group was
available (Hueper, 1958). (The Working Group noted the short duration of treat-
ment.)

Rat: Groups of 50 male and 50 female Wistar rats and 60 female Bethesda
black rats, two to three months of age, were exposed by inhalation to 15 mg/m3 me-
tallc nickel powder (;: 99% pure nickel; partic1e diameter, ~4 J.m) for 6 h per day
on four or five days per week for 21 months and observed up to 84 weeks. Histolog-
ical examination of the lungs of 50 rats showed numerous multicentric, adenoma-
tnid alveolar lesions and bronchial proliferations that were considered by the au-
thor as benign neoplasms. No specific control was inc1uded in the study (Hueper,
1958).

'The Working Group wa aware of studies in progress of the carcinogenicity of nickel, nickel acetate
tetrahydrate, nickel alloys, nickel-aluminium alloys, nickelchloride hexahydrate, nickel oxide, nickel
sulfide and nickel sulfate hexa- and heptahydrate in experimental animaIs by intraperitoneal, subc-
taneous, inhalation and intratraheal administration (IARC, 1988b).
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ln a further experiment with Bethesda black rats, exposure to metallc nickel
powder (99.95% nickel; particle diameter, 1-3 lJm) was combined with 2035 ppm
(50-90 mg/m3) sulfur dioxide as a mucosal irritant; powdered chalk was added to
prevent clumping. Exosure was for 5-6 h per day (nickel concentration unspeci-
fied). Forty-six of 120 rats lived for longer than 18 months. No lung tumour was
observed, but many rats developed squamous metaplasia and peribronchial adeno-
matoses (Hueper & Payne, 1962).

Guinea-pig: A group of 32 male and 10 female strain 13 guinea-pigs, about
three months of age, was exposed by inhalation to 15 mg/m3 metallc nickel powder
(~99% pure nickel) for 6 h per day on four or five days per week for 21 months.
Mortality was high: only 23 animaIs survived to 12months and all animaIs had died
by 21 months. Almost all animaIs developed adenomatoid alveolar les 

ions and ter-
minal bronchiolar proliferations. No such lesion was observed in ni 

ne controls.One treated guinea-pig had an anaplastic intra-alveolar carcinOina, and another
had an apparent adenocarcinoma metastasis in an adrenal node, although the pri-
maiy tumour was not identified (Hueper, 1958).

(H) Intratracheal instillation
Rat: Two groups of female Wistar rats (number unspecified), 11 weeks of age,

received either ten weekly intratracheal instilations of 0.9 mg metallc nickel pow-
der (purity unspecified) or 20 weekly injections of 0.3 mg metallc nickel powder in
0.3 ml saline (total doses, 9 and 6 mg, respectively) and were observed for almost 2.5
years. Lung tumour incidence in the two groups was 8/32 (seven carcinomas, one
mixed) and 10/39 (nine carcinomas, one adenoma), respectively; no lung tumour de-
veloped in 40 saline-treated con troIs maintained for up to 124 weeks. Pathological
classification of the tumours in the two groups combined revealed one adenoma,
four adenocarcinomas, 12 squamous-cell carcinomas and one mixed tumour. Aver-
age time to observation of the tumours was 120 weeks, the first tumour being ob-
served after 98 weeks (Pott et al., 1987).

Hamster. ln a study reported in an abstract, groups of 100 Syrian golden ham-
sters received either a single intratracheal instilation of 10, 20 or 40 mg of metallc
nickel powder (particle diameter, 3-8 lJm) or of one of two nickel alloy powders (par-
ticle diameter, 0.5-2.5 lJm; alloy I: 26.8% nickel, 16.2% chromium, 39.2% iron,
0.04% cobalt; alloy II: 66.5% nickel, 12.8% chromium, 6.5% iron, 0.2% cobalt) or
four intratracheal instilations of 20 mg of one of the substances every six months
(total dose, 80 mg). In the groups receiving single instilations of alloy II, the inci-
dence of malignant intrathoracic tumours was reported as 1, 8 and 12%, respective-
ly, suggesting a dose-response relationship. ln the group receiving multiple instilla-
tions ofalloy II, 10% of the animaIs developed intrathoracic malignant neoplasms,
diagnosed as fibrosarcomas, mesotheliomas and rhabdomyosarcomas. Metallic
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nickel induced comparable numbers and types of intrathoracic neoplasms, but no
tumourwas observed in animaIs treated with alloy i or in control animaIs (Ivankovic
et aL., 1987).

A group of approximately 60 male and female Syrian golden hamsters (strain
Cpb-ShGa 51), ten to 12 weeks of age, received 12 intratracheal instilations of 0.8
mgmètallc nickel powder(99.9% nickel; mass median diameter, 3.1 iim) in 0.15 ml
saline at two-week intervals (total dose, 9.6 mg). Additional groups were tre~ted
similarly with 12 intratracheal instilations of 3 mg pentlandite (containing 34.3%
nickel; total dose, 36 mg), 3 or 9 mg chromium/nickel stainless-steel dust (containing
6.79% nickel; total doses, 36 and 108 mg) or 9 mg chromium stainless-steel dust
(containing 0.5% nickel; total dose, 108 mg). The median lifespan was 90-130 weeks
in the different groups~ Two lung tumours were observed: an adenocarcinoma in the
group that received nickel powder and an adenoma in the pentlandite-treated
group. No lung tumour was observed in vehicle-treated con troIs or in the groups
treated with stainless-steels (Muhle et al., 1990). (The Working Group noted that no
lung tumour was observed in the positive control group.)

(iii) lntrapleural administration

Rat: A group of 25 female Osborne-Mendel rats, six months of age, received
injections of a 12.5% suspension of metallc nickel powder in 0.05 ml lanolin into the
right pleural cavity (6.25 mg nickel powder) once a month for five months. A group
of 70 rats received injections of lanolin only. The experiment was terminated after
16 months. Four of the 12 treated rats that were examined had developed round-cell
and spindle-cell sarcomas at the site of injection; no control animal developed a
local tumour fp -( 0.01) (Hueper, 1952).

A group of five male and five female Fischer 344 rats, 14 weeks of age, received
injections of 5 mg metallc nickel powder suspended in 0.2 ml saline into the pleura
(total dose, 25 mg) once a month for fIve months. Two rats developed mesothelio-
mas within slightly over 100 days; no tumour occurred in 20 con troIs (Furst et al.,
1973). (The Working Group noted the limited reporting of the experiment.

(iv) Subcutaneous administration

Rat: Groups of five male and fIve female Wistar rats, four to six weeks of age,
received four subcutaneous implants of pellets (approximately 2 x 2 mm) of metallic
nickel or nickel-gallum alloy (60% nickel) used for dental prostheses and were ob-
served for 27 months. Loal sarcomas were noted in 5/10 rats that received the me-
tallc nickel and in 9/10 rats that received the nickel-gallum alloy. No localtumour
occurred in ten groups of rats that received similar implants of other dental materi-
aIs (Mitchell et al., 1960).
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(v) lntramuscular administration

Rat: A group of ten female hooded rats, two to three months of age, received a
single intramuscular injection of 28.3 mg pure metallc nickel powder in 0.4 ml fowl
serum into the right thigh. AlI animaIs developed rhabdomyosarcomas at the injec-
tion site within 41 weeks. Historical controls injected with fowl serum alone did not
develop local tumours (Heath & Daniel, 1964).

Groups of 25 male and 25 female Fischer 344 rats (age unspecified) received
five monthly intramuscular injections of 5 mg metallc nickel powder in 0.2 ml trioc-
tanoin. Fibrosarcomas occurred in 38 treated animaIs but in no 

ne of a group of 25
male and 25 female con 

troIs given trioctanoin alone (Furst & Sc 
hl au der, 1971).

Two groups of ten male Fischer 344 rats, three months of age, received a single
intramuscular injection of metallc nickel powder (3.6 or 14.4 mg/rat) in 0.5 ml peni-
cilln G procaine. Surviving rats were kiled 24 months after the injection. Sarco-
mas at the injection site were found in 0/10 and 2/9 treated rats, respectively, as
compared with 0/20 vehicle con troIs (Sunderman & Maenza, 1976). (The Working
Group noted the small number of animaIs used.)

Groups of 20 WAG rats (sex and age unspecified) received a single intramus-
cular injection of 20 mg metallc nickel powder in an oil vehicle (type unspecified).
A group of 56 control rats received 0.3 ml of the vehicle alone. Local sarcomas de-
veloped in 17/20 treated and 0/56 control rats (Berry et al., 1984). (The Working
Group noted the inadequate reporting of tumour induction.)

Groups of 20 or 16 male Fischer 344 rats, two to three months of age, received a
single intramuscular injection of 14 mg metallc nickel powder (99.5% pure) or 14
mg (as nickel) of a ferronickel alloy (NiFe1.6) in 0.3-0.5 ml penicilin G vehicle into
the right thigh. Of the 20 rats receiving nickel powder, 13 developed tumours at the
site of injection (mainly rhabdomyosarcomas), with an average latency of 34 weeks.
No local tumour developed in the 16 rats given the ferronickel alloy, in 44 con 

troIs
given penicilin G or in 40 con troIs given glycerol (Sunderman, 1984).

Groups of 40 male inbred WAG rats, 10-15 weeks of age, received a single in-
tramuscular injection of 20 mg metallc nickel in paraffin oil. One group also
received intramuscular injections of interferon at 5 X 1() U/rat twice a week begin-
ning in the tenth week after nickel treatment. Rhabdomyosarcomas occurred in
14/30 and 5/10 rats in the two groups, respectively. Metallc nickel depressed natu-
raI killer cell activity. Prospective analysis of individual natural kiler cell responses
indicated that a persistent depression was restricted to rats that subsequently de-
veloped a tumour (Judde et al., 1987).

Hamster. Furst and Schlauder (1971) compared the tumour response in Syrian
hamsters with that of Fischer 344 rats (see above) to metallc nickel powder.
Groups of 25 male and 25 female hamsters, three to four weeks old, received five
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monthly intramuscular injections of 5 mg nickel powder in 0.2 ml trioctanoin. Two
fibrosarcomas occurred in males. No local tumour occurred in 25 male and 25 fe-
male controls injected with trioctanoin alone.

(vi) lntraperitoneal administration
Rat: As reported in an abstract, a group of male and female Fischer rats (num-

bers unspecified), weighing 80-100 g, received intraperitoneal injections of 5 mg me-
tallc nickel powder in 0.3 ml corn oïl twice a month for eight months. A control
group received injections of corn oil only. ln the treated group, 30-50% of rats were
reported to have developed intraperitoneal tumours (Furst & Cassetta, 1973).

A group of 50 female Wistar rats, 12 weeks of age, received ten weekly intraper-
itoneal injections of 7.5 mg metallc nickel powder (purity unspecifiedJ (total dose,
75 mg). Abdominal tumours (sarcomas, mesotheliomas or carcinomas) developed
in 46/48 (95.8%) rats at an average tumour latency of approximately eight months.
Concurrent controls were not reported, but, in non-concurrent groups of saline con-
troIs, abdominal tumours were found in 0-6% of animaIs (Pott et aL., 1987).

Groups of female Wistar rats, 18 weeks of age, received single or repeated in-
traperitoneal injections of metallc nickel powder (100% nickel) or of one of three
nickel alloys in 1 ml saline once or twice a week. AlI animaIs were sacrificed 30
months after the first injection. The incidences of local sarcomas and mesothelio-
mas in the peritoneal cavity are shown in Table 22. A dose-response trend was ap-
parent for metallc nickel, and the tumour responses to the nickel alloys increased
with the proportion of nickel present and the dose (Pott et al., 1989, 1990). (The
Working Group noted that the results at 30 months were available as an extended
abstract only.)

(vii) lntravenous administration
Mouse: A group of 25 male C57BL mice, sixweeks old, received two intravenous

injections of 0.05 ml of a 0.005% suspension of metallc nickel powder in 2.5% gela-
tin into the tail vein. Nineteen animaIs survived more than 52 weeks, and six sur-
vived over 60 weeks. No tumour was observed. No control group was used (Hueper,
1955). (The Working Group noted the short period of observation.)

Rat: A groupof 25 Wistar rats (sex unspecified), 24 weeks of age, received in-
travenous injections of 0.5 ml/kg bwmetallc nickel powder as a 0.5% suspension in
saline into the saphenous vein once a week for six weeks. Seven rats developed sar-
comas in the groin regionalong the injection route (probably from seepage at the
time of treatmentJ. No control group was used (Hueper, 1955).
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Table 22. Thmour responses of rats to intraperitoneal injection of nickel and
nickel alloysa

Compound Total dose Schedu le Mesotheliomas Sarcomas at Lol tumours
(mg, as Ni) at two years two year at 30 monthsb

Metallc nickel 6 Single injection 3 0 4/34
12 2 X 6 mg 3 2 5/34
25 25 X 1 mg 16 9 25/35

Anoy (50% Ni) 50 Single injection 1 7 8/35
150 3 X 50 mg 2 8 13/35

Anoy (29% Noe 50 Single injection 0 0 2/33
100 2 X 50 mg 0 1 1/36

Anoy (66% Ni)d 50 Single injection 0 11 12/35
150 3 X 50 mg 4 20 22/33

Saline 3 X 1 ml 0 1 1/33
50 X 1 ml 0 0 0/34

"From Pott et al. (1989, 199)
~esults not given separately for mesotheliomas and sarcomas
Cßfore millng: 32% Ni, 21% Cr, 0.8% Mn, 55% Fe
d&fore miling: 74% Ni, 16% Cr, 7% Fe

(vii) lntrarenal administration

Rat: A group of 20 female Sprague-Dawley rats, weighing 120-140 g, received
an injection of 5 mg metallic nickel in 0.05 ml glycerine into each pole of the right
kidney. No renal carcinoma or erythrogenic response developed within the
12-month period of observation (Jasmin & Riopelle, 1976).

Groups of male Fischer 344 rats, approximately two months of age, received an
intrarenal injection of 7 mg metallc nickel powder or of a ferronickel alloy (NiFe1.6;
7mg Ni per rat) in 0.1 or 0.2 ml saline solution into each pole ofthe right kidney. The
study was terminated after two years; the median survival time was 100 weeks in the
two treated groups compared with 91 weeks in controls. Renal cancers occurred in
0/18 and 1/14 rats, respectively, compared with 0/46 saline-treated controls. The
tumour was a nephroblastoma which was observed at 25 weeks (Sunderman et al.,
1984b ).

(ix) lmplantation of ear-tags
Rat: ln a study carried out to assess the carcinogenicity of cadmium chloride,

168 male Wistar rats, six weeks of age, received identification ear-tags fabricated of

nickel-copper alloy(65% Ni, 32% Cu, 1% Fe, 1% Mn). A total of 14 tumours, mostly
osteosarcomas, developed within 104 weeks at the site of implantation. The authors
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implicated nickel in the alloy as the probably causative agent and apparent local
microbial infection as a contributory factor (Waalkes et al., 1987).

(x) Other routes of administration

Rat: In groups of 20 WAG rats (sex and age unspecified) suhperiosteal injection
of 20 mg metallc nickel powder resulted in local tumours in 11/20 rats; intramedul-
lary injection of 20 mg metallc nickel resulted in local tumours in 9/20 rats (Berry
et al., 1984). (The Working Group noted the absence of controls and the inadequate
reporting of tumour induction.)

(xi) Administration with known carcinogens
Rat: Four groups of female Wistar rats (initial numbers unspecified), four to

six weeks old, received intratracheal instilations of 1 or 5 mg 20-methylcholan-
threne (MC) alone or with 10 mg metallc nickel powder (99.5% nickel). A fifth
group received 10 mg metallic nickel powder only. At 12 weeks, squamous-cell car-
cinomas had developed as follows: 5 mg MC, 2/7; 5 mg MC plus Ni, 3/5; 1 mg MC,
0/8; 1 mg MC plus Ni, 0/7; metallc Ni alone, 0/7. Pretumorous lesions were more
marked and the amount of epithelial metaplasia enhanced in groups receiving the
combined treatment or MC only (Mukubo, 1978). (The Working Group noted the
small number of animaIs used and the short duration of observation.)

(b) Nickel oxides and hydroxides

The compounds considered un der this heading include a variety of substances
of nominally similar composition, which, however, may vary considerably due to
differences in production methods. These differences were not generally defined in
the studies described below, beyond the relatively recent designation of green and
black nickel oxide.

(i) l nhalation
Rat: Groups of six or eight male Wistar rats, two months of age, were exposed

by inhalation to 0.6 or8.0 mg/m3 nickel monoxide (green) particles (median aerody-
namic diameter, 1.2 Jlm) for 6 h per day on five days per week for one month, after
which they were maintained with no further exposure for an additional 20 months.
Histopathological examination revealed one adenocarcinoma and one adenoma-
tous lesion of the lung in the low-exposure rats and one adenomatosis in the high-ex-
posure group. Bronchial glandular hyperplasia was seen in five and six rats in the
low- and high-dose groups, respectively; a malignant histiocytoma that emanated
from the paranasal region was noted in the upper respiratory tract of one rat (group
unspecified). None of the five control rats developed these lesions, although both
control and exposed animaIs exhibited some- squamous metaplasia (Horie et al.,
1985). (The Working Group noted thesmall number of animaIs used and the short
exposure period.)
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Groups of 40 and 20 male Wistar rats, five weeks of age, were exposed by inha-
lation to 60 and 200 J.g/m3 nickel as nickel monoxide aerosol (particle size, ~ 0.3
J.m) continuously for 18 months, followed by an observation period of one year un-
der normal atmospheric conditions. At 24 months, 80% of animaIs in the treatment
group had died, and at termination of the study (30 months) 62.5% of controls had
died. No carcinogenic effect was observed (Glaser et al., 1986). (The Working
Group noted that the toxic effects, particularly alveolar proteinosis, were severe,
that the survival of the animaIs was too short for carcinogenicity to be evaluated
fully, and that nickel oxide aerosols were generated by atoffization of aqueous nick-
el acetate solutions.)

Hamster: A group of 51 male Syrian golden hamsters, two months of age, was
exposed by inhalation to a me an aerosol concentration of 53.2 mg/m3 nickel monox-
ide (me an particle diameter, 0.3 J.m) for 7 h per day on five days per week for life.
Another group of 51 males was exposed to nickel monoxide plus cigarette smoke.
Two control groups of 51 animaIs were exposed to smoke and sham dust or to sham
smoke and sham dust. Massive pneumoconiosis with lung consolidation developed
in the nickel monoxide-exposed animaIs but did not affect their lifespan. Mean life-
span was 19.6:l 1.6 months for animaIs exposed to smoke and nickel monoxide, 16.1
:l 1.1 for sham-exposed nickel oxide-treated animaIs and 19.6:l 1.4 and 15.3 :l 1.3
months for the respective controls. No significant increase in the incidence of respi-
ratory tumours or any evidence of cocarcinogenic interaction with cigarette smoke
was noted for nickel monoxide. One osteosarcoma occurred in the nickel monox-
ide-treated group and one osteosarcoma and one rhabdomyosarcoma in the muscle
of the thorax were seen in the group given nickel monoxide plus cigarette smoke
(Wehner et al., 1975, 1979).

(ii) l ntratracheal instillation
Rat: Groups of female Wistar rats (numbers unspecified), 11 weeks of age,

received ten weekly intratracheal instilations of 5 or 15 mg nickel as nickel monox-
ide (99 .99% pure) in 0.3 ml saline to give total doses of 50 and 150 mg nickel, respec-
tively. A control group of 40 rats received injections of saline only and were ob-
served for 124 weeks. Lung tumour incidence in the two treated groups was 10/37
(27%) and 12/38 (31.6%), respectively; the tumours in the two groups consisted of
four adenocarcinomas, two mixed tumours and 16 squamous-cell carcinomas. No
lung tumour occurred in con troIs (Pott et al., 1987).

Hamster. ln an experiment designed to study the effects of particulates on the
carcinogenesis of N-nitrosodiethylamine, groups of 25 male and 25 female hamsters
(strain unspecified), five weeks old, received intratracheal instilations of 0.2 ml of a
suspension of 2 g nickel monoxide (parti cie size, 0.5-1.0 J.m) in 100 ml 0.5% wlv
gelatin/saline once a week for 30 weeks. A group of 50 controls received injections
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of carbon dust in the vehicle. Only three hamsters in each group survived beyond 48
weeks. One respiratory tract tumour (unspecified) was found in the 47 nickel mon-
oxide-treated animaIs that were necropsied and four in controls. A high incidence
ofrespiratory-tract tumours was observed in animaIs treated withN-nitrosodiethyl-
amine alone (Farrell & Davis, 1974). (The Working Group noted the poor survival
of treated and control animaIs.)

(iii) lntrapleural administration
Rat: A group of 32 male Wistar rats, three months of age, received a single

intrapleural injection of 10 mg nickel monoxide in 0.4 ml saline suspension. A posi-
tive control group of 32 rats received a 10 mg injection of crocidolite, and a negative
control group of 32 rats received saline alone. After 30 months, 31/32 rats in the
nickel monoxide-treated group had developed injection-site tumours (mostly rhab-
domyosarcomas). Median survival time was 224 days. Nine of 32 rats in the croci-
dolite-treated group had local tumours, but none of the saline con troIs developed
local sarcomas (Skaug et al., 1985),

(iv) lntramuscular administration
Afouse: Two groups of 50 Swiss and 52 C3H mice, equally divided by sex, two to

three months of age, received single intramuscular injections of 5 mg nickel monox-
ide in penicilln G procaine into each thigh muscle and were observed for up to 476
days. Loal sarcomas (mainly fibrosarcomas) occurred in 33 Swiss and 23 C3H

mice. No control was reported (Gilman, 1962).

Rat: A group of 32 Wistar rats (sex unspecified), two to three months of age,
received single intramuscular injections of 20 mg nickel monoxide powder into each
thigh muscle and were observed for up to 595 days. Twenty-one rats developed a
total of 26 tumours at the site of injection; 80% of the tumours were rhabdomyosar-
comas, and the average latent period was 302 days. No control was reported (Gil-
man, 1962).

Groups of 20 Fischer rats (sex and age unspecified) received single intramus-
cular injections at two sites of either nickel hydroxide or nickel rnonoxide (dose un-
specified) iD aqueous penicilin G procaine. Local sarcomas developed in 15/20 (19
tumours at 40 sites) and 2/20 rats, respectively. Concurrent vehicle con troIs were
not used. Seventeen of 20 animaIs given nickel subsulfide (dose unspecified) as pos-
itive controls developed local sarcomas. No tumour developed at the injection sites
in two other groups of rats in the same experimental series injected intramuscularly
with either nickel sulfate or nickel sulfide (presumed to be amorphous) (Gilman,
1966).

Ten male and ten female Wistar rats, weighing 150-170 g, received an intramus-
cular injection of 3 mg nickel trioxide powder. No control group was reported. No
neoplasm developed at the injection site (Sosinski, 1975).
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A group of 15 male Fischer 344 rats, two months of age, received a single intra-
muscular injection of nickel at 14 mg/rat as nickel monoxide (bunsenite, green-grey

(Sunderman, 1984); 99.9% pure; particle diameter, ~ 2 iim) in 0.3 ml of a 1:1 v/v
glycerol:water vehicle into the right thigh and were observed for 104 weeks. Four-
teen animaIs developed local sarcomas (mostly rhabdomyosarcomas) with a me-
dian tumour latency of 49 weeks and a median survival time of 58 weeks; metastases
occurred in 4/14 rats. None of 40 control rats injected with vehicle alone developed
tumours at the site of injection; 25/40 control rats were still alive at termination of
the experiment (Sunderman & McCully, 1983).

Groups of 20 male Wistar rats, weighing 20-220 g, received a single intramus-
cular injection of 120 Jlmol (7.1 mg) nickel as one of three nickel hydroxide prepara-
tions - an air-dried gel, crystallne industrial nickel hydroxide and a freshly pre-

pared colloidal nickel hydroxide - in 0.1 ml distiled water. A positive control

group was treated with 120 iimol (7.1 mg) nickel as nickel subsulfide (see also p. 337)
and a negative control group was treated with sodium sulfate. Seven rats treated
with the colloidal preparation and one treated with the gel died from haematuria
one to two weeks after the treatment. Six u1cerating, tumour-like growths developed
between five and six months after treatment in the crystallne-treated group, but
these regressed and were not included in tabulations. Local tumours occurred in
5/19 rats (four rhabdomyosarcomas, one fibrosarcoma) given the dried gel, 3/20 (aIl
rhabdomyosarcomas) given the crystallne com pound, 0/13 given the colloidal prep-
aration, 16/20 positive con troIs and 0/20 negative controls (Kasprzak et aL., 1983).
(See also pp. 360-361.)

ln the study by Berry et al. (1984) described on p. 321, no tumour was induced
by 20 mg nickel monoxide by either the intramuscular or subperiosteal route in
groups of 20 rats.

ln the study by Judde et al. (1987) described on p. 321, no tumour was induced
by 20 mg nickel trioxide in ten rats.

(v) lntraperitoneal administration

Rat: A group of 50 female Wistar rats, 12 weeks of age, received two intraperi-
toneal injections of 500 mg nickel as nickel monoxide (99.99% pure); 46/47 of the
animaIs developed abdominal tumours (sarcomas, mesotheliomas or carcinomas)
with an average tumour latency of 31 months. Concurrent controls were not re-
ported but, in other groups of saline controls, the incidence of abdominal tumours
ranged from 0 to 6% (Pott et al., 1987).

ln a study described earlIer (p. 322), single injections of 25 and 100 mg nickel as
nickel monoxide induced local sarcomas and mesotheliomas in the peritoneal cav-
ity in 12/34 and 15/36 female Wistar rats, respectively, after 30 months (Pott et aL.,
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1989, 1990). (The Working Group noted that the results at 30 months were available
as an extended abstract only.)

(vi) lntrarenal administratio11

Rat: A group of 12 male Fischer 344 rats, two months of age, received an injec-
tion of nickel monoxide (green; 7 mg/rat nickel) in 0.1 or 0.2 ml saline into each pole
of the right kidney and were observed for two years. No renal carcinoma was ob-
served (Sunderman et al., 1984b; see also p. 323).

(vii) l ntracerebral injection
Rat: A group of ten male and ten female Wistar rats, weighing 150-170 g, re-

ceived an intracerebral injection of 3 mg nickel trioxide powder into the cerebral
cortex. No control group was reported. Cerebral sarcomas (gliomas) were observed
in two rats that were killed at 14 and 21 months, respectively, and a meningioma was
found in one rat that was killed at 21 months (Sosinski, 1975).

(c) Nickel sulfdes

The experiments described below refer primarily to a-nickel subsulfide and to
other crystallne forms of nickel sulfide, except where specifically stated that an
amorphous form was tested.

(i) lnhalation

Rat: A group of 122 male and 104 female Fischer 344 rats (age unspecified) was
exposed by inhalation to 0.97 mg/m3 nickel subsulfide (particle diameter, -= 1.5 )lm)
for 6 h per day on five days per week for 78 weeks. The remaining rats were observed
for another 30weeks, bywhich time survival was less th an 5%. Survival of a group of
241 control rats exposed to filtered room air was 31% at 108 weeks. A significant
increase in the incidence of benign and malignant lung tumours was observed com-
pared to_ controls. Among treated rats, 14 malignant (ten adenocarcinomas, three
squamous-cell carcinomas, one fibrosarcoma) and 15 benign lung tumour-bearing
animaIs were identified; one adenocarcinoma and one adenoma developed among
controls. The earliest tumour appeared at 76 weeks, and the average tumour latency
was approximately two years. An elevated incidence of hyperplastic and metaplas-
tic lung les ions was also noted among nickel subsulfide:'treated rats (Ottolenghi et
al., 1974).

(ii) l ntratracheal instillation
Mouse: Groups of 20 male B6C3F1 mi ce, eight weeks of age, received intratra-

cheal instilations of 0.024,0.056,0.156,0.412 or 1.1 mg/kg bw nickel subsulfide (par-
ticle size, -= 2 Jlm) in saline once a week for four weeks and were observed for up to
27 months, at which time about 50% of the animaIs. had died. Lung tumours
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occurred in all groups; no significant difference from con troIs and no dose-response
relationship was observed. No damage to the respiratory tract that was attributable
to treatment was seen (Fisher et al., 1986). (The Working Group noted the low doses
used. )

Rat: Groups of 47,45 and 40 female Wistar rats, Il weeks of age, received in-
tratracheal instilations of 0.063, 0.125 or 0.25 mg/animal nickel subsulfide in 0.3 ml
saline (total doses, 0.94, 1.88 and 3.75 mg/animal) once a week for 15 weeks. At 120
weeks, 50% of the animaIs were stil alive; the experiment was terminated at 132
weeks. The incidences of malignant lung tumours were 7/47, 13/45 and 12/40 in the
low-, medium- and high-dose groups; 12 adenocarcinomas, 15 squamous-cell carci-
nom as and five mixed tumours occurred in the lungs of treated animaIs. No lung
tumour occurred in 40 controls given 20 intratracheal injections of 0.3 ml saline
(Pott et al., 1987).

Hamster. In the study reported on p. 320 (Muhle et al., 1990), no lung tumour
was seen in 62 animaIs given 12 doses of 0.1 mg æ-nickel subsulfide by intratracheal

instilation. (The Working Group noted the low total dose given.)

(iii) lntrapleural administration
Rat: A group of 32 male Wistar rats, three months of age, received a single

intrapleural injection of 10 mg nickel subsulfide in 0.4 ml saline. Average survival
was 177 days. Local malignant tumours (mainly rhabdomyosarcomas) developed in
28/32 animaIs but in none of 32 saline-in jected con troIs (Skaug et aL., 1985)

(iv) Topical administration

Hamster. Groups of male golden Syrian hamsters of the LVG/LAK strain, two
to three months of age, were painted on the mucosa of the buccal pouches with 1 or 2
mg æ-nickel subsulfide in 0.1 ml glycerol three times a week for 18 weeks (six to
seven animaIs; total doses, 54 and 108 mg nickel subsulfide) or with 5 or 10 mg three
times a week for 36 weeks (13-15 animaIs; total doses, 540 and 1080 mg nickel subsul-
fi de ), and were observed for more th an 19 months. Two control groups received
applications of glyceroL. No tumour developed in the buccal pouch, oral cavity or
intestinal tract in the treated or control groups. Squamous-cell carcinomas of the
buccal pouch developed in all four hamsters that received applications of 1 mg di-
methylbenz(a )anthracene in glycerol three times a week for 18 weeks (Sunderman,
1983b ).

(v) lntramuscular administration

Mouse: Groups of 45 Swiss and 18 C3H mice, approximately equally divided
by sex, two to three months of age, received single intramuscular injections of 5 mg
nickel subsulfide into both or only one thigh muscle. Local tumours (mainly sarco-
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mas) developed in 27 and nine mice, respectively. No control was reported (Gilman,
1962).

Three groups of ten female and one group of ten male NMRI mice, six weeks of
age, received an injection of 10 mg labelled nickel subsulfide into the left thigh
muscle, or of 5 mg into the interscapular subcutaneous tissue, in 0.1 ml olive
oîl:streptocilin (3:1). Two mice from each group were kiled two months after injec-
tion for whole-body autoradiography; no tumour was seen at this stage. The re-
maining animaIs were autopsied at 14 months, when local sarcomas were seen in 7/8
and 4/8 females that received subcutaneous injections and in 4/8 males and 4/8 fe-
males.that received intramuscular injections. Metastases to the lung, liver and re-
gional lymph nodes ocurred in approximately half of the 19 tumour-bearing mice.
No control group was used (Oskarsson et al., 1979).

Groups of four male and six female DBA/2 and five male and five female
C57B16 mice, two to three months of age, received a single intramuscular injection
of 2.5 mg a-nickel subsulfide in 0.1-0.5 ml penicilin G procaine solution into one
thigh muscle. Loal sarcomas developed in six DBA/2 (p -c 0.01) and in five C57B16
(p .c 0.05) mice, with median latent periods of 13 and 14 months, respectively. None
of nine control mice of each strain injected with penicilln G alone developed a sar-
coma (Sunderman, 1983b).

Rat: A group of 32 male and female Wistar rats, two to three months of age,
received a single intramuscular injection of 20 mg nickel subsulfide into one or both
thigh muscles. After an average of 21 weeks, 25/28 rats had developed 36 local tu-
mours. Vehicle con troIs were not available, but two further groups of 30 rats each
injected with ferrous sulfide did not develop tumours at the site of injection after
627 days (Gilman, 1962).

Groups of ten male and ten female Fischer rats, five months of age, were ad-
ministered nickel subsulfide either by an intramuscular injection of 10 mg powder
(particle size, 2-4 llm), by implantation of an intact 11-mm disc (500 mg), by implan-
tation of 3-5-mm di sc fragments or by implantation of 10 mg powder in a 0.45-llff
porosity milipore diffusion cham ber. Local tumours (mostly rhabdomysarcomas)
developed in 71-95% of rats, which demonstrated diffusion of soluble nickel from
the chambers. The me an tumour latency for the last group was 305 days, almost
twice that for the other three groups. Among 19 controls given 38 implants of empty
diffusion chambers, one tumour developed after 460 days. The authors considered
that the experiment demonstrated that the induction of neoplasms by nickel subsul-
fide is a chemical rather th an a physical (foreign-body) reaction and that phagocy-
tosis is not essential for nickel tumorigenesis (Gilman & Herchen, 1963).

Groups of 15 Fischer rats received implants of nickel subsulfide discs (250 mg)
or 8 xl-mm discs of ferric oxide (control) in opposite sides of the gluteal
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musculature. The nickel subsulfide discs were removed in a geometric sequence at
two, four, eight... up to 256 days after implantation, and average tumour incidence
after 256 days was 66%. The critical exposure (tissue contact) period necessary for
nickel subsulfide to induce malignant transformation was 32-64 days (Herchen &
Gilman, 1964).

Groups of 15 male and 15 female hooded and 15 male and 12 female NIH
(Bethesda) black rats, two to three months of age, received injections of 10 mg nickel
subsulfide in penicilin G procaine into each gastrocnemius muscle. NIH Black rats
were less susceptible to local tumour induction (14/23 rats) than hooded rats
(28/28). Massive phagocytic invasion of the nickel injection site occurred in the NIH
black rats (Daniel, 1966).

Groups of 20 male and 20 female Fischer 344 rats, five weeks of age, received a
single subcutaneous injection of 10 or 3.3 mg nickel subsulfide in 0.25 ml saline. Two
furtner groups received single intramuscular injections of 10 or 3.3 mg nickel sub-
sulfide. A group of 60 male and 60 female control rats received injections of 0.25 ml
saline twice a week for 52 weeks, and a further control group received no treatment.
At 18 months, the groups injected subcutaneously with nickel subsulfide had tu-
mour incidences of 90 and 95%, and the groups injected intramuscularly had tu-
mour incidences of 85% and 97%. Most tumours in both groups were rhabdomyo-
sarcomas. No local tumour occurred in controls (Mason, 1972).

Groups of ten male Fischer 344 rats, three months of age, received intramuscu-
lar injections of amorphous nickel sulfide and (Y-nickel subsulfide in 0.5 ml penicil-
lin G procaine suspension at two comparable dose levels (about 5 and 20 mg/rat), to
provide 60 and 240 Jlg Ni per rat. A further group received injections of nickel ferro-

sulfide matte (85 and 340 Jlg atom of nickel per rat). Sarcomas at the injection site
developed in 8/10 and 9/9 of the low- and high-dose nickel subsulfide-treated groups
and in 1/10 and 8/10 of the low- and high-dose nickel ferrosulfide matte-treated
groups, respectively. No local sarcoma developed in the groups given nickel sulfide,
among control rats given penicilin G procaine suspension alone or in two control
groups treated with metallc iron powder (Sunderman & Maenza, 1976).

Groups of 63 male and female inbred Fischer and 20 male and female hooded
rats, ten to 14 weeks old, received an intramuscular injection of 10 mg nickel subsul-
fide in penicilln G procaine. Tumour-bearing rats were autopsied 30 days after
detection of the tumour. Tumours occurred in 59/63 Fischer and 11/20 hooded rats;
81.9% of tumours in hooded rats metastasized, compared to 25.4% in Fischer rats.
Metastatic les ions were observed in the heart, pleura, liver and adrenal glands, as
well as in lungs and lymph nodes of nine hooded rats. Of the primary tumours, 67%
were rhabdomyosarcomas (Yamashiro et aL., 1980).
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Groups of 30 male Fischer 344 rats, approximately two months of age, received
a single intramuscular injection of 0.6, 1.2, 2.5 or 5 mg nickel subsulfide. Local sar-
comas were recorded in 7130, 23130, 28/30 and 29/30 of the animaIs, respectively
fp cC 0.01), indicating a dose-related increase in incidence. No such tumour devel-
oped in 60 untreated controls (Sunderman et aL., 1976). ln an extension of this study,
a total of 383 animaIs received injections of 0.63-20 mg a-nickel subsulfide. Sarco-
ma incidence at 62 weeks after treatment ranged from 24% at the lowest dose level
to 100% at the highest dose leveL. Of the 336 sarcomas induced, 161 were rhabdo-
myosarcomas, 91 undifferentiatedsarcomas, 72 fibrosarcomas, nine liposarcomas,
two neurofibrosarcomas and one a haemangiosarcoma. Metastasis was seen in 137
of the 336 tumour-bearing animaIs (Sunderman, 1981).

ln a study on the relationship between physical and chemical properties and
carcinogenic activities of 18 nickel compounds at a standard 14-mg intramuscular
dose of nickel under comparable experimental conditions in male Fischer 344 rats
(see p. 321), five nickel sulfides were among the compounds tested. Three of these
(a-nickel subsulfide, crystallne ß-nickel sulfide and nickel ferrosulfide matte) in-
duced local sarcomas in 100% of animaIs (9/9, 14/14 and 15/15). Metastases devel-
oped in 56, 71 and 67%, respectively, of the tumour-bearing rats. Nickel disulfide
induced local tumours in 86% (12/14) animaIs and amorphous nickel sulfide in 12%

(3/25). Median latent periods were 30 weeks for nickel subsulfide, 40 weeks for crys-
tallne nickel sulfide, 36 weeks for nickel disulfide, 41 weeks for amporphous nickel
sulfide, but only 16 weeks for nickel ferrosulfide. Median survival times were 39,48,
47, 71 and 32 weeks, respectively (Sunderman, 1984).

ln the study by Berry et al. (1984) described on p. 321, tumours developed in
10/20 rats given 5 mg nickel subsulfide intramuscularly, in 0/20 treated subperios-
teally and in 10/20 given intrafemoral injections.

In the study by Judde et al. (1987) described on p. 321, a single intramuscular
injection of 5 mg nickel subsulfide induced tumours in 2/100 rats.

(The Working Group was aware of several other studies in which nickel subsul-
fide was used as a positive control or as a model for the induction of rhabdomyosar-
comas.)

Hamster. Groups of 15 or 17 male Syrian hamsters, two to three months of age,
received a single intramuscular injection of 5 or 10 mg nickel subsulfide in 0.02-0.5
ml sterile saline. Of the 15 animaIs receiving the 5-:mg dose, four developed local
sarcomas, with a median latent period of ten months. At the 10-mg dose, 12/17
hamsters had local tumours, with a mean latency of 11 months fp c( 0.01, trend test).
No tumour occurred among 14 controls injected with saline alone (Sunderman,
1983a ).
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Rahhit: Six-month-old white rabbits (sex and number unspecified) received
intramuscular implants of agar-agar blocks containing approximately 80 mg nickel
subsulfide powder. Sixteen rabbits with local tumours (rhabdomyosarcomas) were
examined. Tumours were first observed about four to six months after implantation
as small growths, which usually ceased active progression for up to 80 weeks then
grew rapidly over the next four or five weeks (Hildebrand & Biserte, 1979a,b). (The
Working Group noted the lImited reporting of the study.)

Four male New Zealand albino rabbits, two months old, received bilateral in-
tramuscular injections of 25 mg ex-nickel subsulfide (50 mg/rab bit) in 0.1-0.5 ml
penicilln G procaine suspension. AIl animaIs died between 16 and 72 months. No
local tumour was found on autopsy (Sunderman, 1983a). (The Working Group
noted the short observation period.)

(vi) lntraperitoneal administration
Rat: Of a group of 37 Fischer rats (sex and age unspecified) that received a

single intraperitoneal injection of nickel subsulfide (dose unspecifiedJ, nine devel-
oped tumours, eight of which were rhabdomyosarcomas and one a mesothelioma
(Gilman, 1966). (The Working Group noted the limited reporting of the study.J

A group of 50 female Wistar rats, 12 weeks of age, received a single intraperito-
neal injection of 25 mg nickel subsulfide. Abdominal tumours (sarcomas, mes othe-
liomas and carcinomas) occurred in 27/42 animaIs, with an average latent period of
eight months (Pott et al., 1987).

In a study described above (p. 322), three doses of nickel subsulfide were in-
jected into the peritoneal cavities of groups of female Wistar rats. Loal tumours
were observed at 30 months in 20/36 animaIs that received 6 mg (as Ni) as a single
injection, in 23/35 receiving 12 mg (as Ni) as two 6-mg injections and in 25/34 given
25 mg (as Ni) as 251-mg injections. The tumours were mesotheliomas or sarcomas
of the abdominal cavity (Pott et al., 1989, 1990). (The Working Group noted that the
results at 30 months were available as an extended abstract onlY.J

(vii) lntrarenal administration
Rat: Groups of 16 and 24 female Sprague-Dawley rats, weighing 120-140 g,

received a single injection of 5 mg nickel subsulfide in 0.05 ml glycerine or 0.5 ml
saline into each pole of the right kidney. Renal-cell carcinomas occurred in 7/16 and
11/24 animaIs compared with 0/16 in animaIs given 0.5 ml glycerine (Jasmin & Rio-
pelle, 1976).

In a second experiment (Jasmin & Riopelle, 1976), the activity of other nickel
compounds and divalent metals was investigated under identical experimental con-
ditions using glycerine as the vehicle; aIl rats were autopsied after 12 months' expo-
sure. In one group of 18 rats, nickel sulfide (probably amorphous) exhibited no



334 lARe MONOGRAHS VOLUME 49

renal tumorigenic activity. (The Working Group noted that it was not stated wheth-
er crystallne or amorphous nickel sulfide was used.)

Groups of male and female Wistar Lewis, NIH black, Fischer 344 and
Long-Evans rats, eight weeks of age, received an intrarenal injection of 5 mg a-nick-
el subsulfide. The incidence of malignant renal tumours 100 weeks after exposure
was 7/11 in Wistar Lewis, 6/12 in NIH black, 9/32 in Fischer and 0/12 in Long-Evans
rats. Groups of 11-24 male Fischer rats were given an intrarenal injection of 0.6, 1.2,
2.5, 5 or 10 mg nickel subsulfide; no tumour was seen with 0.6, 1.2 or 2.5 mg, but
responsesof 5/18 and 18/24 were obtained with 5 mg and 10 mg, showing a dose-re-
sponse effect. AIl tumours were malignant, but the authors could not establish
whether the tumours were of epithelial or mesenchymal origin; 70% had distant me-
tastases (Sunderman et al., 1979a).

Groups of male Fischer 344 rats (initial number unspecified), approximately
eight weeks old, received an intrarenal injection of 7 mg nickel as one of several
sulfides in 0.1 or 0.2 ml saline or in glycerol:distilled water (1:1, v/v) in each pole of
the right kidney and were observed for two years after treatment. The incidence of
renal cancer was significantly elevated in treated groups: nickel disulfide, 2/10
(fibrosarcomas); crystallne ß-nickel sulfide, 8/14 (three fibrosarcomas, three other
sarcomas, one renal-cell carcinoma, one carcinosarcoma); and a-nickel subsulfide,
4/15 (mesangial-cell sarcomas). Renal cancers occurred in 1/12 (sarcoma) rats
treated with nickel ferrosulfide and in 0/15 rats treated with amorphous nickel sul-
fide. No local tumour developed in vehicle con troIs (Sunderman et al., 1984b).

(vii) lntratesticular administration

Rat: A group of 19 male Fischer 344 rats, eight weeks of age, received an injec-
tion of 10 mg a-nickel subsulfide in 0.3 ml saline into the centre of the right testis
and were observed for 20 months, at which time aIl the animaIs had died. A control
group of 18 rats received an injection of 0.3 ml saline only, and a further two groups
of four rats each received injections of either 10 mg metallc iron powder in saline or
2 mg zinc (Ill as zinc chloride in distilled water. Of the nickel subsulfide-treated
rats, 16/19 developed sarcomas in the treated testis, ten of which were fibrosarco-
mas, three malignant fibrous histiocytomas and three rhabdomyosarcomas. Four
of the rats had distant metastases. No tumour occurred in the other groups (Dam-
janov et al., 1978).

(ix) lntraocular administration
Rat: A group of 14 male and one female Fischer 344 rats, four weeks of age,

received an injection of 0.5 mg a-nickel subsulfide in 20 lLI saline into the vitreous
cavity of the right eye un der anaesthetic. Eleven male con troIs were similarly in-
jected with saline alone. The experiment was terminated at 40-42 weeks after
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treatment, when Il control and one surviving treated rats were kiled. Between 26
and 36 weeks after injection, 14/15 rats developed ocular tumours. Five of the tu-
morous eyes contained multiple neoplasms, and 22 distinct ocular tumours were
identified as Il melanomas, four retinoblastomas, three gliomas, one phakocarci-
nom a (lens capsular tumour) and three unclassified malignant tumours. No tu-
mour developed in either the con troIs or in the uninjected, left eyes of treated rats. It

was postulated that the very high incidence (93%) and short latent periods may have
been due in part to the relative isolation of the vitreous bodies from the systemic
circulation (blood-retina barrier), which would result in a high concentration of
nickel(II). The authors also pointed out that nickel particles within the vitreous
body were relatively sequestered from phagocytosis. The visibilty of developing
tumours within the chamber permits theirvery early recognition (Albert et al., 1980;
Sunderman, 1983b).

Salamander. A group of eight lentectomized J apanese common newts received
a single injection of 40-100 J.g nickel subsulfide into the vitreous chamber of the eye
under anaesthetic. Seven newts developed ocular melanoma-like tumours within

nine months, while no tumour occurred in six con troIs injected with 2-3 lLI sterile
0.6% saline or eye-dropper oil after lens extirpation. The lens regenerated in each of
the control eyes. The site of tumour origin could not be determined, although it was
suggested to be the iris, which showed numerous aberrant proliferating cells at
three months (Okamoto, 1987).

(x) Transplacental administration

Rat: A group of eight pregnant female Fischer 344 rats, 120-150 days of age,
received an intramuscular injection of 20 mg ~-nickel subsulfide in 0.2 ml procaine
penicilin G suspension on day 6 of gestation, allowing for graduaI dissolution of the
nickel subsulfide throughout the remainder of the pregnancy. A group of controls
received an injection of vehic1e only. No difference in the incidence of benign or
malignant tumours was seen between the 50 pups born to treated dams and 53 con-
trol pups observed for 26 months (Sunderman et al., 1981). (The Working Group
noted that only one dose was used, which was not toxic to the fetuses.)

(xi) lmplantation into subcutaneously implanted tracheal grafts
Rat: Groups of 30 and 32 female Fischer 344 rats, ten weeks of age, received

five gelatin pellets containing 1 or 3 mg nickel subsulfide in heterotopic tracheal
transplants inserted under the dorsal skin. At the lower dose level, tumours devel-
oped in 9/60 tracheas (six carcinomas and three sarcomas); at the higher dose level,
tumours developed in 45/64 tracheas (one carcinoma and 44 sarcomas). No tumour
developed in 20 control transplanted tracheas. The high dose resulted in necrosis of
the epithelium and thus favoured the development of sarcomas (Yarita & Nettes-
heim, 1978).
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(xii) lntramuscular, subcutaneous or intra-articular injection or injection
into retro peritoneal fat

Rat: ln a study designed to determine the types of sarcoma that develop from
various mesenchymal tissue components, groups of 20 male Fischer 344 rats, seven
to eight weeks of age, received injections of 5 mg nickel subsulfide either intramus-
cularly, subcutaneously, into the intra-articular space or into retroperitoneal fat.

Control groups of ten rats each were injected with 0.5 ml aqueous procaine penicil-
lin G vehicle. The incidences and types of sarcoma that developed in the exper-
imental groups were: intramuscular, 19/20 (alI rhabdomyosarcomas); subcuta-
neous, 18/19 (ten malignant fibrous histiocytomas, five rhabdomyosarcomas, three
fibrosarcomas or unclassified); intra-articular, 16/19 (eight rhabdomyosarcomas,
three malignant fibrous histiocytomas, five fibrosarcomas or unclassified); and re-
troperitoneal fat, 9/20 (five malignant fibrous histiocytomas, three rhabdomyosar-
comas, one fibrosarcoma or unc1assified). Controls did not develop tumours (Shi-
bata et al., 1989).

(xiii) Administration with known carcinogens
Rat: Groups of 30 male Fischer rats, eight to nine weeks of age, received intra-

muscular injections in both thighs of either 10 mg nickel subsulfide, 10 mg ben-
zo(a )pyrene or 20 mg nickel subsulfide plus 10 mg benzol a )pyrene in penicilin G

procaine suspension, or vehicle alone. AlI treated rats developed sarcomas; rhab-
domyosarcomas occurred in 24/30 given 10 mg nickel subsulfide, 4/30 given ben-
zo(a )pyrene and 28/30 given 20 mg nickel subsulfide plus benzo(a )pyrene. No sarco-
ma occurred in controls (Maenza et al., 1971).

Groups of 13, 13 and 12 male Wistar rats, weighing approximately 200 g, re-
ceived single intratracheal injections of 5 mg nickel subsulfide, 2 mg benzo(a )pyrene
or 5 mg nickel subsulfide plus 2 mg benzo(a )pyrene and were observed for 15
months. One rat from each group developed a tumour, consisting of one hepatoma,
one retroperitoneal tumour and one squamous-cell carcinoma of the lung, respec-
tively. Significant differences were seen in the incidence of preneoplastic lesions
(peribronchial adenomatoid proliferation and bronchial squamous metaplasia),
the occurrence decreasing in the order: nickel subsulfide plus benzo(a)pyrene ~
benzo(a )pyrene ~ nickel subsulfide (Kasprzak et al., 1973).

(d) Nickel salts

(i) lntramuscular administration
Rat: A group of 32 male and female Wistar rats, two to three months of age,

received an injection of 5 mg nickel sulfate hexahydrate in one or both thigh muscles

(54 injected sites). Thirteen rats survived until the end ofthe experiment at 603 days.
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No local tumour was found at the site of injection. No vehicle control was used
(Gilman, 1962).

ln a study reported as an abstract, sheep fat pellets, each containing 7 mg of
either nickel sulfate, nickel chloride, nickel acetate, anhydrous nickel acetate, nickel
carbonate or nickel ammonium sulfate, were given as three intramuscular implants
(interval unspecified) into groups of 35 Bethesda black (NIH black) rats. AnimaIs
were observed for 18 months. Six tumours developed in the nickel carbonate group;
single tumours developed in the nickel acetate and nickel sulfategroups. No tu-
mour developed in any of the other groups or in 35 con troIs (Payne, 1964).

In a study comparing the in-vitro solubility and carcinogenicity of several nick-
el compounds, nickel fluoride and nickel sulfate were suspended in penicilin G pro-
caine and injected intramuscularly (dose unspecified) into groups of 20 Fischer rats

(sex and age unspecified). The incidence of local sarcomas was 3/18 (17%; 3/36
sites) with nickel fluoride and 0/20 with nickel sulfate. Seventeen of 20 (85%) rats
given nickel subsulfide as a positive control developed local sarcomas. No tumour
developed in 20 rats injected with nickel sulfide (presumed to be amorphous) (Gil-
man, 1966). (The Working Group noted that no concurrent vehicle control was used
and that the length of observation was not specified.)

A group of 20 male Wistar ratss weighing 200-220 g, received 15 intramuscular
injections of 20 lLI of a 0.2 M solution of nickel sulfate (4.4 lLmol (0.26 mg)/injection
of nickel; total dose, 66 lLmol (4 mg)lrat nickel) every other day during one month.
Further groups of 20 male rats received injections of nickel subsulfide (total dose, 40
lLmol (7.1 mg nickel); positive control) or sodium sulfate (15 injections of 20 lLI of a
0.2 M solution; negative control). Nickel subsulfide induced local tumours in 16/20
rats; no tumour developed in nickel sulfate- or sodium sulfate-treated rats (Kaspr-
zak et aL., 1983).

One local sarcoma was found in 16 male Fischer 344 rats, two to three months
old, given an intramuscular injection of nickel chromate into the right thigh as 14
mg/rat nickeL. Ten rats survived two years (Sunderman, 1984).

(ii) lntraperitoneal administration
Mouse: ln a screening assay for lung adenomas in strain A mice, groups of ten

male and ten female Strong strain A mice, six to eight weeks old, received intraperi-
toneal injections of nickel acetate in 0.85% physiological saline (total doses, 72, 180
and 360 mg/kg bw) three times a week for 24 weeks and were observed for 30 weeks,
at which time aIl survivors were autopsied. Further groups of mice received a single
intraperitoneal injection of 20 mg urethane (positive control), 24 injections of saline
only or remained untreated. The incidences of lung tumours were: saline control,
37% (0.42 tumours/animal); untreated control, 31% (0.28 tumours/animal); positive
control, 100% (21.6 tumours/animal); 72 mg nickel acetate, 44% (0.67 tumours/
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animal); 180 mg nickel acetate, 50% (0.71 tumours/animal); and 360 mg nickel ace-
tate, 63% (1.26 tumours/animal). The difference in response between the group giv-
en 360 mg nickel acetate and the negative control group was significant (p .: 0.01).
Five adenocarcinomas of the lung were observed in the nickel-treated mice com-
pared to none in controls (Stoner et al., 1976).

ln the same type of screening assay, 30 male and female Strong strain A mice,
six to eight weeks of age, received intraperitoneal injections of 10.7 mg/kg bw nickel
acetate tetrahydrate (maxmal tolerated dose; 0.04 mmol (2.4 mg)/kg bw nickel)
three times a week for 24 weeks. A control group received injections of 0.9% saline
under the same schedule. AnimaIs were autopsied 30 weeks after the first injection.
Of the nickel-treated group, 24/30 animaIs survived to 30 weeks and had an average
of 1.50 lung adenomas/animal, whereas 25/30 controls had an average of 0.32lung
adenoma/animal (p .: 0.05) (Poirier et al., 1984).

Rat: In a study described earlIer (p. 322), groups of female Wistar rats were
given repeated intraperitoneal injections of 1 mg of each of four soluble nickel salts.
The dose schedule and tumour responses at 30 months are shown in Table 23. The
tumours were either mesotheliomas or sarcomas (tumours of the uterus were not
included) (Pott et al., 1989, 1990). (The Working Group noted that administration of
nickel sulfate and nickel chloride by intramuscular injection has not been shown to
induce tumours in rats. They suggest that in this instance the repeated small intra-
peritoneal doses permitted repeated exposure of potential target cells. Repeated
intramuscular injections would result in nickel coming into contact with different
cells at each injection. The Group also noted that the results at 30 months were
reported only as an extended abstract.)

(iii) Administration with known carcinogens

Rat: Groups of 12 rats (strain, sex and age unspecified) received a single sub-
cutaneous injection of 9 mg/ml dinitrosopiperazine in aqueous Tween 80. The fol-
lowing day, one group received topical insertion into the nasopharynx úfO.02 ml of a
0.5% solution of nickel sulfate in 4% aqueous gelatin once a week for seven weeks.
A further group was held for six days and then administered 1 ml of aqueous 1%
nickel sulfate solution in the drinking-water for six weeks. Additional groups of 12
rats received treatment with dinitrosopiperazine, nickel sulfate solution or nickel
sulfate in gelatin only. Survival at 371 days was lower in the group treated with dini-
tropiperazine plus nickel sulfate solution in the drinking-water than in the group
given the nitrosamine or the nickel sulfate solution alone. Two nasopharyngeal tu-
mours (one squamous-cell carcinoma, one fibrosarcoma) occurred in the group
treated with dinitropiperazine plus nickel sulfate in drinking-water and two (one
papiloma, one early carcinoma) in the group treated with dinitropiperazine plus
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Table 23. Thmour responses of rats to intraperitoneal injection of soluble
nickel saUsa

Compound Schedu leTotal dose
(mg, as Ni)

Incidence of abdominal
tumours

Nickel chloride.6H20
Nickel sulfate.7H20
Nickel acetate.4H20

50

50

25

50

25

50

50 X 1 mg

50 X 1 mg

25 X 1 mg

50 X 1 mg

25 X 1 mg

50 X 1 mg

3 X 1 ml

50 X 1 ml

Nickel cabonate
Nickel hydroxide.2H20
Saline

4/32 (p .. 0.05)

6/30 (p .. 0.05)

3/35
5/31 (p .. 0.05 for trend)

1/35
3/33

1/33
0/34

tlrom Pott et al. (1989, 199)

insertion of nickel sulfate in gelatin. No tumour occurred in the other groups. The
au th ors conc1uded that 'probably nickel has a promoting action in the induction of
nasopharyngeal carcinoma in rats following dinitrosopiperazine initiation' (Ou et
al., 1980). (The Working Group noted the small number of animaIs used and the
poor survivaL.)

As reported in an abstract, in an extension of the study by Ou et al. (1980), five
of 22 rats given an initiating injection of dinitrosopiperazine developed carcinomas
following oral administration of nickel sulfate in gelatin. Two of the carcinomas
were of the nasopharynx, two of the nasal cavity and one of the hard palate. No
tumour developed in rats (numbers unspecified) treated with dinitrosopiperazine
plus aqueous nickel sulfate, with nickel sulfate in gelatin alone or with dinitrosopip-
erazine alone (Liu et aL., 1983). (The Working Group noted the small number of
animaIs used and the poor survivaL.)

As reported in an abstract, a group of 13 female rats (strain and age unspeci-
fied) received ci single subcutaneous injection of 9 mg dinitrosopiperazine on day 18
of gestation. Pups of treated dams were fed 0.05 ml of 0.05% nickel sulfate begin-
ning at four weeks of age every day for one mon th. The dose of nickel sulfate was
increased by 0.1 ml per month for a further five months, by which time 5/21 pups
had developed carcinomas of the nasal cavity. ln a group of untreated pups of
treated dams, 3/11 rats developed tumours (one nasopharyngeal squamous-cell car-
cinoma, one neurofibrosarcoma of the peritoneal cavity and one granulosa-the-
cal-cell carcinoma of the ovary). Groups given nickel sulfate and untreated control

groups of seven pups each did not develop tumours. None of the pregnant rats that
had been injected with dinitrosopiperazine alone developed tumours (Ou et aL.,
1983).
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Groups of 15 male Fischer 344 rats, seven weeks old, were administered 500
mg/l N-nitrosoethylhydroxyethylamine (NEHEA) in the drinking-water for two
weeks. Thereafter, rats received drinking-water alone or drinking-water containing
600 mg/l nickel chloride hexahydrate for 25 weeks, when the study was terminated.
The incidence of renal-cell tumours in the group receiving NEHEA and nickel chlo-
ride (8/15) was significantly higher (p c: 0.05) than that in con troIs given NEHEA
alone (2/15) or nickel chloride alone (0/15) (Kurokawa et al., 1985). Nickel chloride
did not show promoting activity in livers of Fischer 344 rats after initiation with
N-nitrosodiethylamine, in gastric tissue of Wistar rats after initiation with N-meth-
yI-N' -nitro-N-nitrosoguanidine, in the pancreas of Syrian golden hamsters follow-
ing initiation with N-nitrosobis(2-oxypropyi)amine or in skin of SENCAR mice ini-
tiated with 7, 12-dimethylbenz(a)anthracene. The authors concluded that nickel
chloride is a promoter in renal carcinogenesis in rats (Hayashi et al., 1984; Kuroka-
wa et al., 1985).

(e) Othe, nickel compounds

(i) lnhalation

Rat: Groups of 64 or 32 male Wistar rats, weighing 200-250 g, were exposed by
inhalation for 30 min to 30 or 60 mg/m3 nickel carbonyl vapourized from a solution
in 50:50 ethanol:diethyl ether, respectively, three times a week for 52 weeks. Anoth-
er group of 80 rats was exposed once to 250 mg/m3 nickel carbonyL. AlI treated ani-
maIs had died by 30 months. One lung carcinoma appeared in each of the first two
groups, and two pulmonary carcinomas developed in the last group. No pulmonary
tumour occurred among 41 vehicle-treated control rats (Sunderman et al., 1957,
1959). A further group of 285 rats was exposed for 30 min to 600 mg/m3 nickel car-
bonyl; 214 died from acute toxicity. One lung adenocarcinoma was observed in the
remaining 71 animaIs. Similar exposure to nickel carbonyl followed by intraperito-
ne al injection of sodium diethyl dithiocarbamate, an antidote, resulted in survval
of all 60 treated rats and the development of a single anaplastic lung carcinoma.
Minimal time to observation of lung tumours in these groups was in excess of 24
months. No lung carcinoma was observed in a group of 32 controls (Sunderman &
DonnelIy, 1965).

A group offive non-inbred rats (sex and age unspecified) was exposed byinha-
lation to 70 mg/m3 nickel refinery dust (containing 11.3% metallc nickel, 58.3%
nickel sulfide (identity unspecified), 1.7% nickel monoxide and 0.2% water-soluble
nickel (composition of sample unclear D for 5 h per day onfive days per week for six
months. Seventeen months after the start of treatment, one of five rats developed a
squamous-cell carcinoma of the lung. No tumour developed among 47 untreated
controls (Saknyn & Blokhin, 1978). (The Working Group noted the small number of
animaIs used.)
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Hamster. Groups of 102 male Syrian golden outbred LAK:LVG hamsters, two
months old, were exposed by inhalation to concentrations of 17 or 70 mglm3 nick-
el-enriched fly ash from the addition of nickel acetate to pulverized coal before com-
bustion (nickel content, 6%) for 6 h per day on five days per week for 20 months.
Further groups were exposed to 70 mg/m3 fly ash containing 0.3% nickel, or were
sham-exposed. Five animaIs from each group were autopsied at four-month inter-
vals up to 16 months, and aIl survivors were sacrificed at 20 months. No significant
difference in mortality rate or body weight was observed between the groups. There
were 14, 16, 16 and seven benign and malignant tumours in the sham-exposed, fly
ash, low-dose and high-dose nickel-enriched fly ash groups, respectively. The only
two malignant pulmonary neoplasms (one adenocarcinoma, one mesothelioma) oc-
curred in the group receiving fly ash enriched with the high dose of nickel (Wehner et
al., 1981, 1984).

(ii) l ntratracheal instillation
Rat: A group of 26 white non-inbred rats (sex and age unspecified) received a

single intratracheal instilation of 20-40 mg aerosol dust (64.7% nickel monoxide
(black), 0.13% nickel sulfide, 0.18% metallc nickel) in 0.6 ml saline. One squa-
mous-cell carcinoma of the lung had developed by 17 months. No tumour devel-
oped among a group of 47 controls (Saknyn & Blokhin, 1978). (The Working Group
noted that it was not stated whether the con troIs were untreated or received the ve-
hicle alone.)

(iii) l ntramuscular administration
Mouse: A group of 40 female Swiss mice, two to three months of age, received

an intramuscular injection in each thigh of 10 mg of a nickel refinery dust (57%
nickel subsulfide, 20% nickel sulfate hexahydrate, 6.3% nickel monoxide) sus-
pended in penicilin G procaine. Of the 36 mice that survived more th an 90 days, 20
developed a total of 23 local sarcomas, with an average latent period of 46 weeks. No
tumour occurred among 48 control mi ce injected with the vehicle alone (Gilman &
Ruckerbauer, 1962).

Rat: A group of 35 male and female hooded rats, two to three months of age,
received an intramuscular injection in each thigh of 20 mg of a nickel refinery dust
(57% nickel subsulfide, 20% nickel sulfate hexahydrate, 6.3% nickel oxide) sus-
pended in penicilin G procaine. Of the 27 rats that survived more than 90 days, 19
developed local sarcomas. Another group of31 male and female rats received injec-
tions of the same refinery dust after repeated washing in distiled water; 20/28 of the
rats that survived more th an 90 days developed local tumours at one or other of the
injection sites. No tumour occurred among 30 control rats injected with the vehicle
alone (Gilman & Ruckerbauer, 1962).



342 lARe MONOGRAHS VOLUME 49

Groups of 25 male and 25 female Fischer 344 rats (age unspecified) received 12
intramuscular injections of 12 or 25 mg nickelocene in trioctanoin. Tumour inci-
dences were 18/50 and 21/50, respectively. No local tumour occurred in a group of
25 male and 25 female controls (Furst & Schlauder, 1971).

Groups of 15-30 male Fischer 344 rats, approximately eight weeks old, received
a single intramuscular injection of 14 mg nickel as one of four nickel arsenides, nick-
el antimonide, nickel telluride, nickel sinter matte (Ni4FeS4; positive control), nickel
titanate or ferronickel alloy (NiFe1.6; negative controls) in 0.3 ml glycerol:water (1:1;

v/v) into the exterior thigh. The compounds were :: 99.9% pure and were ground
down to a median particle size of .. 2 J.m. Rats that died within two months of the
injection were excluded from the experiment; remaining animaIs were observed for
two years. Median survival ranged from 32 weeks (positive con troIs ) to over 100
weeks (negative controls). The incidences of local tumours in the groups were: nick-
el sinter matte, 15/15; nickel sulfarsenide, 14/16; nickel arsenide hexagonal, 17/20;
nickel antimonide, 17/29; nickel telluride, 14/26; and nickel arsenide tetragonal,
8/16. No tumour was observed in the groups treated with nickel arsenide, ferronick-
el alloy or nickel titanate nor in a vehic1e control group. Median latency for tumour
induction ranged from 16 weeks (positive controls) to 33 weeks (nickel arsenide te-
tragonal-treated group). The incidence of tumours induced by the test compounds
was significantly greater than that in the vehic1e control group (p .. 0.001); 67% of
aIl the sarcomas were rhabdomyosarcomas, 11% fibrosarcomas, 15% osteosarco-
mas and 5% undifferentiated sarcomas. Metastases occurred in 57% of tu-
mour-bearing rats (Sunderman & McCully, 1983).

In a continuation of these tests, nickel selenide, nickel subselenide and nickel
monoxide (positive control; see p. 327) were tested using the same experimental
techniques. Nickel selenide and nickel subselenide induced significànt increases in
the incidence oflocal tumours (8/16 and 21/23, respectively;p .. 0.001); the positive
control group had 14/15 tumours. Metastases occurred in 38 and 86%, respectively,
of tumour-bearing rats in the selenium-treated groups and in 29% of positive con-
troIs. Approximately 50% of the tumours were rhabdomyosarcomas (Sunderman,
1984).

Hamster. Groups of 25 male and 25 female hamsters, three to four weeks old,
received eight monthly injections of 5 mg nickelocene in 0.2 ml trioctanoin into the
right thigh. No tumour was induced. A group of survivors from another test (age
unspecified) received a single intramuscular injection of 25 mg nickelocene in trioc-
tanoin; fibrosarcomas occurred in 1/13 females and 3/16 males. No tumour oc-
curred in 25 male or 25 female vehicle controls (Furst & Schlauder, 1971).
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(iv) lntraperitoneal adininistration

Rat: Groups of 16 and 23 non-inbred albino rats (sex and age unspecified) re-
ceived a single intraperitoneal injection of 90-150 mg of one of two refinery dusts:
the first contained 11.3% metallc nickel, 58.3% nickel sulfide, 1.7% nickel monox-
ide and 0.2% water-soluble nickel; the second contained 2.9% metallc nickel,
26.8% nickel sulfide, 6.8% nickel monoxide and 0.07% water-soluble nickeL. Each
was given in 1.5 ml physiological saline. Three local sarcomas developed within six
to 15 months in animal treated with the first dust, and three local sarcomas devel-
oped within nine to Il months in animaIs treated with the second dust. No tumour
was observed in 47 control rats (Saknyn & Blokhin, 1978). (The Working Group
noted that it was not specified whether control rats were untreated or were treated
with the vehic1e.)

(v) lhtravenous administration

Rat: A group of 61 male and 60 female Sprague-Dawley rats, eight to nine
weeks of age, received six injections of 9 mg/kg bw nickel carbonyl (as Ni) at two- to
four-week intervals and were observed for life. Nineteen animaIs developed malig-
nancies, six of which were undifferentiated sarcomas and three, fibrosarcomas at
various sites; the other tumours were single carcinomas of the liver, kidney and
mammary gland, one haemangioendothelioma, one undifferentiated leukaemia
and five pulmonary lymphomas. Two pulmonary lymphomas developed in 15 male
and 32 female sham-in jected controls. The difference in total tumour incidence was
significant (p ~ 0.05) (Lau et al., 1972).

(vi) lntrarenal administration

Groups of male fischer rats (initial number unspecified), approximately eight
weeks old, received intrarenal injections of 7 mg nickel as one of several nickel com-
pounds in 0.1 or 0.2 ml saline solution or in glycerol:distiled water (1:1, v/v) in each
pole of the right kidney and were observed for two years after treatment. The inci-
dence of renal cancer was significantly elevated in the groups treated with nickel
sulfarsenide (3/15 sarcomas) but not in those treated with nickel arsenide (1/20 re-
nal-cell carcinoma), nickel selenide (1/12 sarcoma), nickel subselenide (2/23 sarco-
mas), nickel telluride (0/19), nickel subarsenides (tetragonal and hexagonal; 0/15
and 0/17), nickel antimonide (0/20) or nickel titanate (0/19). No local tumour devel-
oped in vehicle controls (Sunderman et al., 1984b).

The experiments described in section 3.1 are summarized in Table 24.
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Table 24 (contd)

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effective number)

Metallc nickel powder Intramuscular Rat (50) 38/50 locl tumours vs 0 in controls Furst &
Schlauder (1971)

Metallc nickel powder Intramuscular Rat (20) 3.6 mg, 0/10 local tumours Sundennan &
14.4 mg, 2/9 local tumours Maenza (1976)

ZControls, 0/20 local tumours -
Metallc nickel powder Intramuscular Rat (20) 17/20 locl tumours vs 0/56 in con- Berr et al. (1984) ("

~
troIs tr

r-
Metallc nickel powder Intramuscular Rat (20) 13/20 local tumours vs 0/44 in con- Sundennan (1984)

~troIs

Metallc nickel powder Intramuscular Rat (40) 14/30 local tumours vs 0/60 in con- Judde et al. (1987)
U
ZtroIs -
("

Metallc nickel powder Intramuscular Hamster (50) 2/50 local tumours vs 0/50 in con- Furst & Schlauder ~
troIs (1971)

tr
r-

Metallc nickel powder Intraperitoneal Rat 30-50% locl tumours vs none in Furst & Cassetta ("
con troIs (1973) 0

~Metallc nickel powder Intraperitoneal Rat (50) 46/48 abdominal tumours Pott et al. (1987) 'i0
Metallc nickel powder Intraperitoneal Rat 6 mg, 4/34 local tumours Pott et al. (1990) c:

2 X 6 mg, 5/34 local tumours Z
U25 X 1 mg, 25/35 local tumours CI

Metallc nickel powder Intravenous Mouse (25) No tumour Hueper (1955)

Metallc nickel powder Intravenous Rat (25) 7/25 locl tumours Hueper (1955)

Metallc nickel powder Intrarenal Rat (20) No local tumour Jasmin & Riopelle
(1976)

Metallc nickel powder Intrarenal Rat No local tumour Sundennan et al.

(1984b)
Metallc nickel powder Subperiosteal Rat (20) 11/20 locl tumours Berr et al. (1984) vi
Metallc nickel powder Intrafemoral Rat (20) 9/20 local tumours Berr et al. (1984) +:

VI



v.
Table 24 (contd) ~
Compound Route Species Tumour incidence (no. of animaIs Reference

(No. at start) with tu mours/effective number)

Nickel alloy: 26.8%, Ni, 16.2% Cr, ln tra tracheal Hamster (100 10 mg, no locl tumour Ivankovic et al.
39.2% Fe, 0.04% Co per group) 20 mg, no locl tumour (1987)

40 mg, no locl tumour

4 X 20 mg, no local tumour

Nickel alloy: 66.5%, Ni, 128% Cr, Intratracheal Hamster (100 10 mg, 1% locl tumours Ivankovic et al. -
6.5% Fe, 0.2% Co per group) 20 mg, 8% locl tumours (1987)

~40 mg, 12% local tumours
4 X 20 mg, 10% locl tumours a:

Nickel-gallum alloy (60% Ni) Subcutaneous Rat (10) 9/10 locl tumours Mitchell et al. 0
Z

(1960) 0
Nickel-iron alloy (NiFe,.s) Intramuscular Rat (16) 0/16 locl tumours Sunderran (1984) 0

~Nickel-iron alloy (NiFe,.s) Intrarenal Rat 1/14 renal cancers vs 0/46 con troIs Sunderran et al.
(1984b) ::

Nickel alloy (50% Ni) Intraperitoneal Rat 50 mg, 8/35 locl tumours Pott et al. (1989, en

3 X 50 mg, 13/35 locl tumours 199) â
Nickel alloy (29% Ni) Intraperitoneal Rat 50 mg, 2/33 locl tumours Pott et al. (1989, 8

2 X 50 mg, 1/36 locl tumours 1990) a:
Nickel alloy (66% Ni) Intraperitoneal Rat 50 mg, 12/35 local tumours Pott et al. (1989,

tI
~

3 X 50 mg, 22/33 locl tumours 199) \0

Pentlandite Intratracheal Hamster (60) 1/60 local tumour Muhle et al. (199)

Nickel oxides and hydroxides

Nickel monoxide (green) Inhalation Rat (6, 8) 8 mg/m3, 1/8 lung tumour Horie et al. (1985)
0.6 mglm3, 0/6 lung tumour

Nickel monoxide Inhalation Rat (40, 20) 0.06 mg/m3, no tumour Glaser et al. (1986)
0.2 mg/m3, no tumour

Nickel monoxide Inhalation Hamster (51) 1/51 osteosarcoma Wehner et al. (1975,
1979)



Table 24 (contd)

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effective number)

Nickel monoxide Intrapleural Rat (32) 31/32 local tumours vs 0/32 in con- Skaug et al. (1985)
troIs

Nickel monoxide Intratracheal Rat lOX5 mg, 10/37 lung tumours Pott et al. (1987)
10 X 15 mg, 12/38 lung tumours
controls, 0/40 Z~

Nickel monoxide Intratracheal Hamster (50) 1/49 lung tumours vs 4/50 in con- Farrell & Davis ("
~troIs (1974) tr

Nickel monoxide Intramuscular Mouse (50, 33/50 and 23/52 local tumours Gilman (1962) ~
52) ~

Nickel monoxide Intramuscular Rat (32) 21/32 local tumorus Gilman (1962) 0
Nickel monoxide Intramuscular Rat (20) 2/20 local tumours Gilman (1966) Z~

("
Nickel monoxide Intramuscular Rat (20) No local tumour Sosinski (1975) ~
Nickel monoxide Intramuscular Rat (15) 14/15 local tumours Sunderman &

tr
~

McCully (1983) ("
Nickel monoxide Intramuscular Rat (20) 0/20 local tumour Berr et al. (1984) 0

~
Nickel monoxide Su bperiosteal Rat (20) 0/20 local tumour Berr et al. (1984) "'0
Nickel monoxide Intraperitoneal Rat (50) 46/47 local tumours Pott et al. (1987) e
Nickel monoxide Intraperitoneal Rat 25 mg, 12/34 local tumours Pott et al. (1989,

Z
0

100 mg, 15/36 local tumours 1990) r:
Nickel monoxide (green) Intrarenal Rat (12) 0/12 local tumour Sunderman et al.

(1984b)
Nickel hydroxide Intramuscular Rat 15/20 locl tumours Gilman (1966)

Nickel hydroxide Intramuscular Rat (3 x 20) Dried gel: 5/19 local tumours Kasprzak et al.
Crystallne: 3/20 local tumours (1983)
Colloidal: 0/13 local tumour

Nickel trioxide Intramuscular Rat (10) 0/10 local tumour Judde et al. (1987)

Nickel trioxi.de Intracerebral Rat (20) 3/20 locl tumours Sosinski (1975)
V..¡-.
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Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tu mours/effective number)

Nickel sulfides

Nickel disulfide Intramuscular Rat 12/14 local tumours Sunderman (1984)

Nickel disulfide Intrarenal Rat 2/10 local tumours Sunderman et al.
(1984b)

Nickel sulfide (amorphous) Intramuscular Rat (10 per 5.6 mg, no local tumour Sunderman & -
group) 224 mg, no local tumour Maenza (1976)

~ß-Nickel sulfide Intramuscular Rat 14/14 local tumours Sunderman (1984)

Nickel sulfide (amorphous) Intramuscular Rat 3/25 local tumours Sunderman (1984) s:0
Nickel sulfide Intrarenal Rat (18) 0/18 local tumour Jasmin & Riopelle Z

(1976) 0
0

ß-Nickel sulfide Intrarenal Rat 8/14 local tumours Sunderman et al.

~(1984b)
Nickel sulfide (amorphous) Intrarenal Rat 0/15 locl tumour Sunderman et al. ~

(1984b)
c:

âNickel subsulfide Inhalation Rat (226) 14/208 malignant lung tumours; Ottolenghi et al.
15/208 benign lung tumours (1974) 8

Nickel subsulfide Intratracheal Mouse (100) No increase in lung tumours Fisher et al. (1986) s:
Nickel subsulfide Intratracheal Rat 0.94 mg: 7/47 lung tumours Pott et al. (1987)

tr
.i

1.88 mg: 13/45 lung tumours \0

3.75 mg: 12/40 lung tumours

a-Nickel subsulfide ln tra tracheal Hamster (62) 0/62 lung tumour Muhle et al. (199)

Nickel subsulfide Intrapleural Rat (32) 28/32 local tumours Skaug et al. (1985)

Nickel subsulfide Subc taneous Mouse (20) 5 mg, 4/8 locl tumours Oskarson et al.
10 mg, 7/8 local tumours (1979)

Nickel subsulfide Subctaneous Rat (40 per 3.3 mg, 37/39 local tumours Mason (1972)
group) 10 mg, 37/40 local tumours

Nickel subsulfide Subctaneous Rat (20) 18/19 local tumours Shibata et al. (1989)



Table 24 (contd)

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effeetive number)

Nickel subsulfide Intramuseular Mouse (45, Swiss, 27/45 local tumours Gilman (1962)
18) C3H, 9/18 local tumours

Nickel subsulfide Intramuseular Mice (20) 5 mg, 4/8 local tumours Oskarsson et al.
10 mg, 4/8 local tumours (1979) Z-

Nickel subsulfide Intramuscular Mouse (10, C57B16, 5/10 local tumours Sunderman (1983b) ("
t:10) DBN2, 6/10 local tumours tT

Nickel subsulfide Intramuseular Rat (32) 25/28 local tumours Gilman (1962) ~

~Nickel subsulfide Intramuseular Rat (20) 10 mg powder, 19/20 local tumours Gilman & Herehen
500 mg fragments, 5/7 local tumours (1963) U
500 mg dises, 14/17 local tumours Z-
10 mg diffusion ehamber, 14/17 Io- n
cal tumours t:

tT
controls, 1/19 local tumour ~

Nickel subsulfide (dise) Intramuseular Rat (groups 4/10 locl tumours with removal of Herehen & Gilman ("0
of 15) dise after 64 days (1964) ~7/10 local tumours with removal of ~

dise after 128 days 0
10/10 local tumours with removal of c:

Zdise after 20 days U
Nickel subsulfide Intramuscular Rat (30, 27) NIH blaek, 28/28 local tumours Daniel (1966)

Cf

Hooed, 14/23 local tumours

Nickel subsulfide Intramuscular Rat (40 per 3.3 mg, 38/39 local tumours Mason (1972)
group) 10 mg, 34/40 locl tumours

Nickel subsulfide Intramuscular Rat (10 per 5 mg, 8/20 locl tumours Sunderman &
group) 20 mg, 9/9 local tumours Maenza (1976)

Nickel subsulfide Intramuscular Rat (63,20) Fischer, 59/63 local tumours Yamashiro et al.
Hooded, 11/20 local tumours (1980)

w..1.
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Table 24 (contd)

Compound Route Species Thmour incidence (no. of animaIs Reference
(No. at start) with tumours/effective number)

Nickel subsulfide Intramuscular Rats (groups 0.6 mg, 7/30 local tumours Sunderman et al.
of 30) 1.2 mg, 23/30 local tumours (1976)

2.5 mg, 28/30 local tumours
5 mg, 29/30 local tumours -

Nickel subsulfide Intramuscular Rat 0.63 mg, 7/29 local tumours Sunderman (1981) ~
20 mg, 9/9 local tumours n

a-Nickel subsulfide Intramuscular Rat 9/9 local tumours Sunderman (1984) ~
Nickel subsulfide Intramuscular Rat (20) 10/20 local tumours Berr et al. (1984)

0
Z

Nickel subsulfide Intramuscular Rat (100) 2/100 local tumours Judde et al. (1987) 0
0

Nickel subsulfide Intramuscular Hamster 5 mg, 4/15 local tumours Sunderman (1983a)
~(15, 17) 10 mg, 12/17 local tumours

controls, 0/14 local tumour :i
en

Nickel subsulfide Intram\lscular Rabbit 16 local tumours Hildebrand & ~
Biserte (1979a,b) 0

a-Nickel subsulfide Intramuscular Rabbit (4) 0/4 local tumour Sunderman (1983a) B

Nickel subsulfide Intramuscular Rat (20) 19/20 local tumours Shibata et al. (1989) ~
tn

a-Nickel subsulfide Topical Hamster 54 mg total, 0/6 locl tumour; Sunderman (1983b) +:
\C

(6-7, 13-15) 108 mg total, 0/7 local tumour;
540 mg total, 0/15 local tumour;
1080 mg total, 0/13 local tumour

Nickel subsulfide Intraperitoneal Rat (37) 9/37 locl tumours Gilman (1966)

Nickel subsulfide Intraperitoneal Rat (50) 27/42 local tumours Pott et al. (1987)

Nickel subsulfide Intraperitoneal Rat 6 mg, 20/36 locl tumours Pott et al. (1989,
12 mg, 23/35 local tumours 199)
25 mg, 25/34 local tumours



Table 24 (contd)

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effective number)

Nickel subsulfide Subperiosteal Rat (20) 0/20 local tumour Berr et al. (1984)
Nickel subsulfide Intrafemoral Rat (20) 10/20 local tumours Berr et al. (1984)
Nickel subsulfide Intrarenal . Rat (16/24) ln glycerin, 7/16 locl tumours Jasmin & Riopelle Z

ln saline, 11/24 local tumours (1976)
-
("

a-Nickel subsulfide Intrarenal Rat (11-32) Wistar Lewis, 7/11 local tumours Sunderman et al. ~
m

NIH black, 6/12 local tumours (1979a) ~
Fischer 344, 9/32 locl tumours

~Long-Evans, 0/12 local tumour
U

Nickel subsulfide Intratesticular Rat (19) 16/19 local tumours Damjanovet al. Z
(1978)

-0
Nickel subsulfide Intraoclar Rat (15) 14/15 locl tumours Albert et al. (1980); ~

m
Sunderman (1983b) ~

Nickel subsulfide Intraoclar Salamander 7/8 locl tumours Okamoto (1987) ("
0(8) ~Nickel subsulfide Transplacental Rat (8) No difference in tumour incidence Sunderman et al. ""

(1981) 0e
Nickel subsulfide Pellet implanta- Rat (60, 64) 5 mg, 9/60 local tumours Yarita & Nettes- Z

tion into subc- 15 mg, 45/64 locl tumours heim (1978) U~
taneous im-

planted tracheal
grafts

Nickel subsulfde Intra-aricular Rat (20) 16/19 locl tumours Shibata et al. (1989)
Nickel subsulfide Intra-fat Rat (20) 9/20 locl tumours Shibata et al. (1989)
Nickel ferrosulfide Intramuscular Rat 15/15 local tumours Sunderman (1984)

Nickel ferrosulfide Intrarenal Rat 1/12 local tumour Sunderman et al
(1984b) ~

VI..



Table 24 (contd) ~
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Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at star) with tumours/effective number)

Nickel salts

Basic nickel carbonate tetrahydráte Intraperitoneal Rat 25 mg, 1/35 lung tumours vs 1/33 in Pott et al. (1989,
controls 199)
50 mg, 3/33 lung tumours vs 1/33 in
controls

Nickel acetate Intramuscular Rat (35) 1/35 local tumour Payne (1964)
,.

~Nickel acetate Intraperitoneal Mouse 72 mg, 8/18 lung tumours Stoner et al. (1976)

(3 x 20) 180 mg, 7/14 lung tumours ~
360 mg, 12/19 lung tumours 0

Nickel acetate tetrahydrate Intraperitoneal Mouse (30) 1.50 lung tumours/animal Poirier et al. (1984) Z0
Controls, 0.32 lung tumours/animal 0

Nickel acetate tetrahydrate Intraperitoneal Rat 25 mg, 3/35 lung tumours vs 1/33 in Pott et al. (1989,
~con troIs 1990)

50 mg, 5/31 lung tumours vs 1/33 in ::
CI

controls
âNickel ammonium sulfate Intramuscular Rat (35) 0/35 locl tumour Payne (1964)

BNickel carbonate Intramuscular Rat (35) 6/35 locl tumours Payne (1964)
~

Nickel chloride Intramuscular Rat (35) 0/35 local tumour Payne (1964) tr
Nickel chIo ride hexahydrate Intraperitoneal Rat 4/321ung tumours vs 1/33 in con- Pott et al. (1989,

,J\0
troIs 199)

Nickel chromate Intramusclar Rat (16) 1/16 local tumour Sunderman (1984)

Nickel fluoride Intramuscular Rat (20) 3/18 locl tumours Gilman (1966)

Nickel sulfate Intramuscular Rat (35) 1/35 locl tumour Payne (1964)

Nickel sulfate Intramuscular Rat (20) 0/20 locl tumour Gilman (1966)

Nickel sulfate Intramuscular Rat (20) 0/20 locl tumour Kasprzak et al.
(1983)

Nickel sulfate hexahydrate Intramuscular Rat (32) 0/32 local tumour Gilman (1962)



Table 24 (contd)

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effective number)

Nickel sulfate heptahydrate Intraperitoneal Rat 6/30 lung tumours vs 1/33 in con- Pott et al. (1989,

troIs 1990)

Other nickel compounds

Ferronickel alloy Intramuscular Rat No local tumour Sunderman & Z-
McCully (1983) n

t;
Nickel antimonide Intramuscular Rat 17/29 vs 0/40 control (p -( 0.05) Sunderman & tr

McCully (1983) ~
~Nickel antimonide Intrarenal Rat 0/20 local tumour Sunderman et al.

(1984b) U
Z

Nickel arsenide Intramusclar Rat No local tumour Sunderman & -
()McClly (1983) :;

Nickel arsenide Intrarenal Rat 1/20 local tumour Sunderman et al.
tr~

(1984b) n
Nickel arsenide hexagonal Intramuscular Rat 17/20 vs 0/40 con troIs Sunderman & a

~
(p -( 0.05) McCully (1983) "'

Nickel arenide hexagonal Intrarenal Rat 0/17 local tumour Sunderman et al.
ac

(1984b) Z
Nickel arsenide tetragonal Intramuscular Rat 8/16 vs 0/40 control (p -( 0.05) Sunderman &

U
CI

McCully (1983)

Nickel arenide tetragonal Intrarenal Rat 0/15 local tumour Sunderman et al.

(1984b)

Nickel carbonyl Inhalation Rat (64, 32, 30 mg/m3 for 32 weeks: 1/64 pulmo- Sunderman et al.
80) nary tumour (1957, 1959)

60 mg/m3 for 32 weeks: 1/32 pulmo-
nary tumour
250 mg/m3 once: 1/80 pulmonary

UJ
tumour Ul

UJ



Table 24 (contd) w
VI~

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effective number)

Nickel carbonyl Inhalation Rat 1/71 lung tumour vs 0/32 control Sunderman & Don-
nelly (1965)

Nickel carbonyl Intravenous Rat (121) 19/120 lung tumours Lau et al. (1972)

Nickel-enriched fly ash Inhalation Hamster (102) No significant difference Wehner et al. (1981,
1984) ""

Nickelocne Intramuscular Rat (50) 144 mg, 18/50 local tumours Furst & Schlauder
~300 mg, 21/50 local tumours (1971)

Nickelocne Intramuscular Hamster (50) 8 X 5 mg, 0/50 local tumour Furst & Schlauder ~0
25 mg, 4/29 local tumours (1971) Z

Nickel monoxide dust Intratracheal Rat (26) 1/26 lung tumour vs 0/47 control Saknyn & Blokhin 0
0

(1978)

~Nickel selenide Intramuscular Rat 8/16 local tumours Sunderman (1984)

Nickel selenide Intramuscular Rat 1/12 local tumour vs 0/79 control Sunderman et al.
:i
en

(1984b) ~
Nickel suhselenide Intramuscular Rat 21/23 local tumours Sunderman (1984)

0
5Nickel suhselenide Intrarenal Rat 2/23 local tumours vs 0/79 control Sunderman et al. ~

(1984b) t'
Nickel sulfarsenide Intramuscular Rat 14/16 vs 0/40 control (p cC 0.05) Sunderman & ~1.

McCully (1983)

Nickel sulfarsenide Intrarenal Rat 3/15 local tumours vs 0/79 control Sunderman et al
(1984b)

Nickel telluride Intramuscular Rat 14/26 vs 0/40 control (p cC 0.05) Sunderman &
McCully (1983)

Nickel telluride Intrarenal Rat 0/19 local tumour Sunderman et al.
(1984b)

Nickel titanate Intramuscular Rat No local tumour Sunderman &
McCully (1983)



Table 24 (contd)
Z~Compound Route Species Tumour incidence (no. of animaIs Reference n
~(No. at start) with tumours/effective number)
tT
r-

Nickel titanate Intrarenal Rat 0/19 local tumour Sunderman et al. ~
(1984b) tj

Refinery dust Inhalation Rat (5) 1/5 lung tumour vs 0/47 control Saknyn & Blokhin Z~
(1978) n

Refinery dust Intramuscular Mouse (40) 20/36 local tumours vs 0/48 control Gilman & ~
tT

(P -: 0.01) Ruckerbauer (1962) r-
Refinery dust Intramuscular Rat (35) Dust, 19/27 local tumours Gilman & n0Washed dust, 20/28 local tumours Ruckerbauer (1962) ~Controls, 0/30 local tumour 'i0Refinery dust Intraperitoneal Rat (16, 23) Dust 1, 3/16 local tumours Saknyn & Blokhin CDust 2, 3/23 local tumours (1978) Z

Controls, 0/47 local tumour tj
C/

w
VI
VI
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3.2 Other relevant data in experimental systems

(a) Absorption, distribution, excretion and metaholism
The results of studies on absorption, distribution, excretion, and metabolism

of nickel compounds have been reviewed and/or summarized in several publica-
tions (National Research Council, 1975; Sunderman, 1977; Kasprzak, 1978; Bencko,
1983; Mushak, 1984; Sarkar, 1984; Fairhurst & Illing, 1987; Kasprzak, 1987; Sunder-
man, 1988; Maibach & Menné, 1989).

(i) Nickel arides and hydroxides

Male Wistar rats were exposed to 0.4-70 mg/m3 (0.6-4-llm particles) nickel
monoxide aerosols for 6-7 h per day on five days per week for a maximum of three
months. The clearance rate of nickel monoxide from the lung after a one-month
exposure to 0.6-8 mg/m3 (1.2-llm particles) was estimated to be about 100 Jlg per
year. The exposure did not increase background nickel levels in organs other than
the lung (Kodama et al., 1985).

Electron microscopic examination of the lungs of male Wistar rats exposed to
nickel monoxide aerosols (0.6-8 mg/m3; 1.2- or 2.2-Jlm particles) for a total of
140-216 h showed that the particles were trapped mainly by alveolar macrophages.
One year after termination of exposure, the particles were distributed in the alveoli,
hilar lymphoid apparatus and terminal bronchioli. Sorne nickel monoxide particles
were present within the lysosomes of macrophages (Horie et al., 1985).

Female Wistar rats were given a single intratracheal injection of black nickel
monoxide, prepared by heating nickel hydroxide at 250°C for 45 min (final product
containing a mixture of nickel monoxide and nickel hydroxide; ). 90% insoluble in
water; particles, 3.7 llm or less in diameter) in a normal saline suspension (100 nmol

(7.5 Jlg) nickel monoxide in 0.2 ml). The highest concentrations of nickel were seen
in the lungs and mediastinal lymph nodes, followed by the heart, femur, duqdenum,
kidney, pancreas, ovaries, spleen, blood and other tissues. Following injection, the
concentration of nickel in the lung decreased at a much slower rate than in other
tissues. By the third day after injection of nickel monoxide, about 17% of the nickel
was excreted with the faeces and about 16% in the urine. By 90 days, about 60% of
the dose of nickel had been excreted, half of it in the urine. The overall pattern indi-
cates a partial transfer of nickel from lung to the mediastinal lymph nodes and slow
solubilization of this product in tissue fluids (English et aL., 1981).

(ii) Nickel subsulfide

After intratracheal instilation of 11.7 Jlg ~-63Ni-nickel subsulfide powder

(1-66-llm particles) in a normal saline suspension to male strain NJ mice, 38% was
cleared from the lungs with a half-time of 1.2 days, while 42% was cleared with a
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half-time of 12.4 days; 10% of the dose was retained in the lung 35 days after instila-
tion. The highest amounts of nickel were found in the kidney, followed by blood ::
liver :; femur up to seven days; at 35 days, levels were greatest in kidney, followed by
femur :; liver :; blood; maximal levels occurred 4 h after dosing and decreased

rapidly thereafter with biological half-times similar to those in the lung. The urine
was the primary excretion pathway; after 35 days, 100% of the nickel dose was re-
covered in the excreta, 60% of which was in urine (Valentine & Fisher, 1984).

The cumulative eight-week urinary excretion of nickel following intramuscular
injection of 

63Ni-nickel subsulfide to male Fischer rats (1.2 mg/rat, l.4-Jlm particles)

was 67%, while faecal excretion during that time was only 7% of the dose. The resid-
ual nickel contents at the injection site at 22 and 31 weeks after injection were
13-17% and 13-14% of the dose, respectively. The kinetics of nickel disappearance
were described bya three-compartmental model, with pool sizes of 60,27 and 11%
of the dose and half-times of 14, 60 and indefinite number of days, respectively
(Sunderman et al., 1976).

a-Nickel subsulfide partic1es labelled with 63Ni and 35S injected intramuscu-
larly into Fischer rats (Kasprzak, 1974) or intramuscularly and subcutaneously into
NMRI mice of each sex (Oskarsson et aL., 1979) persisted at the injection site for
several months, with a gradualloss of both 63Ni and 35S. In mi ce, nickel subsulfide
was transferred to regional lymph nodes and to the reticuloendothelial cells of the
liver and spleen. The presence of 63Ni in the kidney and 35S in the cartilage indicated

solubilzation of the subsulfide from the site of injection during tumorigenesis.

There was no excessive or specific localization of the solubilized 63Ni or 35S in the
tumours or in metastases. Most of the radioactivity in the tumours appeared to be
associated with dust particles.

Elevated concentrations of nickel were detected in fetuses after intramuscular
administration of a-nickel subsulfide to Fischer rats on day 6 of gestation (Sunder-
man et aL., 1978a).

(iii) Nickel salts

Intratracheal instilation of nickel chloride (100 nmol(l3 Jlg)/rat) to female

Wistar rats resulted in a fast distribution of nickel throughout the body, followed by
rapid clearance. During the first six days after injection, over 60% of the dose was
excreted in the urine and approximately 5% in faeces; after 90 days, these amounts
had increased only slightly, to 64% and 6%, respectively (English et al., 1981). Simi-
lar distribution and excretion patterns were observed after intratracheal injection
of nickel chloride (1.27 Jlg/rat Ni) to male Sprague- Dawley rats (Carvalho & Ziem-
er, 1982).

Pulmonary clearance and excretion of nickel following intratracheal instila-
tion of nickel sulfate at doses of 17, 190 or 1800 nmol (1, 11 or 106 Jlg) Ni per rat to
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Fischer 344 rats appeared to depend on the dose. At periods up to four days after
instilation, lungs, trachea, larynx, kidney and urinary bladder contained the highest
concentrations of nickeL. The half-time for urinary excretion (the predominant
route of excretion) varied from 23 h for the lowest dose to 4.6 h for the highest.
Faecal excretion accounted for 30% (17- and 190-nmol doses) and 13% (1800-nmol)
of the dose. The long-term half-time of nickel clearance from the lung varied froID
21 h at the highest dose to 36 h at the lowest dose (Medinsky et aL., 1987).

In male Sprague-Dawley rats exposed to nickel chloride aerosols (90 ).g/m3 Ni;
0.7-0.9-).m partic1es) for 2 h per day for 14 days, the nickel burden in the lung
reached a steady level after five days. The maximal clearance velocity was calcu-
lated to be 34.6 ng/g.h. These data support the hypothesis of a saturable clearance
mechanism for 'soluble nickel' in the lung (Menzel et aL., 1987).

After intratracheal administration of 'nickel carbonate' (0.05 mg/mouse Ni) to
female Swiss albino mice, most of the dose was eliminated in the urine in about 12
days (Furst & Al-Mahrouq, 1981). (The Working Group noted that the corn pound
tested was most probably basic nickel carbonate.)

After a single intravenous injection of 10 ).g nickel as 63Ni-nickel chloride per
mouse (albino or brown mice (strains not specified), inc1uding pregnant mice),
whole-body autoradiography at 30 min showed that nickel persisted in the blood,
kidney, urinary bladder, lung, eye and haïr follcles; at three weeks, nickel persisted
in the lung, central nervous system, kidneys, hair follcles and skin (Bergman et al.,
1980). In C57Bl mice, nickel was also localized in the epithelium of the forestomach;
in the kidney, it was present in the cortex at sites that probably corresponded to the
distal convoluted tubules. Nickel was retained mu ch longer in the lung than in other
tissues (Oskarsson & Tjälve, 1979a).

A single intravenous injection of 1 mg/kg bw 63Ni-nickel chloride to male
Sprague- Dawley rats resulted in rapid urinary excretion of 87% of the dose in the

first day after injection and 90% after four days. Faecal excretion was much lower,
up to a total of approximately 3% of the dose after four days (Sunderman & Selin,
1968). Lung and spleen were ranked after kidney as nickel-accumulating organs in
Sprague-Dawley rats given an intraperitoneal injection of 82 ).g/kg bw 63Ni-nickel
chloride (Sarkar, 1980).

The kinetics of nickel metabolism in rats and rab bits after a single intravenous
injection of 

63Ni-nickel chloride followed a two-compartmental mathematical mod-

el, with first-order kinetics of nickel elimination from plasma with half-times of
6 and 50 h for rats and 8 and 83 h for rabbits, respectively, for the two compartments
(Onkelinx et al., 1973).

Following a single intraperitoneal injection of 63Ni-nickel chloride to BALB/c
mice (100 ).Ci/mouse), nickel was found to remain in the lung much longer than in
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any other tissue (Herlant-Peers et al., 1982). Preferential accumulation of nickel in
the lung was also observed in Fischer 344 rats following daily subcutaneous injec-
tions of 62.5 or 125 lLmol (8.1 or 16.3 mg)/kg bw nickel chloride for up to six weeks

(Knight et al., 1988). ln contrast, multiple intraperitoneal injections of nickel ace-
tate to male Swiss albino mi ce (0.5, 0.75 or 1.0 mg/mouse; 10,20 or 30 daily injections
each) resulted in preferential accumulation of nickel in the thymus (Feroz et aL.,
1976).

Dailyoral administration of 2.5 mg nickel sulfate per rat (strain unspecified)
for 30 days resulted in accumulation of nickel in trachea :: nasopharynx ~ skull ::
oesophagus :: intestine :: skin :; liver = spleen :; stomach :; kidney ~ lung =
brain :; heart (Jiachen et al., 1986).

Nickel was taken up from the lumen of male Sprague-Dawley rat jejunum in
vitro at a rate proportion al to the concentration of 63Ni-nickel chloride in the perfu-
sate up to 20 lLM (1.2 mg) Ni. At higher concentrations (6 and 12 mg Ni), apparent
saturation was approached. Nickel was not retained by the mucosa and showed a
very low affinity for metallothionein (Foulkes & McMullen, 1986).

Dermal absorption of 2 or 40 llCi 63Ni-nickel chloride was observed in guin-
ea-pigs. After 1 h, nickel had accumulated in highly keratinized areas, the stratum
corneum and hair shafts. Following exposure for 4-48 h, nickel also accumulated in
basal and suprabasal epidermal cells. After 4 h, nickel appeared in blood and urine
(Lloyd, 1980).

It has been demonstrated in several studies that nickel chloride crosses the pla-
centa in mice (Jacobsen et al., 1978; Lu et al., 1979; Olsen & Jonsen, 1979; Lu et al.,
1981; Jasim & Tjälve, 1986) and rats (Sunderman et aL., 1977; Mas et al., 1986).

(iv) Other nickel compounds
In NMRI mice, high levels of nickel were found in the respiratory tract, brai n,

spinal cord, heart, diaphragm, adrenal cortex, brown fat, kidney and urinary blad-
der 5 min to 24 h following inhalation of 63Ni- and 14C-nickel carbonyl at 3.05 g/m3
Ni for 10 min (Oskarsson & Tjälve, 1979b).

After exposure of rats to nickel carbonyl by inhalation, increased levels of nick-
el were found predominantly in microsomal and supernatant fractions of the lung
and in the micros omal fraction of the liver (Sunderman & Sunderman, 1963).

Afer an intravenous injection of nickel carbonyl as 22 mg/kg bw Ni to
Sprague-Dawley rats, most of the subcellular nickel in liver and lung was bound to
supernatant fractions, followed by nuc1ei and debris, mitochondria and micro-
somes (Sunderman & Selin, 1968).

Twenty-four hours after an intravenous injection of 63Ni-nickel carbonyl (0.9
mg/kg bw Ni) to NMRI mice, nickel was found to be associated with both particul-
ate and soluble cellular constituents of the lung, liver and kidneys. Radioactivity



360 lARe MONOGRAHS VOLUME 49

was detected in the gel chromatograms of cytosols from lung, kidney and blood se-
rum of treated mice in the void volume and salt volume (Oskarsson & Tjälve,
1979c).

Following intravenous injection of 50 ).I/kg bw nickel carbonyl (22 ).g/kg bw
Ni) to Sprague-Dawley rats, over 38% of the dose was exhaled during 6 h after injec-
tion and none after that time. Average total urinary excretion of nickel over four
days was 31% (23% within the first 12 h), whereas total faecal excretion was 2.4%
and biliary excretion was 0.2%. Total average excretion of nickel in four days was
72%. Most of the remaining nickel carbonyl underwent intracellular decomposition
and oxidatiort to nickel(II) and carbon monoxide. Twenty-four hours after the injec-
tion, nickel injected as nickel carbonyl was distributed among organs and tissues,
with the highest concentration in lung (Sunderman & Selin, 1968; Kasprzak &
Sunderman, 1969).

(h) Dissolution and cellular uptake

(i) Metallic nickel and nickel alloys

Slow dissolution and elimination of finely powdered nickel metal from the
muscle injection site was observed in rats. ln the local rhabdomyosarcomas that
developed, nickel was recovered in the nuclear fraction and mitochondria; little or
no nickel was found in the microsomes (Heath & Webb, 1967). The nuclear fraction
of nickel is preferentially bound to nucleoli (Webb et al., 1972):

Slow dissolution of metallic nickel occurred when nickel metal powder was in-
cubated at 37°C with horse serum or sterile homogenates of rat muscle, liver, heart
or kidney prepared in Tyrode solution. The solubilization may have involved oxygen
uptake and was faster for a freshly reduced powder than for an older commercial
powder; over 97% of the dissolved nickel became bound to diffusible components of
the tissue homogenates (mostly histidine, followed by nucleotides, nucleosides and
free bases) (Weinzierl & Webb, 1972).

(ii) Nickel oxides and hydroxides

The dissolution half-times of six differently prepared samples of nickel oxide
and four samples of nickel-copper oxides in water were longer th an II years. How-
ever, in rat serum and renal cytosol, the half-time dropped to about one year for a
low-temperature nickel oxide and to 2.7-7.2 years for three nickel-copper oxides, the
rest retaining the ~ 11-year value. Two preparations of nickel oxide obtained at
temperatures -C735°C and aIl four nickel-copper oxides appeared to be phagocy-
tized by C3H/i0T1/2 cells more actìvely than the other nickel oxides (Sunderman et
al., 1987).

Kasprzak et al. (1983) found the half-times for two preparations of nickel hy-
droxide (aIr-dried colloidal and crystallne) in an 0.1 M ammoni um acetate buffer of
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pH 7.4 to be 56 h and 225 h, respectively. Corresponding values in an artificial lung
fluid were 360 h and 1870 h, respectively.

(iii) Nickel sulfides

The dissolution rate of a-nickel subsulfide depends on the particle size, the
presence of oxygen and the dissolving medium (Gilman & Herchen, 1963; Kasprzak
& Sunderman, 1977; Dewally & Hildebrand, 1980; Lee et al., 1982).

Roth in vivo and in cell-free systems in vitro, a-nickel subsulfide reacts with
oxygen to yield insoluble crystallne ß-nickel sulfide and soluble nickel(IIj deriva-
tives; ß-nickel sulfide also dissolves through oxidation of its sulfur moiety (Kaspr-
zak & Sunderman, 1977; Oskarsson et al., 1979; Dewally & Hildebrand, 1980). It has
been suggested that the transformation of nickel subsulfide into ß-nickel sulfide
under anaerobic conditions in the muscle might be due to reaction with sulfur from
sulfhydryl groups in the host organism (Dewally & Hildebrand, 1980).

,Particles of crystallne nickel sulfides, a-nickel subsulfide and ß-nickel sulfide
( c( 5 lLm in diameter, 1-20 lLg/ml) were phagocytized by cultured Syrian hamster
embryo cells and Chinese hamster CHO cells, while particles of amorphous nickel
sulfide were taken up only sparingly by the cells. Pretreatment of Syrian hamster
embryo ce Ils with benzo(a)pyrene enhanced the uptake of nickel subsulfide. The
half-life of the engulfed particles was about 40 h in Syrian hamster cells; they disap-
peared from the cells through solubilization, and solubilized nickel was detected in
the nuclear fraction (Costa & Mollenhauer, 1980a,b; Costa et al., 1981a).

a-Nickel subsulfide and ß-nickel sulfide were also incorporated into human
embryonic L132 pulmonary cells in culture. ß-Nickel sulfide was present within
large intracellular vesicles; nickel subsulfide was generally bound to the membranes
of intracellular vesicles, to lysosomal structures and to the outer cell membrane
(Hildebrand et al., 1985, 1986).

The soluble nickel derived from nickel subsulfide and ß-nickel sulfide intracel-
lularly undergoes subcellular distribution that differs from that following entry of
nickel from outside the cells (Harnett et al., 1982; Sen & Costa, 1986a). Treatment of
cultured Chinese hamster CHO cells with ß-nickel sulfide (10 lLg/ml, three-day in-
cubation) resulted in binding of nickel to DNA and RNA at a level 300-2000 times
higher and to protein at a level 15 times higher than after similar treatment with
nickel chloride (Harnett et al., 1982). Cellular uptake of ß-nickel sulfide facilitates a
specific interaction of nickel with the heterochromatic long arm of the X chromo-
some of Chinese hamster CHO cells (Sen & Costa, 1986a). Lee et al. (1982) found
that soluble nickel derived from nickel subsulfide forms an exceptionally stable ter-
nary protein-nickel-DNA complex in vitro in the presence ofDNA and rat liver mi-
crosomes.
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(iv) Nickel salts

Soluble nickel retained in the tissues of mice becomes bound to particulate and
soluble cellular constituents, the distribution depending on the tissue. ln lung and
liver of NMRI mice, nickel was bound predominantly to a high-molecular-weight
protein; in the kidney, it was bound mainly to low-molecular-weight ultrafiltrable
ligands. No nickel was bound to metallothionein or superoxide dismutase (Oskars-
son & Tjälve, 1979c).

Several nickel-binding proteins were found in lung and liver cytosol ofBALB/c
mice that were different after incorporation in vivo and in vitro. The composition
and structures of these proteins were not identified (Herlant-Peers et aL., 1982).

Intracellular nickel concentrations in the lungs of strain A mice given intraper-
itoneal injections of nickel acetate were highest in the microsomes, followed by mi-
tochondria, cytosol and nuclei (Kasprzak, 1987).

In blood serum, nickel was sequestered mainly by albumin, which had a high
binding capacity for this met al in most species tested, except for dogs and pigs (Cal-
lan & Sunderman, 1973). Nickel in human serum is chelated by histidine, serum
albumin or both in a ternary complex, although a small fraction is bound to a glyco-
protein (Sarkar, 1980; Glennon & Sarkar, 1982).

Less nickel chloride was taken up by Chinese hamster CHO cells than insolu-
ble nickel sulfides; moreover, nickel incorporated from nickel chloride had a much
higher affinity for cellular proteins than for DNA or RNA (Harnett et al., 1982). A
greater effect on the heterochromatic long arm of the X chromosome was obsefVed
when Chinese hamster CHO cells were exposed to nickel-albumin complexes en-
capsulated in liposomes than to nickel chloride alone (Sen & Costa, 1986a).

Cellular binding and uptake of nickel depend on the hydro- and lipophilic
properties of the nickel complexes to which the cells are exposed. Nickel-complex-
ing ligands, L-histidine, human serum albumin, D-penicilamine and ethylenedi-
aminetetraacetic acid, which form hydrophilic nickel complexes, inhibited the up-
take of nickel by rabbit alveolar macrophages, human B-lymphoblasts and human
eryhrocytes. The same ligands also sequestered nickel from nickel-preloaded cells.
Diethyldithiocarbamate, however, which forms a lipophilic nickel complex, en-
hanced the cellular uptake of nickel and prevented its removal from nickel-pre-
loaded cells. It also induced transfer of nickel in a celllysate froID the cytosol to the
residual pellet (Nieboer et al., 1984b). Sodium pyridinethione, which forms a lipo-
philic nickel complex, behaved similarly (Jasim & Tjälve, 1986).

Nickel applied to rat liver and kidney nuclei as nickel chloride bound in a
d6se-related manner to the chromatin and as to polynucleosomes and to the DNA
molecule. In the nuclear chromatin~ nickel was associated with both the DNA and
histone and non-histone proteins; a ternary nickel-DNA-protein complex more
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stable than binary nickel-DNA complexes was identified (Ciccarell & Wetterhahn,
1985).

Calf thymus DNA appeared to have more than two types of binding site for
nickel; DNA phosphate moieties were identified as having the highest affinity for
nickel (Kasprzak et al., 1986).

(v) Other nickel compounds

'Nickel carbonate' particles were actively phagocytized by hum an embryonal
lung epithelial cells L132 in culture and showed an increased affinity for cytoplas-
mic and cell membranes (Hildebrand et aL., 1986). (The Working Group noted that
the compound tested was most probably basic nickel carbonate.)

Following an intraperitoneal injection of 'nickel carbonate' to male Sprague-
Dawley rats, nickel was found to be associated with liver and kidney nuclear DNA
as early as 3 h after injection, with a further increase by 20 h. The nickel concentra-
tion in kidney DNA was five to six times higher than that in liver. Significant differ-
ences were found in the distribution of nickel between nucleic acids and associated
proteins in DNA samples extracted from kidney and liver (Ciccarell & Wetterhahn,
1984a,b). (The Working Group noted that the compound tested was most probably
basic nickel carbonate.)

Sunderman et al. (1984b) determined dissolution half-times in rat serum and
renal cytosol and phagocytic indices in peritoneal macrophages in vitro of various
water-insoluble nickel derivatives, including nickel selenide, nickel subselenide,
nickel telluride, nickel sulfarsenide, nickel arsenide, nickel arsenide tetragonal,
nickel arsenide hexagonal, nickel antimonide, nickel ferrosulfide matte, a ferronick-
el alloy (NiFe1.6) and nickel titanate. No correlation was found between those two
parameters and the carcinogenic activity of the tested compounds in the muscle of
Fischer 344 rats.

(c) lnteractions

Parenteral administration of soluble nickel salts induced changes in the tissue
distribution of other metal ions (Whanger, 1973; Nielsen, 1980; Chmielnicka et al.,
1982; Nieboer et aL., 1984b; Nielsen et aL., 1984).

Several physiological. divalent cations appeared to affect nickel metabolism.
Thus, manganese decreased the proportion of ultrafiltrable nickel constituents of
muscle homogenates; the gross muscle uptake and excretion of nickel were not af-
fected. Metallc manganese dust also inhibited the dissolution rate of nickel subsul-
fide in rat serum, serum ultrafiltrate and water (Sunderman et al., 1976). Manga-
nese dust reduced the phagocytosis of nickel subsulfide particles by Syrian hamster
embryo cells in vitro (Costa et al., 1981a). Magnesium decreased the uptake of nickel
by pulmonary nuclei and cytosol of strain A mice and decreased nickel uptake by
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lung, kidney and liver of Fischer 344 rats (Kasprzak et al., 1987). Both manganese
and magnesium strongly antagonized the binding of nickel to the phosphate groups
of calf thymus DNA in vitro, while copper, which did not inhibit nickel carcinogene-
sis, was a much weaker antagonist (Kasprzak et aL., 1986).

Nickel that accumulated in mouse tissues following administration of nickel
carbonyl in vivo could be displaced from those tissues by treatment in vitro with
other cations, including H+, in proportion to their valence; Mg2+ and La3+ were
the most effective (Oskarsson & Tjälve, 1979b).

Certain nickel(II)-peptide complexes in aqueous solution were found to react
with ambient oxygen by a facile autocatalytic process in which nickel(III) intermedi-
ates played a major role. Such reactions may lead to degradation, e.g., decarboxyla-
tion, of the organic ligand (Bossu et aL., 1978). Nickel(III) was also identified in a
nickel(II)-glycyl-glycyl-n-histidine complex, indicating possible redox effects of the
nickel(III)/nickel(II) redox couple on that protein (Nieboer et aL., 1986).

(d) To.xic effects

The toxicity of nickel and its inorganic compounds has been reviewed (US En-
vironmental Protection Agency, 1986; Fairhurst & Illng, 1987; World Health Orga-
nization, 1990), and the chemical basis of the biological reactivi ty of nickel has been
discussed (Ciccarell & Wetterhahn, 1984a; Nieboer et al., 1984b,c).

(i) Metallic nickel and nickel alloys

The lungs of male rabbits exposed by inhalation to 1 mg/m3 nickel metal dust

( c: 40 llm partic1es) for 6 h per day on five days per week for three and six months
showed two- to three-fold increases in the volume density of alveolar type II cells.
The six-month exposure caused focal pneumonia (Johansson et al., 1981; Camner et
al., 1984).

Similar changes, resembling alveolar proteinosis, were observed in rabbits af-
ter exposure to nickel metal dust by inhalation for four weeks (Camner et al., 1978).
After three or six months of exposure at 1 mg/m3, phagocytic activity in vitro was
increased upon challenge by Escherichia coli (Johansson et al., 1980).

A single intramuscular injection of 20 mg nickel metal dust to male WAG rats
resulted in long-Iasting suppression of natural kiler cell activity in peripheral blood
mononuclear cells. Between eight and 18 weeks after the nickel injection, the activ-
ity decreased to 50-60% of that in the control rats (Judde et al., 1987).

(ii) Nickel oxides

Exposure of female Wistar rats by inhalation to nickel monoxide aerosols (gen-
erated at 550°C from nickel acetate) at concentrations of 200, 400 and 800 llg/m3 for
24 h per day for 12 days resulted in a significant, dose-related reduction in growth
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rate, decreased kidney and liver weights and erythrocyte count, decreased activity
of serum alkaline phosphatase, increased wet lung weight and leukocyte count and
increased mean eryhrocyte cell volume (Weischer et al., 1980a,b).

Male Wistar rats exposed continuously to nickel monoxide (generated at
550°C from nickel acetate) aerosols at 50 l.g/m3 (median particle diameter, 0.35
l.m) for 15 weeks showed no significant difference in the overall abilty of the lungs
to clear ferrous oxide up to day 7. After that time, lung clearance in nickel oxide-ex-
posed rats decreased significantly. The half life of ferrous oxide clearance after day
6 was 58 days for control rats and 520 days for nickel oxide-exposed rats; in excised
lungs, the values were 56 and 74 days, respectively (Oberdoerster & Hochrainer,
1980).

An increase in lung weight (six-fold) and alveolar proteinosis were observed in
male Wistar rats that died during life-time exposure to an aerosol of nickel monox-
ide (produced by pyrolysis of nickel acetate (probably at 550°C) (particle size un-
specifiedD at 60 or 200 l.g/m3, 23 h per day, seven days per week. With longer expo-
sures, marked accumulation of macrophages and focal septal fibrosis were also ob-
served (Takenaka et al., 1985).

No significant histopathological change was found in male Wistar rats exposed
to green nickel oxide (0.6 l.m particles) for up to 12 months at 0.3 or 1.2 mg/m3, 7 h
per day on five days per week (Tanaka et al., 1988).

No mortality was observed following exposure by inhalation of Fischer 344/N
rats and B6C3F1 mice to nickel monoxide (formed at 1350°C; 3 l.m particles) at
0.9-24 mg/m3 Ni for 6 h/day on five days per week for 12 days. Lung inflammation
and hyperplasia of alveolar macrophages occurred primarily at the highest expo-
sure concentration in both species; generally, the lung les ions in mice were less se-
vere than those in rats. Atrophy of the olfactory epithelium was seen only in two rats
at the highest dose, while atrophy of the thymus and hyperplasia of the lymph nodes
were seen in both rats and mice exposed to the highest concentrations (Dunnick et
al., 1988).

In Syrian golden hamsters, life-time inhalation of 53 mg/m3 nickel monoxide
((unspecified) 0.3 l.m particles) for 7 h per day resulted in emphysema in animaIs
that died early in the experiment. Other lung effects included interstitial pneumoni-
tis and diffuse granulomatous pneumonia, fibrosis of alveolar septa, bronchiolar
(basal-cel!) hyperplasia, bronchiolization of alveolar epithelium, squamous meta-
plasia and emphysema and/or atelectasia of various degrees (Wehner et al., 1975).

The median lethal concentration for rat macrophages exposed in vitro to green
nickel monoxide exceeded 12 l.mol (708 l.g)/ml Ni. The Leso for canine macro-
phages was 3.9 lLmol (230 lLg)/ml Ni as nickel monoxide for 20 h. Nickel monoxide
was far less toxic to macrophages than nickel sulfate, nickel chloride or nickel
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subsulfide (Benson et al., 1986a). The toxicity of six different preparations of nickel
monoxide calcined at temperatures of -: 650-1045 °C and four mixed nickel-copper
oxides was tested in vitro on alveolar macrophages of beagle dogs, Fischer 344 rats
and B6C3F1 mIce. Nickel oxides were less toxic to the macrophages th an were the

nickel-copper oxides; the toxicity of the nickel-copper oxides increased with in-
creasing copper content. GeneraIly, dog macrophages were more sensitive to the
oxides than mouse and rat macrophages (Benson et al., 1988a).

The abilty of the same oxides to stimulate eryhropoiesis in Fischer 344 rats
correlated weIl with their cell transforming ability in Syrian hamster embryo cells
(see also genetic and related effects; Sunderman et al., 1987).

(ii) Nickel sulfides

The LDso after a single instilation in B6C3F1 mice of nickel subsulfide (par-
ticle size, -: 2 J.m) in a normal saline suspension was 4 mg/kg bw (Fisher et aL., 1986).

Acute toxic effects of nickel subsulfide (1.8 llm particles) administered intra-
tracheally to male BALB/c mice (12 J.g/mouse) included pulmonary haemorrhag-
ing, most evident three days after exposure. The number of polymorphonuclear
cells in the pulmonary lavage fluid was increased, whereas the number of macro-
phages tended to decrease below the control values later (20 h to seven days) after
the exposure (Finch et al., 1987).

Alveolitis was observed in Fischer 344 rats following intratracheal instilation

of nickel subsulfide as a saline/gelatin suspension (3.2-320 llg/kg bw). The effects
closely resembled those of nickel chloride and nickel sulfate at comparable doses of
nickeL. Pulmonary les ions also included type II cell hyperplasia with epithelializa-
tion of alveoli and, in some animaIs, fibroplasia of the pulmonary interstitium (Ben-
son et al., 1986b).

Chronic active inflammation, fibrosis and alveolar macrophage hyperplasia
were observed in Fischer 344 rats and B6C3F 1 mice exposed by inhalation to nickel
subsulfide (low-temperature form) for 13 weeks (6 h per day, five days pèr we~k;
0.11-1.8 mg/m3 Ni). The toxicity of nickel subsulfide to the lung resembled that of

nickel sulfate hexahydrate, and both were more toxic than nickel oxide. Rats were
more sensitive than mice (Dunnick et al., 1989).

Administration of nickel subsulfide to female rats as a single intrarenal injec-
tion caused pronounced eryhrocytosis (Jasmin & Riopelle, 1976; Oskarsson et aL.,
1981). A single intrarenal injection of nickel subsulfide to male rats also caused an
increase in renal haem oxygenase-activity; no correlation between the induction of
haem oxygenase and eryhrocytosis was observed (Sunderman et al., 1983a). Ad-
ministration of nickel sulfide (probably amorphous) in glycerine or saline into each
pole of the kidney of female rats did not induce renal erythropoietic activi ty (J asmin
& Riopelle, 1976).
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. Under comparable exposure in vitro, beagle dog alveolar macrophages were
more sensitive to the toxicity of nickel subsulfide than were those of Fischer 344 rats.
Nickel subsulfide appeared to be much more toxic to the macrophages of both
species than nickel chloride, nickel sulfate or nickel monoxide (Benson et al., 1986a).

Nickel subsulfide incubated with calf thymus histones in the presence of
molecular oxygen caused random polymerization of those proteins; this effect was
not produced by soluble nickel acetate (Kasprzak & Bare, 1989).

(iv) Nickel salts

The oral LDso of nickel acetate was 350 mg/kg bw in rats and 420 mg/kg bw in
mi ce; the intraperitoneal LDso was 23 mg/kg bw in rats (National Research Council,
1975). The LDso of nickel acetate in ICR mi ce after an intraperitoneal injection was
97 mg/kg bw in females and 89 mg/kg bw in males at days 3 and 5 for three-week-old
animaIs and 39-54 mg/kg bw in nine- or 14-week-old animaIs of either sex (Hogan,
1985). With nickel chloride, intraperitoneal LDso values of 6-9.3 mg/kg bw Ni were
reported for female Wistar rats (Mas et al., 1985), 11 mg/kg bw rats and 48 mg/kg bw
for mi ce (National Research Council, 1975).

Exposure of B6C3F 1 mice and Fischer 344/N rats to nickel sulfate hexahydrate
by inhalation for 6 h per day for 12 days (five days per week plus two consecutive
days; 0.8-13 mg/m3 Ni; 2 ).m particles) caused death of aU mice at concentrations of
::1.6 mg/m3 and of some rats at concentrations of 13 mg/m3. Lesions of the lung
and nasal cavity were observed in both mice and rats after exposure to 0.8 mg/m3
nickel or more; these included necrotizing pneumonia, chronic inflammation and
degeneration of the bronchiolar epithelium, atrophy of the olfactory epithelium,
and hyperplasia of the bronchial and mediastinallymph nodes (Ben son et al., 1988b;
Dunnick et al., 1988).

A single intratracheal instilation of nickel chloride hexahydrate or nickel sul-
fate hexahydrate to Fischer 344/Cr1 rats (0.01, 0.1 or 1.0 ).mol (0.59, 5.9 or 59 ).g
Ni/rat) caused alveolitis and affected the activities of several enzymes measured in
the pulmonary lavage fluid (Benson et al., 1985, 1986b).

Rabbits were exposed to nickel chloride (0.2-0.3 mg/m3 Ni) for 6 h per dayon
five days per week for one to eight months. Nodular accumulation of macrophages
was seen in lung tissue, and the volume density of alveolar type II ce 

Us was elevated.
The phagocytic activity of macrophages was normal after one month of exposure
but was decreased after three months (Camner et al., 1984; Lundborg & Camner,
1984; Camner et al., 1985).

Exposure of Syrian golden hamsters to a nickel chloride aerosol (100-275 ).g/
m3 Ni; c( 2-).m particles) for 2 h per day for one or two days resulted in a dose-
related decrease in the cilary activity of the tracheal epithelium and in mucosal de-
generation (Adalis et al., 1978).
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A single intramuscular injection of nickel chloride (18.3 mg/kg bw) tomale
CBA/J mice caused significant involution of the thymus within two days. Signifi-
cant reduction in the mitogen-stimulated responses of Band T lymphocytes in vitro
as well as significant suppression of the primary antibody response (T-cell-depen-
dent) to sheep red blood cells were observed after the treatment. Natural kiler cell

activity was also suppressed. The immunosuppressive effects of nickel chloride
lasted for a few days. The activity of peritoneal macrophages was not affected
(Smialowicz et al., 1984, 1985).

Following a single intramuscular injection of 10-20 mg/kg bw nickel chloride
into Fischer 344 rats, the activity of natural kiler ce Ils was transiently suppressed
for three days. ln contrast to mice, rats showed no significant difference in the lym-
phoproliferative responses of splenocytes to Band T mitogens from those of con-
troIs (Srnialowicz et aL., 1987).

Intramuscular injection of nickel chloride (20 mg/kg bw Ni) to Fischer 344 rats
4 h before death inhibited thymidine uptake into kidney DNA (Hui & Sunderman,
1980). An immediate, significant decrease, followed by a transient sharp increase of
thymidine incorporation into pulmonary DNA was observed in strain A mice fol-
lowing intraperitoneal administration of nickel acetate (Kasprzak & Poirier, 1985).

After 90 daily intraperitoneal injections of nickel sulfate (3 mg/kg bw Ni) to
male albino rats, focal necrosis of the proximal convoluted tubules in the kidneys
and marked cellularity around peri portal areas and necrotic areas in the liver were
observed. Bile-duct proliferation and Kupffer-cell hyperplasia were also evident,
and degenerative changes were observed in a few seminiferous tubules and in the
inner wall of the myocardium (Mathur et al., 1977a).

Subcutaneous injection of up to 0.75 mmol (98 mg)/kg bw nickel chloride to
male Fischer 344 rats increased lipid peroxidation in the liver, kidney and lung in a
dose-related manner (Sunderman et aL., 1985b).

Renal, hepatic, pulmonary and brain haem oxygenase activity was induced af-
ter subcutaneous injection of 15 mg/kg bw nickel chloride to male Fischer 344 rats.
Induction of haem oxygenase was also observed in the kidneys of male BL6 mice,
male Syrian golden hamsters and male guinea-pigs kiled 17 h after subcutaneous
injection of 0.25 mmol (32 mg)/kg bw nickel chloride (Sunderman et al., 1983a).

The skin of male albino rats was painted once daily for up to 30 days with 0.25
ml nickel sulfate hexahydrate solution in normal saline (40. 60 and 100 mg/kg bw
Ni). The 30-day painting caus-eù--atrophy in sorne areas and acanthosis in other

areas of the epidermis, disorder in the arrangement of epidermal cells and hyper-
keratinization. Liver damage, including focal necrosis, was seen in histological stu-
dies (Math ur et al., 1977b).
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The toxicity of nickel sulfate and nickel chloride to alveolar macrophages from
beagle dogs and Fischer 344 rats in vitro was intermediate to that of nickel subsul-
fide and nickel monoxide (median lethal concentrations, 0.30-0.36 J.mol (17.7-21.2
J.g) and 3.1-3.6 J.mol (183-212 J.g)/ml Ni for dog and rat macrophages, respectively)
(Benson et al., 1986a). Macrophages lavaged from rabbit lungs and incubated for
two days with 3-24 l.g/ml Ni as nickel chloride showed a decrease of up to 50% in
lysozyme activity with increasing concentrations of nickel (Lundborg et al., 1987).

Although nickel salts inhibit the proliferation of normal mammalian cells in
culture, nickel sulfate hexahydrate increased proliferation of some lymphoblastoid
cell lines carrying the Epstein-Barr virus (Wu et al., 1986).

Exposure of Syrian hamster embryo cells to nickel chloride or nickel sulfate at
a concentration of 10 l.mol (600 l.g)/l Ni or more enhanced nucleoside excretion
(Uziel et al., 1986).

Nickel chloride inhibited the transcription of calf thymus DNA and phage T4
DNA with Escherichia coli RNA polymerase in a concentration-dependent manner
(0.01-10 mM (0.6-600 mg) Ni). It also stimulated RNA chain initiation at very low
concentrations (maximal at 0.6 mg), followed bya progressive decrease in initiation
at concentrations that significantly inhibited overall transcription (Niyogi et al.,
1981).

(v) Other nickel compounds

AnimaIs exposed to nickel carbonyl by inhalation developed pulmonary oede-
ma within 1 h. LCso values (30-min exposure) reported inc1ude 67 mg/m3 for mice,

240 mg/m3 for rats and 190 mg/m3 for cats (National Research Council, 1975). Even
after administration by other routes, the lung is the main target organ (Hackett &
Sunderman, 1969); the LDso for rats was 65 mg/kg, 61 mg/kg and 38 mg/kg after
intravenous, subcutaneous and intraperitoneal administration, respectively (Na-
tional Research Council, 1975).

Male Wistar rats exposed by inhalation to 0.03-0.06 mg/l nickel carbonyl for 90
min three times a week for 52 weeks developed extensive inflammatory lesions in the
lung, contiguous pericarditis and suppurative les ions of the thoracic walls. Squa-
mous-cell metaplasia was present in bronchiectatic walls of several rats (Sunder-
man et al., 1957).

Exposure of female Fischer 344 rats by inhalation to 1.2-6.4 J.mol (0.2-1.1 mgl/l
nickel carbonyl for 15 min caused acute hyperglycaemia (Horak et aL., 1978). Uri-
nary excretion of proteins and ami no acíds indicated nephrotoxicity (Horak &
Sunderman, 1980).

After exposure of rats to 0.6 mg/l nickel carbonyl by inhalation, RNA derived
froID the lung showed alterations in the phase transition curve, indicating
disruption of hydrogen bonds (Sunderman, 1963). Nickel carbonyl administered
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intravenously at an LDso dose of 20 mg/kg bw nickel to Sprague-Dawley rats inhib-
ited cortisone-induced hepatic tryptophan pyrrolase (Sunderman, 1967), orotic
acid incorporation into liver RNA in vivo and in vitro (Beach & Sunderman, 1969,
1970) and incorporation ofleucine into liver and lung protein (Witschi, 1972). Intra-
venous administration of nickel carbonyl to Fischer 344 rats (20 mg/kg bw nickel)
caused a significant decrease in thymidine incorporation into liver and kidney
DNA 4 h later (Hui & Sunderman, 1980).

The toxicity of 'nickel carbonate' to human embryo pulmonary epithelium
L132 cells in culture did not differ significantly from that of nickel chloride at the
same 25-150 llM concentration range applied (Hildebrand et al., 1986). (The Work-
ing Group noted that the compound tested was most probably basic nickel carbon-
ate.)

A i1ighly significant correlation was found between carcinogenic potential and
the incidence of eryhrocytosis för various water-insoluble nickel compounds, in-
cluding nickel selenide, nickel subselenide, nickel telluride, nickel sulfarsenide,
nickel arsenide, nickel arsenide tetragonal, nickel arsenide hexagonal, nickel anti-
monide, nickel ferrosulfide matte, a ferronickel alloy (NiFe1'6) and nickel titanate
(Sunderman et al., 1984b).

Dusts of nickel-converter mattes (58% nickel sulfide, 11% metallc nickel, 2%
nickel monoxide, 1% copper, 0.5% cobalt, 0.2% soluble nickel salts), a nickel con-
centrate (67% total nickel, 57% nickel sulfide) and two nickel..copper mattes

(27-33% nickel sulfides, ",3% metallc nickel, 23-36% copper) were administered to
white rats and mice by inhalation or by intragastric, intratracheal or intraperitoneal

routes and onto the skin. The intratracheal LDso was 200-210 mg/kg bw for the

mattes and 220 mg/kg for the nickel concentrate. The intraperitoneal LDso varied
from 940 mg/kg bw for the nickel concentrate to 1000 mg/kg bw for the nickel-cop-
per mattes and 1100 mg/kg bw for the nickel matte. Mice and rats were almost
equally sensitive. Chronic exposure of rats and mice by inhalation to the same dusts
caused bronchitis, perivasculitis, bronchopneumonia and fibrosis. Haemorrhagic
foci and atrophy were observed in the kidneys (Saknyn et al., 1976).

(e) Effeäs on reproduction and prenatal toxicity

The embryotoxicity and genotoxicity of nickel, both directly to the mammalian
embryo and indirectly through maternaI injury, have been reviewed(Léonard &
Jacquet, 1984).

(i) Metallic nickel and nickel alloys

Treatment of chickembryo myoblasts with 20-40 llg nickel powder per litre of
culture fluid prevented normal differentiation of cells, with only a few mitoses seen
after five days' incubation. Reduction of ceU division was coupled with cell
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degeneration, resulting in small colony size. At concentrations of 80 l1g/1 nickel,
extensive degeneration of the cultures and complete suppression of mitosis oc-
curred within five days (Daniel et al., 1974).

(ii) Nickel sulfides

Nickel subsulfide (80 mg/kg bw Ni) administered intramuscularly to Fischer
rats on day 6 of gestation reduced the mean number of 1 ive pups per dam. No anom-
aly was found, and no evidence of maternaI toxicity was reported (Sunderman et aL.,
1978a). ln another study, intrarenal injection of nickel subsulfide (30 mg/kg bw Ni)
to female rats prior to breeding produced intense erythrocytosis in pregnant dams
but not in the pups, which had reduced blood haematocrits at two weeks (Sunder-
man et aL., 1983b).

Both rats and mice administered 5 or 10 mg/m3 nickel subsulfide aerosols by
inhalation for 12 days developed degeneration of testicular germinal epithelium
(Benson et al., 1987).

(iii) Nickel salts

Studies on the teratogenic effects of nickel chloride in chick embryos have pro-
duced conflicting results, perhaps due to differences in dose and route of adminis-
tration. Cardiac anomalies (Gilani, 1982), exencephaly and distorted skeletal devel-
opment (Gilani & Marano, 1980) have been reported, whereas some authors found
no nickel-induced anomaly (Ridgway & Karnofsky, 1952; Anwer & Mehrotra,
1986).

Embryo cultures froID BALB/c mice were used to determine the mechanism of
preimplantation loss of embryos derived from matings three and four weeks after
treatment of males with 40 or 56 mg/kg bw nickel nitrate. Treated and control ani-

maIs were allowed to mate with superovulated females and the number of cleaved
eggs and the development of embryos to blastocysts and implantations were
counted. Neither the fertilizing capacity of spermatozoa nor the development of
cultured embryos was influenced by a dose of 40 mg/kg bw. A dose of 56 mg/kg bw
significantly reduced the fertilzation rate but did not affect the development of
two-cell embryos. The results suggest that preimplantation loss after exposure to
nickel is due to toxic effects on spermatids and spermatogonia rather than to zygotic
death (Jacquet & Mayence, 1982).

Following daily intragastric administration of 25 mg/kg bw nickel sulfate to
male white rats over a period of 120 days, severe lesions in germ-cell development in
the testis were observed (Waltscheva et al., 1972). Rats administered nickel sulfate
by inhalation for 12 days developed testicular degeneration (Benson et aL., 1988b).

Groups of three to five male albino rats received subcutaneous injections of
0.04 mmol (6.2 mg)/kg bw nickel sulfate either as a single dose or as daily doses for
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up to 30 days. Treatment interfered to some degree with spermatogenesis, but this
was temporary, and the testes ultimately recovered (Hoey, 1966).

Preimplantation embryos from NMRI mi ce (two- and four- to eight-cell stages)
were cultured with nickel chloride hexahydrate; 10 llM (2.5 mg) adversely affected

the development of day 2 embryos ( two-cell stage), whereas 300 llM (71.3 mg) were
required to affect day 3 embryos (eight-cell stage) (Storeng & Jonsen, 1980). ln or-
der to compare the effects of nickel chloride hexahydrate on mouse embryos treated
in vivo by intraperitoneal injection during the preimplantation period, a single in-
jection of 20 mg/kg bw nickel chloride was given to groups of female mice on day 1,
2, 3, 4, 5 or 6 of gestation. On day 19 of gestation, the implantation frequencyin
females treated on day 1 was mu ch lower th an that of con troIs. The liÜers of the

control group were larger, and significantly so, among ffice treated on days 1, 3 and
5 of gestation; the body weight of fetuses was also decreased on day 19. Nickel chlo-
ride may thus adversely affect mouse embryos during the passage through the ovi-
duct, with subsequent effects after implantation. Data on maternaI effects were not
presented (Storeng & Jonsen, 1981).

Long-Evans rats born in a laboratoryespecially designed to avoid environmen-
tal contamination from trace metals were administered nickel (salt unspecified) at 5
mg/l in the drinking-water in five pairs. About one-third of the offspring in the first
generation were runts, and one maternaI death occurred. ln the second generation,
there were 10% young deaths with only 5% runts and, in the third generation, 21%
young de~ths with 6% runts. Thus, the size of the litters decreased somewhat with
each generation and, with some failures in breeding, the number of rats was reduced
(Schroeder & Mitchener, 1971). A subsequent study, reported in an abstract, found
similar effects on reproduction through two generations of rats following adminis-
tration of 500 mg/l nickel chloride in drinking-water. There was no decrease in ma-
ternaI weight gain or other maternaI effect (Kimmel et al., 1986).

Nickel chloride was administered in the drinking-water to female rats at a con-
centration of 0.1 or 0.01 mg/l Ni for seven months and th en during pregnancy. Em-
bryonic mortality was 57% among nine rats exposed to the higher concentration,
compared to 34% among eight controls. At the lower concentration no such differ-
ence was observed (Nadeenko et al., 1979).

Nickel chloride (1.2-6.9 mg/kg bw Ni) was administered intraperitoneally to
pregnant ICR mice on single days between days 7-11 of gestation. Increased resorp-
tion, decreased fetal weight, delayed skeletal ossification and a high incidence of
malformations were observed in a dOße-related fashion on gestation day 18. The
malformations consisted of acephaly, exencephaly, cerebral hernia, open eyelids,
cleft palate, micromelia, ankylosis of the extremities, club foot and other skeletal



NICKEL AND NICKEL COMPOUNDS 373

abnormalities. Five of 27, 6/25 and 7/24 dams receiving 4.6 mg/kg bw or more died
within 72 h after injection on days 9, 10 and 11 (Lu et aL., 1979).

Fischer rats were administered nickel chloride (16 mg/kg bw Ni) intramuscu-
larly on day 8 of gestation. The body weight of fetuses on day 20 of gestation and of
weanlings four to eight weeks after birth were reduced. No congenital anomaly was
found in fetuses from nickel-treated dams, or in rats that received ten intramuscular
injections of 2 mg/kg bw Ni as nickel chloride twice daily from day 6 to day 10 of
gestation (Sunderman et al., 1978a).

Groups of pregnant Wistar rats were given nickel chloride (1, 2 or 4 mg/kg bw
Ni) by intraperitoneal injection on days 8, 12 and 16 of pregnancy and were sacri-
ficed on day 20. More malformations occurred when nickel was administered dur-
ing organogenesis than after, and their occurrence was maximal at dose levels that
were toxic to dams. The abnormalities included hydrocephalus, haemorrhage, hy-
dronephrosis, skeletal retardation and one heart defect (Mas et al., 1985).

(iv) Other nickel compounds
Nickel carbonyl (11 mg/kg bw Ni) was in jected intravenously into pregnant Fis-

cher rats on day 7 of gestation. On day 20, fetal mortality was increased, the body
weight of live pups was decreased and there was a 16% incidence of fetal malforma-
tions, including anophthalmia, microphthalmia, cystic lungs and hydronephrosis.
No information was given regarding maternaI toxicity (Sunderman et al., 1983b).

Fischer rats were exposed on day 7 or 8 of gestation by inhalation to nickel
carbonyl at concentrations of 80, 160 or 360 mg/m3 for 15 min. Ophthalmic anoma-
lies (anophthalmia and microphthalmia) were observed in 86/511 fetuses from 62
pregnancies; they were most prevalent at the highest dose level and were not ob-
served when the compound was given on day 9 of gestation (Sunderman et al.,
1979b). In another experiment, pregnant rats exposed to 60 or 120 mg/m3 nickel
carbonyl by inhalation for. 15 min on day 8 of gestation also had a high incidence of

ocular anomalies. MaternaI toxicity was not reported (Sunderman et al., 1978b).
Groups of pregnant hamsters were administered 60 mg/m3 nickel carbonyl by

inhalation for 15 min on days 4, 5, 6, 7 or 8 of gestation. Dams were sacrificed on day
15 and the fetuses examined for malformation. Exposure on days 4 and 5 of gesta-
tion resulted in malformations in about 5.5% of the progeny, which included cystic
lung, exencephaly, fused rib, anophthalmia, cleft palate and haemorrhage into the
serous cavities. Nine of 14 dams lived until day 16 of gestation. Haemorrhages were
not observed in con troIs. Among the fetuses of dams exposed to nickel carbonyl on
day 6 or 7 of gestation, one fetus had fused ribs and two had hydronephrosis. For
pregnancies allowed to reach full-term, there was no significant difference on the
day of delivery between pups from nickel carbonyl-exposed litters and controls.
Neonatal mortality was increased (Sunderman et al., 1980).
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if Genetic and related effects

Many reviews of the genetic effects of nickel compounds have been published

(Heck & Costa, 1982; Christie & Costa, 1984; Costa & Heck, 1984; Hansen & Stern,
1984; Reith & Brøgger, 1984; Costa & Heck, 1986; Fairhurst & Illng, 1987; Sunder-

man, 1989).

The genotoxic effects of different nickel compounds are divided into five cate-
gories: (i) those for metallc nickel; (ii) those for nickel oxides and hydroxides; (iii)
those for crystallne nickel sulfide, crystallne nickel subsulfide and amorphous
nickel sulfide; (iv) those for nickel chloride, nickel sulfate, nickel acetate and nickel
nitrate; and (v) those for nickel carbonate, nickelocene, nickel potassium cyanide
and nickel subselenide. The studies on these compounds are summarized in Ap-
pen dix 1 to this volume.

(i) Meta//ic nickel

Nickel powder was reported not to induce chromos omal aberrations in cul-
tured hum an peripheral lymphocytes (details not given) (Paton & Allson, 1972).

Nickel powder ground to a mean particle size of 4-5 Jlm at concentrations of 5,
10 a~d 20 Jlg/ml caused a dose-dependent increase in morphological transforma-
tion of Syrian hamster embryo cells (Costa et al., 1981b). At 20 l.glml, nickel powder
produced a 3% incidence of transformation, while crystallne nickel subsulfide and
crystallne nickel sulfide (at 10-20 Jlg/ml) produced a 10-13% incidence of transfor-
mation and 5 and 10 Jlg/ml of amorphous nickel sulfide induced none. Nickel pow-
der inhibited progression through S phase in Chinese hamster CHO cells, as me a-
sured by flow cytometry (Costa et al., 1982).

Hansen and Stern (1984) reported that nickel powder transformed BHK 21
cells (see General Remarks for concern about this assay). Prol1feialn in soft agar
was used as the endpoint. At equally toxic doses, they found tmit nickel powder and
crystallne nickel subsulfide had similar transforming activities; the toxicity of 200
Jlg/ml nickel powder was equal to that of 10 Jlg/ml nickel subsulfide.

(ii) Nickeloxides

Nickel monoxide and nickel trioxide in distiled water gave negative results in
the Bacillus subtilis rec + /rec- assay for differential toxicity at concentrations ranging
from 5 to 50 mM (Kanematsu et al., 1980). (The Working Group noted that since
particulate nickel compounds such as these are relatively insoluble and their entry
into mammalian cells requires phagocytosis (Costa & Mollenhauer, 1980a,b,c), it is
unlikely that they were able to enter the bacteria.)
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Chromosomal aberrations were not induced in human peripheral lymphocytes
by treatment in vitro with nickel monoxide (details not given) (Paton & Allison,
1972).

Nickel monoxide and nickel trioxide transformed Syrian hamster embryo cells
at concentrations of 5-20 l1g/mI. The activity of the trioxide was about twice that of
the monoxide, similar to that of metallc nickel and about 20% that of crystalline
nickel sulfide (Costa et al., 1981a,b).

Nickel monoxide that was ca1cined at a low temperature had greater trans-
forming activity in this system th an nickel monoxide ca1cined at a high temperature
at concentrations of 5 and 10 llg/ml and was equivalent to that of crystalline nickel
sulfide. The cell-transforming activity of these nickel compounds was reported to
correlate weIl with their ability to induce preneoplastic changes in rats (Sunderman
et al., 1987).

Syrian hamster BHK 21 cells were transformed by nickel monoxide and by a
nickel oxide catalyst identified as Ni01.4(3H20). At equally toxic doses, nickel mon-
oxide had the same transforming activity as did nickel subsulfide. (See General
Remarks for concern about this assay.) The nickel oxide catalyst, Ni01.4, had simi-
lar toxicity and transforming capacity as nickel subsulfide (Hansen & Stern, 1983,
1984).

The ability of 50 l1M nickel monoxide to induce anchorage-independent

growth in primary human diploid foreskin fibroblasts was similar to that of 10 llM
nickel subsulfide or nickel acetate. The absolute numbers of anchorage-indepen-
dent colonies induced at these doses were 26 with nickel monoxide, 67 with nickel

subsulfide, 79 with nickel sulfide (10 l1M) and about 42 with nickel acetate, com-
pared with no ne in cultures of untreated cells. The frequency of anchorage-inde-
pendent growth induced by nickel monoxide was about three-fold less than with
nickel subsulfide, but was equivalent to that obtained with nickel acetate. The tran-
formed cells had 33- to 429-fold higher plating efficiency in agar than the parental
cells; anchorage-independence was stable for eight passages only (Biedermann &
Landolph (1987).

Nickeloxide inhibited progression through S phase in Chinese hamster CHÛ
cells, as measured by flow cytometry (Costa et al., 1982).

(iii) Nickel sulfides (crystalline nickel sulfide, crystalline nickel subsulfide

and amorphous nickel sulfide)
Crystallne nickel sulfide and nickel subsulfide were actively phagocytized by

cells at an early stage following their addition to tissue cultures. Phagocytosis was
dependent upon the calcium concentration În the medium (Abbracchio et al.,
1982a) and particle size (particles )- 5-6 llm were much less activelytaken up and
much less toxic than smaller particles) (Costa & Mollenhauer, 1980a,b,c). Particles
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are taken up in are as of active cell ruffling, internalized and moved about the cell in
a saltatory motion; lysosomes repeatedly interact with the particles, which are con-
tained in the perinuclear region and sometimes inside cytoplasmic vacuoles, where
they slowly dissolve, releasing nickel ions (Evans et al., 1982). Interaction between
lysosomes and nickel sulfide particles may result in exposure of the partic1es to the
acidic content of the lysosomes, and this interaction may accelerate intracellular
dissolution of crystallne nickel sulfide to ionic nickel (Abbracchio et al., 1982a). ln
contrast, amorphous nickel sulfide and nickel partic1es were not significantly taken
up by cells in vitro (Costa et aL., 1981a). Crystallne nickel sulfide partic1es differ
from amorphous partic1es in that they have a negative surface charge, as shown us-
ing Z-potential measurements and binding of the partic1es to filter-paper dises of-
fering different charges (Abbracchio et al., 1982b). Alteration of the positive charge
of amorphous nickel sulfide particles by treatment with lithium aluminium hydride
results in activation of phagocytosis (Abbracchio et al., 1982b; Costa, 1983).

Crystallne nickel sulfide was actively phagocytized by the protozoan Paramoe-
cium tetraurelia and induced le th al genetic damage in parent cells. The activity of
nickel subsulfide was more consistent than that of nickel sulfide, but both com-
pounds produced higher mutagenic activities than glass beads, used as a control.
The concentrations used ranged from 0.5 to 54 ltg/ml; both compounds showed
greatest mutagenicity at 0.5 ltg/ml, as higher levels were toxic (Smith-Sonneborn
et al., 1983).

Crystallne nickel subsulfide at 5, 10 and 50 ltg/ml inhibited DNA synthesis in
the rat liver epithelial cell line T51B (Swierenga & Mc Lean, 1985). Nickel subsulfide

inhibited progression through S phase in Chinese hamster CHO cells, as measured
by flow cytometry (Costa et al., 1982).

Crystallne nickel sulfide and nickel subsulfide were active in inducing DNA
damage in cultured mammalian cells. Crystallne nickel sulfide induced DNA
strand breaks in rat primary hepatocytes (Sina et aL., 1983) and, at 1-20 l1g1ml,
single-strand breaks in tritium-Iabelled DNA in cultured Chinese hamster ovary
cells, as determ~ned using alkaline sucrose gradients (Robison & Costa, 1982). Us-
ing the same technique, Robison et al. (1982) showed that crystallne nickel subsul-
fide also induced strand breaks, whereas amorphous nickel sulfide, which is not
phagocytized by cells, did not. As observed with alkaline elution analysis, crystal-
line nickel sulfide induced two major types of lesion - single-strand breaks and
DNA protein cross-links (Costa et al., 1982; Patierno & Costa, 1985). Treatment of
primary Syrian hamster embryo cells with crystallne nickel subsulfide at 10 l1g/ml
and Chinese hamster CHO cells with crystallne nickel sulfide at 1-5 l1g/ml induced
DNA repair, as determined by analysis with caesium chloride gradients. Amor-
phous nickel sulfide had no effect in either cell type (Robison et al., 1983).
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Crystalline nickel subsulfide and amorphous nickel sulfide induced a weak
mutation response at the hprt (6-thioguanine and 8-azaguanine resistance) locus in
Chinese hamster ovary cells (Costa et aL., 1980).

Mutation to 8-azaguanine resistance was induced in a cultured rat liver epithe-
liaI cell line T51B treated with particulate crystallne nickel subsulfide at concentra-
tions ranging from 5 to 50 lLg/mL. At noncytotoxic doses, the mutagenic activity was
four-fold above background, and at cytotoxic doses it was 20-fold above back-
ground. The mutagenic activity of dissolved products of these particles (at 12.5-20
Jlg/ml) was about two-fold above background at noncytotoxic doses and 20-fold
above background at cytotoxic doses. Neither dissolved nor particulate nickel
subsulfide at 2-27 Jlg/ml induced unscheduled DNA synthesis in rat primary hepa-
tocytes (Swierenga & McLean, 1985). Nickel subsulfide, however, was reported to
inhibit unscheduled DNA synthesis induced in primary rat hepatocytes by methyl
methane sulfonate (details not given) (Swierenga & McLean, 1985). Concentrations
of 0.5-10 JlM nickel subsulfide did not induce 8-azaguanine or 6-thioguanine resis-
tance in primary human fibroblasts (Biedermann & Landolph, 1987).

Crystallne nickel sulfide (0.1-0.8 Jlg/cm2) was mutagenic in monolayer cul-
tures in Chinese hamster V79 cells in which the endogenous hprt gene had been in-
activated by a mutation and a single copy of a bacterial gpt gene had been inserted
(Christie et al., 1990).

The frequency of sister chromatid exchange was increased in cultured human
lymphocytes treated with nickel subsulfide at 1-10 Jlg/ml (Saxholm et al., 1981).

Chromosomal aberrations were induced in cultured mouse mammary carcino-
ma Fm3A cells following treatment with 4-8x 10-4M crystallne nickel sulfide dis-
solved in medium and filtered. The early chromos omal aberrations consisted of
gaps; following reincubation in control medium after treatment, gaps, breaks, ex-
changes and other types of aberration were observed (Nishimura & Umeda, 1979;
Umeda & Nishimura, 1979). (The Working Group noted that the chemical form of
nickel used in this study is not known. J

Treatment of Chinese hamster ovary ce Ils with crystallne nickel sulfide at 5-20
Jlg/ml for 6-48 h produced a dose- and time-dependent increase in the frequency of
chromosomal aberrations, which were selective for heterochromatin and included
mostly gaps and breaks, with some exchanges and dicentrics (Sen & Costa, 1985).
Crystallne nickel sulfide at 1-10 Jlg/ml also increased the frequency of sister chro-
matid exchange in a dose-dependent fashion, selectively in heterochromatic re-
gions, in both Chinese hamster ovary cells (Sen & Costa, 1986b) and mouse
C3H/10rh cells (Sen et al., 1987).
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A dose-dependent increase in the frequency of morphological transformation
was induced in primary Syrian hamster embryo cells by treatment with crystallne
nickel subsulfide at 1-5 Jlg/ml for nine days (Di Paolo & Casto, 1979) and by either
crystallne nickel sulfide or nickel subsulfide at 0.1-10 Jlg/ml for 48 h (Costa et al.,
1979; Costa, 1980; Costa & Monenhauer, 1980a,b,c; Costa et aL., 1981a,b, 1982). At
the same dose range, amorphous nickel sulfide had no effect. Clones derived from
the transformed cells had greater plating efficiency, saturation densities and prolif-
eration rates than normal cells; they also had more inducibility of ornithine decar-
boxylase, were able to proliferate in soft agar and were tumorigenic in nu de mice.

C3H/l0'Ph cens were transformed at equal frequencies by crystallne nickel
subsulfide at concentrations of 0.001, 0.01 and 0.1 l1g/ml; at concentrations higher
than 1 Jlg/ml, there was no transformation due to cell lysis or death. Transformed
cens also showed long microvili. They were not characterized for their abilty to
form tumours in nude mice or for anchorage-independent growth (Saxholm et al.,
1981). (The Working Group questioned the induction of transformation by concen-
trations of crystalline nickel subsulfide as low as 0.001 Jlg/m1.)

Crystallne nickel subsulfide induced transformed properties in rat liver epi-
thelial T51B cells that were related to cytokeratin lesions. Solutions prepared as
leachates of nickel subsulfide (containing about 300 Jlg/ml Ni) induced large juxa-
nuclear cytokeratin aggregates within 24 h of exposure, which persisted after remov-
al of the compounds and were passed on to daughter cells. After long-term expo-
sure to 2.5 Jlg/ml crystallne nickel subsulfide (dissolution products), these lesions
were related to concomitant induction of differentiation and transformation mark-
ers, loss of density dependence, ability to grow in calcium-deficient medium and
increased growth rates. Altered cens formed differentiated benign tumours in nude
mice (Swierenga et al., 1989).

Crystallne nickel subsulfide at 5-20 Jlg/ml induced transformation to anchor-
age-independence of Syrian hamsterBHK 21 cens (Hansen & Stern, 1983). (See
General Remarks for concern about this assay.)

Human skin fibroblasts transformed by crystallne nickel subsulfide to an-
chorage-independent growth had a much higher plating efficiency than normal
cells. The phenotype was stable for eight passages (Biedermann & Landolph, 1987).

Crystallne nickel sulfide, but not amorphous nickel sulfide, at doses of 1-20
J.g/ml, inhibited the polyriboinosinic-polyribocytidylic acid-stimulated production
of a/ß interferon in mouse embryo fibroblasts (Sonnenfeld et al., 1983).

HeterochromatIc abnormalities -were seen in early-passage cultures of cells
from crystalline nickel sulfide-induced, mou se rhabdomyosarcomas (Christie et al.,
1988).
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(iv) Nickel salts (nickel chloride, nickel sulfate, nickel nitrate and nickel

acetate)

Nickel acetate induced À prophage in Escherichia coli WP2g, with a maximal
effect at 0.04 mM (Rossmanii et al., 1984). Nickel sulfate at 300 Jlg/ml did not induce
forward mutations in T4 phage (Corbett et al., 1970).

Nickel chloride at 1-10 mM decreased the fidelity ofDNA polymerase using a
poly (c) template (Sirover & Loeb, 1976,1977). Nickel acetate inhibited DNA syn-
thesis in mouse mammary carcinoma Fm3A cells (Nishimura & Umeda, 1979).

Nickel chloride at 200-1000 JlM induced a genotoxic response in a differential
killng assay using E. coli WP2 (wild-type) and the repair-deficient derivative WP67
(uvrA-,poIA-) and CM871 (uvrA-, recA-, lexA-) (Tweats et al., 1981). De Flora et al.
(1984) reported negative results with nickel chloride, nickel nitrate and nickel
acetate using the same strains in a liquid micromethod test procedure, with and
without an exogenous metabolic system.

Nickel chloride did not induce differential toxicity in B. suhtilis H17 rec + (arg-,
trp-) or M45 rec- (arg-, trp-) at 5-500 mM (Nishioka, 1975; Kanematsu et al., 1980). No
mutagenicity was induced by nickel chloride at 0.1-100 mM in S. typhimurium LT2 or
TAlOO (Tso & Fung, 1981), by nickel chloride, nickel acetate or nickel nitrate in
S. tyhimurium TA1535, TA1537, TA1538, TA97, TA98 or TA100 (De Flora et al.,
1984) or by nickel chloride or nickel sulfate in S. typhimurium TA1535, TA1537,
TA1538, TA98 or TAIOO, when trimethylphosphate was substItuted for ortho-phos-
phate to allow nickel to be soluble in the media (Arlauskas et aL., 1985). Even when
substantial quantities of nickel were demonstrated to enter the bacteria, there was
stil no mutagenic response in S. typhimurium strains TA1535, TA1538, TA1975 or
TA1978 (0.5-2 mM) (Biggart & Costa, 1986).

Pikálek and Necásek (1983), however, demonstrated mutagenic activity of
nickel chloride at 0.5-10 Mg/ml in homoserine-dependent Corynebacterium sp887,
utilizing a fluctuation test. Dubins and La Velle (1986) demonstrated co-mutage ne-
sis of nickel chloride with alkylating agents in S. typhimurium strain TA100 and in
E. coli strains WP2+ and WP2uvrA-; Ogawa et aL. (1987) demonstratedco-mutage-
nesis with 9-aminoacridine. Nickel acetate at up to 100 MM was not co-mutagenic
with ultraviolet light in E. coli WP2 (Rossman & Molina, 1986). Soluble nickel salts
have been shown to be negative in host-mediated assays, using S. tyhimurium G46
in NMRI mice and Serratia marcescens A21 inmice, at concentrations of 50 mg/kg
(Buselmaier et al., 1972).

Nickel chloride at 3 and 10 mM for 24 h induced gene conversion in Saccharo-
myces cerevisiae D7 (Fukunaga et al., 1982). It also induced petite mutations in 13
S. cerevisiae haploid strains (Egilsson et al., 1979).
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Negative results were obtained in the Drosophila melanogaster somatic eye co-
lour (zeste mutation) test with nickel chloride at 0.21 mM (Rasmuson, 1985) and at
4.2 mM (Vogel, 1976) and with nickel nitrate at 0.14 mM (Rasmuson, 1985).

Nickel sulfate induced sex-linked recessive lethal mutations in D. melanogaster
at concentrations of 200, 300 and 400 ppm and sex chromos omal loss at the highest
concentration tested. The injection volume was not stated, but the LDso was 400
ppm (Rodriguez-Arnaiz & Ramos, 1986). Nickel nitrate at 3.4-6.9 mM did not in-
duce sex-linked recessive lethal mutations in D. melanogaster (Rasmuson, 1985).

Nickel chloride increased the frequency of strand breaks in Chinese hamster
ovary cells at 1 and 10 l.g/ml with 2-h exposure (Robison & Costa, 1982) and at
10-100 l.M for 16 and 48 h, with a decrease in the average molecular weight of DNA
from 7.2-5.7 X 10-7 Da (Robison et al., 1982). Nickel chloride at 0.5-5 mM induced
both single-strand breaks and DNA-protein cross-links in the same cellline. The
extent of cross-linking was maximal during the late S phase of the cell cycle when
heterochromatic DNA is replicated (Patierrio & Costa, 1985; Patierno et aL., 1985).

Nickel chloride at 0.05 mM for 30 min did not induce DNA strand breaks in
human lymphocytes as evaluated by alkaline unwinding (McLean et aL., 1982). (The
Working Group noted that the exposure period was very short and the dose very
low.) Nickel sulfate at 250 l.g/ml did not induce DNA single-strand breaks in hu-
man fibroblasts (Ag 1522) (Fornace, 1982).

Nickel chloride at 0.1-1 mM induced DNA repair synthesis in Chinese hamster
ovary and primary Syrian hamster embryo cells, which have a very high degree of
density inhibition of growth and very little background replication synthesis (Robi-
son et al., 1983, 1984). It inhibited DNA synthesis in primary rat embryo cells at 1.0
l.g/ml (Basrur & Gilman, 1967) and in T51B rat liver epithelial cells (Swierenga &
McLean, 1985).

Exposure of two human celllines, HeLa and diploid embryonic fibroblasts,
and of Chinese hamster V79 cells and L-A mouse fibroblasts to nickel chloride in
vitro resulted in a dose-dependent depression of proliferation and mitotic rate. The
effects on viabilitywere accompanied by a reduction in DNA, protein and, to a.less-
er degree, RNA synthesis. Cells in Gland early S phases were most sensi tive (Skreb
& Fischer, 1984). Nickel chloride also selectively blocked cell cycle progression in
the S phase in Chinese hamster ovary cells (Harnett et al., 1982). Nickel chloride at
40-120 ll for one to several days of exposure prolonged S-phase in Chinese ham-
ster ovary cells (Costa et al., 1982).

Nickel chloride at 0.4 and 0.8 mM for 20 h induced 8-azaguanine-resistant mu-
tations in Chinese hamster V79 cells, although 0.8 mM induced a very weak muta-
genic response (Miyaki et aL., 1979). Nickel chloride at 0.5-2.0 mM induced a
dose-related increase in the frequency of mutation to 6-thioguanine resistance in
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Chinese hamster V79 cells. At 2 mM, cell survival was 50% and the mutant fraction
was 8.6-fold above background (Hartwig & Beyersmann, 1989). Trifluorothymi-
dine-resistant mutants were induced in L5178Y tk+/- mouse lymphoma cells fol-
lowing exposure to nickel chloride at 0.17-0.71 mM for 3 h; dose-dependent two- to
five-fold increases in mutation frequency were seen, survival ranging from 5 to
33.5% (Amacher & Pailet, 1980).

Nickel sulfate at 0.1 mM induced a two-fold increase in the frequency of muta-
tion to 6-thioguanine resistance over the background level in Chinese hamster V79
cells (G 12) containing a transfected bacterial gpt gene (Christie et al., 1990). No gene
mutation to ouabain resistance was seen, however, in primary Syrian hamster em-
bryo cells exposed to 5 iig/ml nickel sulfate (Rivedal & Sanner, 1980).

As assessed in a mutation assay for the synthesis of P_85gag-mos viral proteins,
nickel chloride at concentrations of 20-160 iiM induced expression of the v-mas
gene in MuSVts 110-infected rat kidney cells (6m2 cell line) (Biggart & Murphy,
1988).

Nickel chloride at 0.01-0.05 mM increased the incidence of sister chromatid
exchange in Chinese hamster ovary cells (Sen et al., 1987). An increased frequency
was also seen with nickel sulfate at 0.1 mM in the P33 8Di macrophage cell line
(Andersen, 1983), at 0.13 mM in Chinese hamster Don cells (Ohno et al., 1982), at
0.004-0.019 mM in Syrian hamster embryo cells (Larramendy et aL., 1981), at 0.75
iig/ml (0.003 mM) in Chinese hamster ovary cells (Deng & Ou, 1981) and at 0.01 mM
in hum an lymphocytes (Andersen, 1983). Dose-dependent increases in the frequen-
cy of sister chromatid exchange were seen in human peripheral blood lymphocytes
with nickel sulfate at 0.01 mM and 0.019 mM (Larramendy et al., 1981),0.0023-2.33
mM (Wulf, 1980) and 0.95-2.85 iiM (Deng & Ou, 1981).

Nickel chloride induced chromosomal aberrations in Fm3A mou se mammary
carcinoma cells (Nishimura & Umeda, 1979; Umeda & Nishimura, 1979). It also
induced aberrations (primarily gaps, breaks and exchanges) in Chinese hamster
ovary cells at 0.001-1 mM, preferentially in heterochromatic regions (Sen & Costa,
1985, 1986b; Sen et aL., 1987); and aberrations in Syrian hamster embryo cells at
0.019 mM (Larramendy et aL., 1981). Increased frequencies were also reported in
Syrian hamster embryo cells (0.019 mM) and human peripheral blood lymphocytes
(0.019 mM) exposed to nickel sulfate hexahydrate (Larramendy et al., 1981) and in
Fm3A mouse mammary carcinoma cells exposed to nickel acetate at 0.6 mM for
48 h (Umeda & Nishimura, 1979) or at 1 mM for 24 h (Nishimura & Ume 

da, 1979).

Nickel sulfate at 1.0 mM reduced average chromosomallength in hum 

an lym-
phocytes, indicating its ability to act as a powerful spindle inhibitor at concentra-
tions just below lethallevels (Andersen, 1985).
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Nickel sulfate hexahydrate and nickel chloride induced a concentration-de-
pendent increase in morphological transformation of Syrian hamster embryo cells
(Pienta et al., 1977; DiPaolo & Casto, 1979 (2.5-10 i.g/ml); Zhang & Barrett, 1988).
Nickel sulfate transformed these cells at 5 i.g/ml (Rivedal & Sanner, 1980; Rivedal et
al., 1980; Rivedal & Sanner, 1981, 1983), and concentrations of 10-0 i.g/ml (38-154
iiM) nickel sulfate enhanced transformation of normal rat kidney cells infected with
Molony murine sarcoma virus (Wilson & Khoobyarian, 1982).

Nickel acetate at 100-400 i.g/ml transformed Syrian hamster BHK21 cells
(Hansen & Stern, 1983) (See General Remarks for concern about this assay.)

Nickel acetate and nickel sulfate at 10 i.M induced transformation to anchor-
age-dependent growth of primary human foreskin fibroblasts (Biedermann & Lan-
dolph, 1987).

Continuous exposure of cultures of normal human bronchial epithelial cells to
nickel sulfate at 5-20 i.g/ml reduced colony-forming efficiency by 30-80%. After 40
days of incubation, 12 cell lines were derived which exhibited accelerated growth,
aberrant squamous differentiation and loss of the requirement for epidermal
growth factor for clonaI growth. Aneuploidy was induced and marker chromo-
somes were found. However, none ofthese transformed cultures was anchorage-in-
dependent or produced tumours upon injection into athymic nude mice (Lechner et
al., 1984). Human fetal kidney cortex explants were exposed continuouslyto 5 ).g/ml
nickel sulfate. After 70-100 days, immortalized cell lines were obtained, with de-
creased serum dependence, increased plating efficiency, higher saturation density
and ability to grow in soft agar. However, they were not tumorigenic (Tveito et aL.,
1989).

Nickel sulfate disrupted cell-to-cell communication in a dose-related manner
in NIH3T3 cells from a base level of 98% at 0.5 mM to 2% at 5mM; cell viabiltywas

not affected by these concentrations (Miki et aL., 1987). (The Working Group noted
that the method for determining cell viability was not described.)

Intraperitoneal injections of nickel sulfate at 15-30% of the LDso to CBA mice
in vivo suppressed DNA synthesis in hepatic epithelial cells and in the kidney (Am-
lacher & Rudolph, 1981). Nickel chloride given by intramuscular injection to rats at
20 mg/kg bw Ni inhibited DNA synthesis in the kidney (Hui & Sunderman, 1980).

Polychromatic eryhrocytes were not induced in BALB/c mi ce after an intra-
peritoneal injection of 25 mg/kg bw nickel chloride or 56 mg/kg bw nickel nitrate
(Deknudt & Léonard, 1982).

The frequency of chromosomal aberrations in bone-marrow cells and sperma-
togonia of male albino rats was not increased following intraperitoneal injections of

3 and 6 mg/kg bw nickel sulfate. AnimaIs were sacrificed seven to 14 days after
treatment (Mathur et al., 1978).
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Nickel chloride increased the frequency of chromosomal aberrations in
bone-marrow cells of Chinese hamsters given intraperitoneal injections of concen-
trations that were 4-20% of the LD50 (Chorvatovicová, 1983) and of Swiss mice given
intraperitoneal injections of 6, 12 or 24 mg/kg bw (Mohanty, 1987).

Dominant lethal mutations were not induced in BALB/c mice after an intra-
peritoneal injection of 12.5-100 mg/kg bw nickel chloride or 28-224 mg/kg bw nickel
nitrate (Deknudt & Léonard, 1982).

(v) Other nickel compounds

DNA-protein cross-lin king in the presence of the nickel(II)- and nickel(IIIJ-
tetraglycine complexes and molecular oxygen was observed in vitro in calf thymus
nucleohistone. The same complexes were also able to cause random polymerization
of histones in vitro (Kasprzak & Bare, 1989).

Haworth et al. (1983) reported no mutation in S. typhimurium TA100, TA1535,
TA1537 or TA98 following exposure to nickelocene at doses up to 666 llg/plate.

Nickel potassium cyanide at concentrations of 0.2-1.6 mM for 48 h increased
the frequency of chromosomal aberrations in Fm3A mouse mammary carcinoma
ce Ils (Nishimura & Umeda, 1979; Umeda & Nishimura, 1979).

Crystalline nickel subselenide at 1-5 llg/ml inhibited cell progression through
S phase, as seen with flow cytometry (Costa et aL., 1982). Concentrations of 5-20
llg/ml crystallne nickel subselenide transformed primary Syrian hamster embryo
cells (Costa et aL., 1981a,b; Costa & Mallenhauer, 1980c).

Intravenous administration of nickel carbonyl to rats at 20 mg/kg bw Ni inhib-
Ited DNA synthesis in liver and kidney (Hui & Sunderman, 1980).

DNA-protein cross-links and single-strand breaks, as detected by alkalIne elu-
tion, were found in rat kidney nuclei 20 h after intraperitoneal injection of 'nickel
carbonate' at 10-40 mg/kg bw (Ciccarell et al., 1981). After 3 and 20 h, single-strand
breaks were detected in lung and kidney nuclei, and both DNA-protein and DNA
interstrand cross-links were found in kidney nuclei. No DNA damage was observed
in liver or thymus gland nuclei (Ciccarell & Wetterhahn, 1982). (The Working
Group noted that the compound tested was probably basic nickel carbonate.)

3.3 Other relevant data In humans

(a) Absorption, distribution, excretion andmetabolism
Recent reviews include those of Raithel and Schaller (1981), Sunderman et al.

(1986a), the US Environmental Protection Agency (1986), Grandjean et al. (1988),
Sunderman (1988) and the World Health Organization (1990).

A positive relation exists between air levels of nickel and serum/plasma con-
centrations of nickel after occupation al exposure to various forms of nickel (see also
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Tables 11, 12, 13). A considerable scattering of results was apparent, and the corre-
lation was poor; a better correlation may be achieved in individual studies of
well-defined exposure groups (Grandjean et aL., 1988). Sparingly soluble com-
pounds may be retained in the lungs for long periods of time. Thus, even three to
four years after cessation of exposure, nickel concentrations in plasma and urine
were elevated in retired nickel workers exposed to sparingly soluble compounds in
the roasting/smelting department of a nickel refinery (Boysen et al., 1984). Respira-
tory uptake of nickel in welders is described in the monograph on welding.

Provided that pulmonary exposure to nickel can be excluded, the approximate
fraction of nickel absorbed by the intestinal tract can be estimated from oral intake
andfaecal and urinaiy nickel elimination (Horak & Sunderman, 1973). Cumulative
urinary excretion in non-fasting volunteers given a single oral dose of 5.6 mg Ni as
nickel sulfate hexahydrate indicated an intestinal absorption of 1-5% (Christensen
& Lagesson, 1981; Sunderman, 1988). After ingestion of nickel sulfate during fast-
ing, 4-20% of the dose was excreted in the urine within 24 h (Cronin et aL., 1980).
Compartmental analysis of nickel levels in serum, urine and faeces in a study of
intestinal absorption of nickel sulfate by human volunteers showed that an average
of about 27% was absorbed when ingested as an aqueous solution after 12 h of fast-
ing, while 0.7% was absorbed when the nickel was ingested with scrambled eggs
(Sunderman et aL., 1989b). Ingestion of food items with a high natural nickel content
resulted in a urinary excretion corresponding to about 1% of the amount ingested
(Nielsen et aL., 1987). The bioavailability of nickel can be reduced by various dietary
constituents and beverages. Drugs may influence intestinal nickel absorption.
Ethylenediaminetetraacetic acid very efficiently prevented intestinal absorption of
nickel (Solomons et al., 1982); and, as reported in an abstract, disulfiram increased
the intestinal absorption of nickel, probably by forming a lipophilic complex be-
tween its metabolite diethyldithiocarbamate and nickel (Hopfer et al., 1984).

After intestinal absorption of nickel ingested as nickel sulfate hexahydrate in
lactose by eight volunteers, most of the nickel present in blood was in serum; nickel
concentrations in serum and blood showed a very high positive correlation (r= 0.99)
(Christensen & Lagesson, 1981). ln patients with chronic renal failure, a high nickel
concentration was found in serum but no significant increase was observed in lym-
phocytes (Wils et al., 1985). However, in nickel refineryworkers, plasma nickel con-
centrations were lower than those in whole blood, and about 63% appeared to be
contained in the buffy coat (Barton et al., 1980).

As reported in an abstract, nickellevels in intercellular fluid were significantly
lower in a group of nickel-allergic patients than in controls, possibly due to cell
binding or uptake (Bonde et al., 1987). This finding may be related to the observa-
tion that incubation with nickel subsulfide in vitro caused considerable binding of
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nickel to the cell membrane ofT-lymphocytes from nickel-sensitized patients but to
very few cells from nonsensitized persons (Hildebrand et aL., 1987).

The lungs contain the highest concentration of nickel in humans wïth no known
occupational nickel exposure; lower levels occur in the kidneys, liver and other tis-
sues (Sumino et al., 1975; Rezuke et aL., 1987). One study documented high levels in
the thyroid and adrenals (Rezuke et al., 1987) and another in bone (Sumino et al.,
1975). The pulmonary burden of nickel appears to increase with age (Kollmeier et
al., 1987), although this correlation was not confirmed in another study (Raithel et
al., 1988). The upper are as of the lungs and the right middle lobe contained higher
nickel concentrations than the rest of the lung (Raithel et al., 1988), and high concen-
trations were found in hilar lymph nodes (Rezuke et al., 1987).

Lung tissue froID three of four random cases of bronchial carcinoma from an
area with particularly high local emissions of chromium and nickel contained in-
creased concentrations of nickel and chromium (Kollmeier et al., 1987), while no
such tendency was seen in ten other cases with no known occupational exposure to
nickel (Turhan et al., 1985).

High nickel concentrations were found in biopsies of nasal mucosa from both
active and retired workers from the Kristiansand, Norway, nickel refinery, particu-
larly in workers from the roasting/smelting department. After retirement, in-
creased nickel levels persisted for at least ten years, with slow release at a half-time
of 3.5 years (Torjussen & Andersen, 1979). Biopsies froID two nasal carcinomas in
nickel refinery workers contained nickel concentrations similar to those seen in
biopsies from workers without cancer (Torjussen et al., 1978). Lung tissue obtained
at autopsy of workers from the roasting and smelting department of the Norwegian
nickel refinery contained higher nickel concentrations (geometric mean, 148 iig/g
dry weight; n = 15) than tissue from workers from the electrolysis department (geo-
metric mean, 16 iig/g; n = 24); nickel concentrations in lung tissue were not higher
in workers who had died from lung cancer th an in workers who had died of other
causes (Andersen & Svenes, 1989).

In cases of nickel carbonyl poisoning, the highest nickel concentrations have
been recorded in the lùngs, with lower levels in kidneys, liver and brain (National
Research Council, 1975).

The half-time of nickel in serum was Il h (one-compartment model during the
first 32 h) in eight volunteers after ingestion of 5.6 mg nickel sulfate hexahydrate in
lactose; serum nickel concentration and urinary nickel excretion showed a highly
positive correlation (r= 0.98) (Christensen & Lagesson, 1981). Possibly due to
delayed absorption of inhaled nickel, somewhat longer half-times were reported for
nickel concentrations in plasma and urine (20-34 h and 17-39 h, respectively) in
nickel platers (Tossavainen et aL., 1980), glass workers (30-50 h in urine) (Raithel et
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aL., 1982; Sunderman et al., 1986a) and welders (53 h in urine) (Zober et al., 1984). Ten
subjects who had accidentally ingested soluble nickel compounds and were treated
the following day with intravenous fluids to induce diuresis, showed an average
elimination half-time of 27 h, while the half-time was twice as high in untreated sub-
jects with lower serum nickel concentrations (Sunderman et aL., 1988b).

Urinary excretion of nickel is frequently used to survey workers exposed to in-
organic nickel compounds (Aitio, 1984; Sunderman et al., 1986a; Grandjean et al.,
1988). The best indicator of current exposure to soluble nickel compounds is a 24-h
urine sample (Sunderman et aL., 1986a). ln cases of nickel carbonyl intoxication,
urinary nickel level is an important diagnostic and therapeutic guide (Sunderman &
Sunderman, 1958; Adams, 1980), but its use in biological monitoring of exposure to
nickel carbonyl has not been evaluated in detaiL.

Systemically absorbed nickel may be excreted through sweat (Christensen et
al., 1979). Faecal excretion includes non-absorbed nickel and nickel secreted into
the gastrointestinal tract (World Health Organization, 1990). Saliva contains nickel
concentrations similar to those seen in plasma (Catalanatto & Sunderman, 1977).
Secretin-stimulated pancreatic juice was reported to contain an average of 1.09
nmol (64 ltg)/ml nickel, corresponding to a total nickel secretion of about 1.64-2.18
ltmol (96-128 ltg) per day at a pancreatic secretion rate of 1.5-21/day (Ishihara et al.,
1987). Bile obtained at autopsy contained an average nickel concentration of 2.3

ltg/l, suggesting daily bilary excretion of about 2-5 ltg (Rezuke et al., 1987). A biliary
nickel concentration of 62 ltg/g was recorded at autopsy of a small girl who had
swallowed about 15 g nickel sulfate crystals (Daldrup et al., 1983); since biliary ex-
cretion in this case would correspond to about 0.1% of the dose, it was considered
that this route of excretion would be of minimal importance in acute intoxication
(Rezuke et al., 1987). Nickel-exposed battery production workers showed high faecal
nickel excretion, probably owing to direct oral intake of nickel (e.g., via contamina-
tion of food from exposed surfaces); faecal nickel content (24 llg/g dry-weight) was
correlated with the amount present in air (18 ltg/m3) (Hassler et al., 1983).

Nickel was found in cord blood from full-term infants at 3 llg/l (McNeely et al.,
1971). Tissue levels at 22-43 weeks of gestation were similar to those seen in adults

(Casey & Robinson, 1978).

(b) Toxic effects

Nickel is an essential nutrient in several species, but no essential biochemical
function has been established in humans. Recent reviews of nickel toxicity in hu-
mans include those of Raithel and Schaller (1981), the US Environmental Protec-
tion Agency (1986), Sunderman (1988) and the World Health Organization (1990).

Acute symptoms reported in 23 patients exposed to severe nickel contamina-
tion during haemodialysis included nausea, vomiting, weakness, headache and pal-
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pitations; the symptoms disappeared rapidly upon cessation of dialysis (Webster et
al., 1980). Twentyworkers who accidentally ingested water contaminated with nickel
sulfate and chloride hexahydrates at doses estimated at 0.5-2.5 g Ni developed
nausea, abdominal pain or discomfort, giddiness, lassitude, headache, diarrhoea,
vomiting, coughing and shortness of breath; no related sequela was observed on
physical examinatioH, and all individuals were asymptomatic within three days
(Sunderman et al., 1988b). ln a study of fasting human volunteers, one subject who
ingested nickel sulfate (as 50 Mg/kg bw Ni) in water developed a transient hemianop-
sia at the time of peak nickel con.centration in serum (Sunderman et al., 1989b). One
fatal case of oral intoxication with nickel sulfate has been reported (Daldrup et al.,
1983).

Biochemical indications of nephrotoxicity, mainly with tubular dysfunction,
have been observed in nickel electrolysis workers (Sunderman & Horak, 1981). In-
creased haemoglobin and reticulocyte counts were reported in ten subjects three to
eight days after they had accidentally ingested 0.5-2.5 g Ni as nickel sulfate and chlo-
ride hexahydrates in contaminated drinking-water (Sunderman et al., 1988b).

Nickel is a common skin allergen - in recent studies, the most frequent cause
of allergic contact dermatitis in women and one of the most common causes in men;
about 10-15% of the female population and 1-2% of males show allergic responses
to nickel challenge (Peltonen, 1979; Menné et al., 1982). Nickel ions are considered
to be exclusively responsible for the immunological effects of nickel (Wahlberg,
1976). Sensitization appears to occur mainly in young persons, usually due to non-
occupation al skin exposures to nickel alloys (Menné et al., 1982). Subsequent provo-
cation ofhand eczema may be caused by occupational exposures, especially to nick-
el-containing fluids and solutions (Rystedt & Fischer, 1983). Oral intake of low
doses of nickel may provoke contact dermatitis in sensitized individuals (Veien et
al., 1985). Inflammatory reactions to nickel-containing prostheses and implants
may occur in nickel-sensitive individuals (Lyell et al., 1978).

Several cases of nickel-associated asthma have been described (Cirla et al.,
1985). Case reports suggest that inhalation of nickel dusts may result in chronic
respiratory diseases (as 

th ma, bronchitis and pneumoconiosis) (Sunderman, 1988).
(The Working Group was unable to determine the causal significance of nickel in
this regard.)

Nickel carbonyl is the most acutely toxic nickel compound. Symptoms follow-
ing nickel carbonyl intoxication ocur in two stages, separated by an almost symp-
tom-free interval which usually lasts for several hours. Initially, the major symp-
toms are nausea, headache, vertigo, upper airway irritation and substernal pain,
followed by interstitial pneumonitis with dyspnoea and cyanosis. Prostration, pul..
monary oedema, kidney toxicity, adrenal insufficiency and death may occur in se-
vere cases (Sunderman & Kincaid, 1954; Vuopala et al., 1970; Sunderman, 1977).
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Frequent clinical findings included fever with leukocytosis, electrocardiographic
abnormalities suggestive of myocarditis and chest X-ray changes (Zhicheng, 1986).
Hyperglycaemia has also been reported (Sunderman, 1977). Neurasthenic signs and
weakness may persist in survivors for up to six months (Zhicheng, 1986).

(c) Effects on reproduction and prenatal toxicity

No data were available to the Working Group.

(d) Genetic and related effects
Cyogenetic studies have been performed using peripheral blood lymphocytes

from electroplating and nickel refining plant workers; they are summarized in Ap-
pendix 1 to this volume.

Waksvik and Boysen (1982) found elevated levels of chromosomal aberrations

(mainly gaps; p . ~ 0.003), but not of sister chromatid exchanges, in two groups of
nickel refinery workers. One group of nine workers engaged in crushinglroastingl
smelting processes and exposed mainly to nickel monoxide and nickel subsulfide
for an average of 21.2 years (range, 3-33 years) at an air nickel content of 0.5 mg/m3
(range, 0.1-1.0 mg/m3) and with a mean plasma nickel level of 4.2 llg/l had 11.9% of
metaphases with gaps. Another group ofworkers, engaged in electrolysis, who were
exposed mainly to nickel chloride and nickel sulfate for an average of 25.5 years
(range, 8-31 years) at an air nickel content of 0.2 mg/m3 (range, 0.1-0.5 mg/m3) and
with a mean plasma level of 5.2 llg/l, had 18.3% of metaphases with gapsl. Mean
control values of 3.7% of metaphases with gaps were seen in seven office workers in
the same plant with plasma nickel levels of 1 llg/l, who were matched for age and sex.
AIl subjects were nonsmokers and nonalcohol consumers, were free from overt viral
disease, were not known to have cancer and had not received therapeutic radiation;

none was a regular drug user and the groups were uniform as to previous exposuTe
to diagnostic X-rays.

Waksvik et al. (1984) investigated nine ex-workers from the same plant who had
been retIred for an average of eight years who had had similar types of exposure to
more than 1 mglm3 atmospheric nickel for 25 years or more; they were selected from
among a group ofworkers known to have nasal dysplasia and who stil had plasma
nickel levels of 2 llg/l plasma. These retired workers showed sorne retenti on of gaps

(p ~ 0.05) and an increased frequency of chromatid breaks to 4.1 % of metaphases
versus 0.5% (p ~ 0.001) in 11 unexposed retired workers controlled for age, life style
and medication status. AlI subjects were of similar socioeconomic status and had

lThe expsures ol-hese workers were clarified in an erratum ta the original article, published subse-

quently (Mutat. Re., 104, 395 (1982)). .
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not had X-rays or overt viral disease recently; none smoked or drank a1cohoL. Four
exposed and nine unexposed subjects were on medication but not with drugs known
to influence chromos omal parameters.

Deng et al. (1983, 1988) studied the frequencies of sister chromatid exchange
and chromosomal aberrations in lymphocytes from seven electroplating workers
exposed to nickeL. Air nickel concentrations were 0.0053-0.094 mg/m3 (mean, 0.024
mg/m3). Control subjects were ten administrative workers from the same plant
matched for age and sex; the groups were uniform as to socioeconomic status, and
none of the subjects smoked or used alcohol, had overt viral disease, had recently
been exposed to X-rays or was taking medication known to have chromosomal ef-
fects. The exposed workers had an increased frequency of sister chromatid ex-
change (7.50 :l 2.19 (SEM) versus 6.06 :i 2.30 (SEM); p ~ 0.05). (The Working
Group noted that this is a small difference between groups.) The frequency of chro-
mosomal aberrations (gaps, breaks and fragments) was increased from 0.8% of me-
taphases in controls to 4.3% in nickel platers.

The frequencies of sister chromatid exchange and chromosomal aberrations
were studied in workers in a nickel carbonyl production plant. The subjects were
divided into four groups: exposed, exposed smokers, controls and control smokers.
Controls were ex-employees. None of the subjects had a history of serious illness;
none was receiving irradiation or was infected by viruses at the time of blood sam-
pling. No significant difference in the frequency of chromosomal breaks or gaps
was observed between the different groups, and there was no statistically significant
difference in the frequency of sister chromatid exchange between unexposed and
nickel-exposed workers (Decheng et al., 1987). (The Working Group noted that sev-
eral discrepancies in the description of this study make it difficult to evaluate.)

Studies of mutagenicity and chromos omal effects in humans are summarized
in Table 25.

3.4 Epidemiological studies of carcinogenicity to humans

(a) lntroduction

The report of the International Committee on Nickel Carcinogenesis in Man
(ICNCM) (1990) presents updated results on nine cohort studies and one case-con-
trol study of nickel workers, one of which was previously unpublished. The Îndus-
tries inc1ude mining, smelting, refining and high-nickel alloy manufacture and one
industry in which pure nickel powder was used. The report adds to or supersedes
previous publications on most of these cohorts, as various new analyses are in-
cluded, some cohorts have been enlarged, and follow-up has been extended. Nickel
species were divided into four categories: metallc nickel, oxidic nickel, soluble nick-
el and sulfidic nickel (inc1uding nickel subsulfide). Soluble nickel was defined as
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Table 25. Cytogenetic studies of people exposed occupationally to nickel and nickel compounds -
Occpational exposure Reported principal Mean reported dose Sister chromatid Chromosomal Reference

~components (range) exchange aberrations ----
~

Crushing, roasting, Nickel monoxide, nickel Air: 0.5 (0.1-1.0) mglm3 None Only gaps Waksvik & 0
smelting subsulfide Expsure: 21.2 (3-33) year Boysen (1982) Z0

Electrolysis Nickel chloride, nickel sulfate Air: 0.2 (0.1-0.5) mglm3 None Mainly gaps Waksvik & 0
Expsure: 25.2 (8-31) years Boysen (2982)

~
Crushing, roasting, Nickel monoxide, nickel Air: 1 mglm3 None Gaps and breaks Waksvik et al. ~

smelting and/or subsulfide, nickel chloride, Expsure: ~ 25 year in retired workers (1984) ~
electrolysis nickel sulfate â

Nickel carbonyl Nickel carbonyl Expsure: 7971 h None None Decheng et al. S
production (1987) a:

Electroplating Nickel and chromium com- Air: 0.0053-0.094 mglm3 Small increase Mainly gaps, but Deng et al. m..
pounds Expsure: 2-27 years also breaks and (1983, 1988) 1.

fragments

kajo
Rectangle
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consisting 'primarily of nickel sulfate and nickel chloride but may in some estimates
inc1ude the less soluble nickel carbonate and nickel hydroxide'.

The historical estimates of exposure cited in the reviews of the following stu-
dies were not based on contemporary measurements. Furthermore, total airborne
nickel was estimated first, and this estimate was then divided into estimates for four
nickel species (metallc, oxidic, sulfidic and soluble), as defined in the report of 

the
committee (ICNCM, 1990). The procedures for dividing the exposure estima 

tes aredescribed in section 2 of this monograph (pp. 297-298). Because of the inherent
error and uncertainties in the procedures for estimating exposures, the estimated
concentrations of nickel species in workplaces in the ICNCM analysis must be in-
terpreted as broad ranges indicating only estimates of the order of magnitude of the
actual exposures.

In order to faciltate the interpretation of the epidemiological findings on mor-
tality from lung cancer and nasal cancer, selected estimates of exposure are pres-
ented in Tables 26, 27 and 28 (pp. 402-404) for some of the plants and subcohorts.
The expo~ure estimates presented in the tables should be used only to make qualita-
tive comparisons of exposure among departments within a plant and should not be
used to make comparisons of exposure estimates among plants, for the reasons giv-
en above.

(b) Nickel mining, smelting and reftning

(i) lNCO Ontario, Canada (mining, smelting and rejining)l
Follow-up of all sinter plant workers and of aIl men employed at the Ontario

division ofINCO for at least six months and who had worked (or been a pensioner)
between 1 January 1950 and 31 December 1976 (total number of men, 54509) was
extended to the end of 1984 by record linkage to the Canadian Mortality Data Base
(ICNCM, 1990). Sinter plant workers included men who had worked in two differ-
ent sinter plants in the Sudbury are a (the Coniston and Copper Cliff sinter plants)
and in the leaching, calcining and sintering department at the Port Col 

borne nickelrefinery. In the Coniston sinter plant, sulfidic nickel ore concentrates were partially
oxidized at 600°C (Roberts et al., 1984) on sinter machines to remove about
one-third of the sulfur and to agglomerate the fine material for smelting in a blast
furnace. In the Copper Cliff sinter plant, nickel subsulfide was oxidized to nickel
oxide at very high temperatures (16500 C). The leaching, calcining and sintering

IThere are sorne discrepancies between the figures cited here and those reported by Robert et al.

(1990a,b), but the differences are not substantia1.
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department produced black and green nickel oxides from nickel subsulfide by a
series of leaching and ca1cining operations. The department also included a sinter
plant like that at Copper Cliff. Employment records for men employed in the
department did not allow them to be assigned to individual leaching, calcining or
sintering operations. Mortality up to the end of 1976 in this cohort of about 55 000

men was described by Roberts et al. (1984); an earlier study of 495 men employed at
the Copper Cliff sinter plant was reported by Chovil et al. (1981). The nickel species
to which men were exposed in dusty sintering operations were primarily oxidic and
sulfidic nickel, and possibly soluble nickel at lower levels (see Table 26). High con-
centrations of nickel compounds were estimated in the Copper Cliff sinter plant,
which ranged from 25-60 mg/m3 Ni as nickel oxide and 15-35 mg/m3 Ni as nickel
subsulfide, with up to 4 mg/m3 Ni soluble nickel as anhydrous nickel sulfate
between 1948 and 1954. Among the 3769 sinter plant workers, there were 148 lung
cancer deaths (standardized mortality ratio (SMR), 261; 95% confidence interval

(CI), 220-306) and 25 nasal cancer deaths (SMR, 5073; 95% CI, 

3282-7489). Among

the 50 977 nonsinterworkers in the cohort, there were 547 lung cancer deaths (SMR,
110; 95% CI, 101-120) and six nasal cancer deaths (SMR, 142; 95% CI, 52-309). The
only other site for which cancer mortality was significantly elevated was the buccal
cavityand pharynx (12 deaths in sinter plant workers: SMR, 21l; 95% CI, 109-369; 35
deaths in other workers: SMR, 71; 95% CI, 49-99). The sin 

ter plant workers had
little or no excess risk during the first 15 years after starting work (no nasal cancer
death; five lung cancer deaths; SMR, 158 (95% CI, 51-370)), and their subsequent
relative risk increased with increasing duration of employment. There were also
statistically significant excesses of mortality from lung cancer in men employed for
25 or more years in the Sudbury area, both in mining (129 deaths; SMR, 134 (95%
CI, 112-159)) and in copper refining (24 deaths; SMR, 207 (95% CI, 133-308)). In the
electrolysis department of the Port Col borne plant, workers were estimated to be
exposed to low concentrations of metallc, oxidic, sulfidic and soluble nickeL. Seven
nasal cancer deaths occurred (SMR, 5385; 95% CI, 2165-11094) in men who had
spent over 15 years in the electrolysis department at Port Col 

borne; all seven had
spent some time in the leaching, sintering and calcining are 

a at the Sudbury site,

although two had spent only three and seven months, respectively. Lung cancer
mortality among workers in the electrolysis department with no exposure in leach-
ing, calcining and sintering, but with 15 or more years since first exposure, gave an
SMR of 88 (19 deaths; 95% CI, 53-137). There was a marked difference in the ratio
of lung to nasal cancer excess between the Copper Cliff sinter plant and the Port
Colborne leaching, ca1cining and sintering plant: 7:1 at Copper Cliff (63 observed
lung cancers, minus 20.5 expected, versus six nasal cancers) and only about 2: 1 at
Port Colborne (72 observed lung cancers, minus 30.0 expected, versus 19 nasal can-
cers).
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(ii) Falconbridge, Ontario, Canada (mining and smelting)

A cohort of 11594 men employed at Falconbridge, Ontario, between 1950 and
1976, with at least six months' service, was previously followed up to the end of 1976
(Shannon et al., 1984a,b). Follow-up has now been extended to the end of 1985 by
record linkage to the Canadian Mortality Data Base (ICNCM, 1990). Expected
numbers were calculated from Ontario provincial death rates. One death was due
to nasal cancer, compared with 0.77 expected. The only cause of death showing a
statistically significant excess in the overall analysis was lung cancer (114 deaths;
SMR, 135; 95% CI, 111-162). Subdivision of the total cohort by duration of expo-
sure in different areas and latency revealed no SMR for lung cancer that differed
significantly from this moderate overall excess, but the highest SMRs occurred in
men who had spent more than five years in the mines (46 deaths; SMR, 158; 95% CI,
116-211) or in the smelter (15 deaths; SMR, 163; 95% CI, 91-269). Men who had
worked in the smelter are reported to have had low levels of exposure to pentlandite
and pyrrhotite, sulfidic nickel, oxidic nickel and sorne exposure to nickel sulfate.
Estimated total exposures to nickel in aIl areas ofthe facilitywere below 1 mg/m3 Ni

(ICNCM, 1990).

(iii) lNCO, Clydach, South Wales, UK (refining)
The excess of lung and nasal sinus cancer among workers in the INCO refinery

in Clydach, South Wales, which opened in 1902, was recognized over 50 years aga
(Bridge, 1933). The first formaI analyses of cancer mortality were carried out by Hil
in 1939 and published by Morgan (1958), who identified calcining, furnaces and
copper sulfate extraction as the most hazardous processes. Subsequent reports in-
dicated that the risk had been greatly reduced by 1925 or 1930 (Doll, 1958; Doll et
al., 1970, 1977; Cuckle et al., 1980); trends in risk wi th age at first expos ure, period of
first exposure and latency were analysed (Doll et al., 1970; Peto et al., 1984; Kaldor et
al., 1986). The cohort of 845 men employed prior to 1945 studied by Doll et al. (1970)
has now been extended to include 2521 men employed for at least five years between
1902 and 1969, and followed up to the end of 1984 (ICNCM, 1990). Among 1348 men
first employed before 1930 there were 172 lung cancer deaths (SMR, 393; 95% CI,
336-456) and 74 nasal cancer deaths (SMR, 21120; 95% CI, 16584-26514); the high-
est risks were associated with calcining, furnaces and copper sulfate production.
The calcining and furnace are as had high estimated levels of oxidic, sulfidic and
metallc nickel (see Table 27). Until the late 1930s, the oxidic nickel consisted of
nickel-copper oxide. Men in the copper plant were exposed to very high concentra-
tions of nickel-copper oxide; they were also exposed to soluble nickel: the extraction
of copper from the calcine involved the handling of large volumes of solutions con-
taining 60 g/l nickelas nickel sulfate. Until1923, arsenic present in sulfuric acid is
believed to have accumulated at significant levels in several process departm-ents,
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mainly as nickel arsenides. The only other significantly elevated risks were an ex-
cess of five lung cancer deaths (SMR, 333; 95% CI, 108-776) and four nasal cancer
deaths (SMR, 36 363; 95% CI, 9891-93 089) in men employed before 1930 with less
than one year in calcining, furnace or copper sulfate but over five years in hydrome-
tallurgy, an area in which exposure to soluble nickel was similar to that in other
high-risk areas and exposures to oxidic nickel were an order of magnitude lower
than in other high-risk areas, with negligible exposure to sulfidic nickel (see Table
27); and in the small subgroup of nickel plant cleaners (12lung cancer deaths; SMR,
784 (95% CI, 402-1361)), who were highly exposed to metallc nickel (5 mg/m3 Ni),

oxidic nickel (6 mg 1m3 Ni) and sulfidic nickel (~10 mg/m3 Ni), with negligible
exposure to soluble nickel (ICNCM, 1990). A notable anomaly in the data for the
whole refinery was the marked reduction in nasal cancer but not lung cancer
mortality, when comparing men first exposed before 1920 and those first exposed
between 1920 and 1925 (Peto et aL., 1984). The risk, although greatly reduced, may
not have been entirely eliminated by 1930, as there were 44 lung cancers (SMR, 125
(95% CI, 91-168)) and one nasal cancer (SMR, 526 (95% CI, 13-3028)) among the
1173 later employees.

(iv) Falconbridge, Krtiansand, Norway (refining)

The cohort of 3250 men reported by ICNCM (1990) is restricted to men first
employed in 1946-69 with at least one year's service and followed until the end of
1984. For each work area, average concentrations for the four categories of nickel
(sulfidic nickel, metallc nickel, oxidic nickel and soluble nickel) were estimated as
four ranges for three periods (1946-67, 1968-77 and 1978-84). The four ranges and
the arithmetic average computed for each range were: low (0.3 mg/m3), medium (1.3
mglm3), high (5 mg/m3) and very high (10 mg/m3). There were 77 lung cancer deaths

(SMR, 262; 95% CI, 217-327), three nasal cancer deaths (SMR, 453; 95% CI,
93-1324) and a further four incident cases of nasal cancer. Five of the nasal cancer
cases had spent their entire employment in the roasting, smelting and calcining de-
partment, where oxidic nickel was estimated to have been the predominant expo-
sure, with lesser amounts of sulfidic and metallc nickeL. Before 1953, arsenic was
present in the feed materials, and significant contamination with nickel arsenides is
believed to have occurred at various steps of the process. The remaining two cases
were in electrolysis workers who were exposed mainly to soluble nickel (nickel sul-
fate until 1953 and nickel sulfate and nickel chloride solutions thereafter) and
nickel-copper oxides. No other type of cancer occurred significantly in excess.
Among men first employed after 1955, there have been 13 lung cancer deaths (SMR,
173 (95% CI, 92-296)) and no nasal cancer (0.2 expected). Several comparisons were
made assuming 15 years' latency. The highest risk for lung cancer was seen among a
group of workers who had worked in the electrolysis deparment but never in roast-



NICKEL AND NICKEL COMPOUNDS 395

ing and smelting (30 deaths; SMR, 385; 95% CI, 259-549). ln the group of workers
who had worked in roasting and smelting but never in the electrolysis department,
14 lung cancer deaths were seen (SMR, 225; 95% CI, 122-377) (see also Table 28). ln
those who had spent no time in either of these departments, the SMR was 187 (six
cases (95% CI, 68-406)). Although exposure to soluble nickel in the roasting, calcin-
ing and smelting department was initially estimated to be negligible, it was noted
that soluble nickel was certainly present in the Kristiansand roasting department in
larger amounts than had been allowed for, and to some extent in all smelter and
calcining plants (ICNCM, 1990).

The overlapping cohort reported by Pedersen et al. (1973) and Magnus et al.
(1982) included2247 men employed for at least three years from when the plant be-
gan operation in 1910. Results for cancers diagnosed up to 1979 were presented by
Magnus et al. (1982). There were 82 lung cancers (standardized incidence ratio
(SIR), 373; 95% CI, 296-463) and 21 nasal cancers (SIR, 2630 (95% CI, 1625-4013)).
Of the nasal cancers, eight occurred in men involved in roasting-smelting, eight in
electrolysis workers, two in workers in other specified processes and three in admin-
istration, service and unspecified workers. The incidence of no other type of cancer
was significantly elevated overall, although there were four laryngeal cancers (SIR,
670) among roasting and smelting workers. An analysis of lung cancer incidence in
relation to smoking suggested an additive rather than a synergistic effect. Adjust-
ment for national trends in lung cancer rates, assuming an additive effect of nickel
exposure, suggested little or no reduction in lung cancer risk between men first
employed in 1930-39 and those first employed in 1950-59. This contrasts with the
marked reduction in nasal cancer risk.

(v) Hanna Mining and Nickel Smelting, Oregon, USA

A total of 1510 men who had worked for at least six months between 1953, when
the plant opened, and 1977 were followed up to the end of 1983 (ICNCM, 1990).
Expected numbers of deaths were those for the state of Oregon. A statistically sig-
nificant excess of lung cancer was observed among men with less than one year of
exposure (seven deaths; SMR, 265 (95% CI, 107-546)) but not in men with longer
exposure (20 deaths; SMR, 127 (95% CI, 77-196)) or in the subgroup who had
worked in areas with potentially high exposures (smelting, 'skull plant', refining and
ferrosilcon plant; seven deaths; SMR, 113; 95% CI, 45-233). There was no nasal
cancer, and no excess of other cancers (21 deaths; SMR, 65 (95% CI, 41-100)). Aver-
age airborne concentrations were estimated to have been 1 mg/m3 Ni or less, even in
areas with potentially high exposure, and in most areas were below 0.1 mg/m3 Ni.
The principal nickel compounds to which workers were exposed were nickel-con-
taining silcate ore and iron-nickel oxide, with very lIttle soluble nickel and no sulfid-
ic nickeL.
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(vi) Societé Le Nickel, New Caledonia (mining and smelting)

Approximately 25% of the adult male population of New Caledonia has
worked in nickel mines (silcate-oxide nickel ores) or smelters. Since the local rates
for cancer of the lung and upper respiratory tract are higher than those in neigh-
bouring islands, a small hospital-based case-control study was conducted (Lessard
et al., 1978). Of the 68 cases identified in 1970-74, 29 cases and 221109 con troIs had
been exposed to nickel, giving an age- and smoking-adjusted relative risk (RR) of
3.0. (The Working Group noted that control subjects were selected from among
patients seen in the laboratory of one hospital, while cases were identified through a
variety of sources. Selection bias could have contributed to the apparent excess
risk. J

Another study showed no difference in the incidence of lung cancer (RR, 0.9,
not significant) or of upper respiratory tract cancer (RR, 1.4; not significant)
between nickel workers and the general population. ln a case-control study con-

ducted among the nickel workers, no association was found between cancers at
these sites and exposure to total dust, nickeliferous dust, raw ore or calcined ore
(Goldberg et al., 1987). Subsequent analyses (Goldberg et aL., 1990) provided little
evidence that people with lung and upper respiratory tract cancer had had greater
exposure to nickel than controls. Exposure was principally to silicate oxides, com-
plex oxides, sulfides, metallc iron-nickel alloy and soluble nickeL. The estimated
total airborne nickel concentration in the facilty was estimated to be low ( c: 2 mg/

m3 Ni) (ICNCM, 1990).

(vii) Othe, studies of mining, smelting and ,efining

Several studies have been published in which the results were not described in
sufficient detail for evaluation. Saknyn and Shabynina (1970, 1973) reported ele-
vated lung cancer mortality among process workers in four nickel smelters in the
USSR (SMRs, 200, 280, 380, 400 (no observed numbers given)). Electrolysis work-
ers, exposed mainly to nickel sulfate and nickel chloride, were reported to be at par-
ticularly high risk for lung cancer (SMR, 820); excesses of stomach cancer and
soft-tissue sarcoma were also observed. Tatarskaya (1965, 1967) reported an excess
of nasal cancer among electrolysis workers in the USSR.

Olejár et aL. (1982) reported a marginal excess of lung cancer (based on eight
cases) among workers in a Czechoslovak refinery.

One nasal sinus cancer and .one lung cancer occurred among 129 men at the
Outokumpu Dy refinery in Finland, but expected numbers were not calculated.
Workers were exposed primarily to soluble nickel; the highest measurement re-
corded was 1.1 mg/m3 Ni (ICNCM, 1990).
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Egedahl and Rice (1984) found no excess risk among workers in a refinery in
AIberta, Canada, but there were only two cases of lung cancer in the cohort (SIR, 83

(95% CI, 10-301)).

(c) Nickel alloy and stainless-steel production

(i) Huntington Alloys (lNCO), W Virginia (refining and manufacture of
high-nickel alloys)

A cohort of 3208 men with at least one year's service before 1947 was followed
up to the end of 1977 (Enterline & Marsh, 1982) and then to the end of 1984
(ICNCM, 1990). Workers were exposed to metallc, oxidic, sulfidic and soluble
nickel at low levels, except in the calcining department where high levels of sulfidic
nickel (400 mglm3 Ni) were present. Average airborne exposures were estimated to
have been below 1 mg/m3 Ni in all are as except calcining. On the basis of the
ICNCM report (1990), there was no significant overall excess of lung cancer (91
deaths; SMR, 97 (95% CI, 80-121)). There was a nonsignificant excess among men
first employed before 1947 (when calcining ceased) with 30 or more years' service
(40 deaths; SMR, 124; 95% CI, 88-169). The group who had worked in calcining for
five or more years was too small for useful analysis (two lung cancers; SMR, 100;
95% CI, 12-361). Four deaths from nasal cancer occurred in the whole cohort, all in
persons employed before 1948; two were coded on death certificates as nasal cancer

(expected, 0.9) and two were classified on the death certificates as bone cancer. Two
had not worked in calcining and three had never been exposed to nickel sulfides; one
had also worked as a heel finisher in a shoe factory. There was no excess mortality
from nonrespiratorycancers.

(ii) Henry Wiggn, UK (high-nickel alloy plant)
Mortality up to 1978 in a cohort of 1925 men employed for at least fiveyears in a

plant that opened in 1953 was reported by Cox et aL. (1981). Follow-up has now been
extended to April 1985 for 1907 men (ICNCM, 1990). Average exposures from 1975
on rarely exceeded 1 mglm3 Ni in any area, wi th an overall average of the order of 0.5
mg/m3 Ni. Measurements taken since 1975 were stated probably to be underesti-
mates of the level of exposure ta oxidic and metallc nickel ofworkers in earlier peri-
ods. Soluble nickel was reported to constitute 14-49% of total nickel in various de-
partments (Cox et al., 1981). Thirty deaths were due to lung cancer (SMR, 98; 95%
CI, 57-121), including 13 deaths among men employed for ten years or more in areas
where theywere exposed to nickel (SMR, 91; 95% CI,57-149). Subdivision by dura-
tion of exposure or latency produced no evidence of increased lung cancer risk, and
there was no nasal cancer. An excess of soft-tissue sarcoma was found, based on
two cases (SMR, 769; 95% CI, 92-2769) (ICNCM, 1990).
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(iii) Twelve high-nickel al/oy plants in the USA

Mortality up to the end of 1977 among 28 261 workers (90% male) employed for
at least one year in 12 high-nickel alloy plants in the USA, and stil working at sorne
time between 1956 and 1960, was reported by Redmond (1984). There were 332 lung
cancer deaths (SMR, 109 (95% CI, 98-122)) and two nasal sinus cancer deaths
(SMR, 93 (95% CI, 12-358)). The excess of lung cancer was confined to men
employed for five or more years in 'allocated services', most ofwhom were mainte-
nance workers (197 deaths; SMR, 127 (95% CI, 110-146)). Excess mortalitywas ob-

served from liver cancer (31 deaths; SMR, 182 (95% CI, 124-259)) in aIl men, and
from cancer of the large intestine (SMR, 223 (95% CI, 122-375)) among non-white
men. No data on exposure were available, but the authors noted that there may have
been exposure to asbestos in these plants.

(iv) Twenty-six nickel-chromium al/oy foundries in the USA

A proportionate mortality analysis of 851 deaths among men ever employed in
26 nickel-chromium alloy foundries in the USA in 1968-79 (Corne Il & Landis, 1984)
showed no statistically significant excess of lung cancer (60 deaths; proportionate
mortality ratio (PMR, 105 (95% CI, 80-135)) or other cancers (103 deaths; PMR, 87
(95% CI, 71-106)) in comparison with US males. No death was due to nasal cancer.

Lung cancer mortality in a cohort of foundry workers was investigated by
Fletcher and Ades (1984). The cohort consisted of men hired between 1946 and
1965 in nine steel foundries in the UK and employed for at least one year. The 10250
members of the cohort were followed up until the end of 1978 and assigned to 25
occupation al categories according to information from personnel officers. Lung
cancer mortality for the subcohort of fettlers and grinders in the fettling shop was
higher th an expected on the basis of mortality rates for England and Wales (32
cases; SMR, 195; 95% CI, 134-276). (The Working Group noted that these workers

may have been exposed to chromium- and nickel-containing dusts.) .

(v) Seven stainless-steel and low-nickel alloy production plants in the USA
A proportionate mortality analysis of 3323 deaths among white males ever

employed in areas with potential exposure to nickel in seven stainless-steel and
low-nickel alloy production plants (Cornell, 1984) showed no excess of lung cancer
(218 deaths; PMR, 97 (95% CI, 85-111)) or of other cancers (419 deaths; PMR 91
(95% CI, 83-100)). There was no death from nasal cancer.

(d) Other industnal exposures to nickel

(i) Two nickel-cadmium battery factories in the UK
Kipling and Waterhouse (1967) reported art excess of prostatic cancer based on

four cases among 248 men exposed for one year or longer in a nickel-cadmium bat-
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tery factory. The cohort was enlarged to include 3025 workers (85% men) employed
for at least one month (Sorahan & Waterhouse, 1983, 1985), and the most recent
report included deaths up to the end of 1984 (Sorahan, 1987). Exposure categories
were defined on the basis of exposure to cadmium. The authors commented that
almost aIl jobs with high exposure to cadmium also entailed high exposure to nickel
hydroxide, and there was also possible exposure to welding fumes (Sorahan & Wa-
terhouse, 1983). The excess of prostatic cancer cases was confined to highly exposed
workers, among whom there were eight cases (SIR, 402 (95% CI, 174-792)); in the
remainder of the cohort there were seven (SIR, 78 (95% CI, 31-160)) (Sorahan &
Waterhouse, 1985). An excess of cancer of the lung was seen (110 deaths; SMR, 130
(95% CI, 107-157)), and this showed a significant association with duration in 'high

exposure' jobs, particularly among men first employed before 1947 (Sorahan, 1987).

(ii) A nickel-cadmium battery factory in Sweden

A total of 525 male workers in a Swedish nickel-cadmium battery factory
employed for at least one year were followed up to 1980 (Andersson et al., 1984). Six
deaths were due to lung cancer (SMR, 120 (95% CI, 44-261)), four to prostatic
cancer (SMR, 129 (95% CI, 35-330)) and one to nasopharyngeal cancer (SMR,
::100). Cadmium levels prior to 1950 were said to have been about 1 mg/m3 in
some areas; nickel levels were reported as 'about five times higher', although no ac-
tuaI measurement was reported.

(iii) A nickel and chromium plating factory in the UK

A total of 2689 workers (48% male) employed in a nickel-chromium plating
factory in the UK were followed to the end of 1983 by Sorahan et al. (1987). There
was excess mortality from lung cancer (72 deaths; SMR, 150 (95% CI, 117-189)) and
nasal cancer (three deaths; SMR, 1000 (95% CI, 206-2922)), but this was confined to
workers whose initial employment had been as chrome bath platers, and the lung
cancer excess was significantly related to duration of chrome bath work. An earlier
study of 508 men employed only as nickel platers in the factory (Burges, 1980)
showed no excess for any cancer except that of the stomach (eight deaths; SMR,
267); among men with more than one year's employment, the SMR for stomach can-
cer was 476 (adjusted for social class and region; four deaths (95% CI, 130-1219)).
The SMR for lung cancer was 122 (95% CI, 59-224).

(iv) A die-casting and electroplating plant in the USA
A proportionate mortality analysis of 238 deaths (79% male) in workers

employed for at least ten years in a die-casting and electroplating plant in the USA
was reported by Silverstein et al. (1981). There was excess mortality fròm lung can-
cer (28 deaths; PMR 191 (95% CI, 127-276)) among white men, but not for çancer at
any other site. The PMRs for lungcancer by duration of employment were 165 ( .: 15
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years) and 209 (~15 years), and those by latency were 178 (c:22.5 years) and 211
(~ 22.5 years). The authors noted that the workers had been exposed to chro-
mium(VI), polycyclic aromatic hydrocarbons and various compounds of nickeL.

(v) Oak Ridge gaseous difion plant, Tennessee, USA

Fine pure nickel powder is used as b(trrier material in uranium enrichment by
gaseous diffusion. A cohort of 814 white men employed at any time before 1954 in
the production of this material was followed up from 1948 to 1972 by Godbold and
Tompkins (1979). Exposure was thus entirely to metallc nickeL. Follow-up was ex-
tended to the end of 1977 by Cragle et al. (1984), and mortality up to the end of 1982
was reported by ICNCM (1990). The median concentration of nickel was about 0.13
mg/m3, but high concentrations occurred in sorne areas. About 300 of the 814 men
had been employed for a total of less th an two years. There was no excess of lung
cancer, either overall (ni ne deaths; SMR, 54; 95% CI, 25-103) or among men
employed for 15 years or longer (five deaths; SMR, 109 (95% CI, 35-254)), and mor-
tality from other cancers was close to that expected (29 deaths; SMR, 96 (95% CI,
64-137)) for the whole cohort. No death from nasal cancer occurred, but only 0.22
were expected. (The Working Group noted that measurements made in 1948-63

(Godbold & Tompkins, 1979) suggest that the average exposure may have been to
0.5 mg/m3 Ni.

(vi) Ai,c,aft engine factory Connecticut, USA
Bernacki et al. (1978b) compared the employment histories of 42 men at an

aircraft engine factory in the USA who had died of lung cancer with those of 84
age-matched men who had died of causes other th an cancer. The proportion classi-
fied as nickel-exposed was identical (26%) among cases and controls. Atmospheric
nickel concentrations in the past were believed to have been c: 1 mg/m3.

(e) Othe, studies

Several studies have been reported in which occupational histories of nasal
cancer patients were sought by interview with patients or relatives, from medical or
other records, or from death certificates. Acheson et al. (1981), in a studyof 1602
cases diagnosed in England and Wales over a five-year period, found an excess (29
cases; SMR, 250 (95% CI, 167-359)) in furnace and foundry workers, which was
partly (but not entirely) due to the inclusion of seven process workers from the
INCO (Clydach) nickel refinery (see above). Hernberg et al. (1983) studied 287
cases diagnosed iii Denmark, Finland or Sweden over a 3.5-year period. The associ-
ation with exposure to nickel (12 cases, five matched con troIs among 167 matched
case-control pairs who were interviewed; odds ratio, 2.4; 95% CI, 0.9-6.6) was not
statistically significant. All except one of the nickel-exposed cases (a nickel refinery
worker) had also been classified as having exposure to chromium (odds ratio, 2.7;
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95% CI, 1.1-6.6), which was significantly associated with nasal cancer risk. Brinton

et al. (1984) recorded exposure to nickel in only one (RR, 1.8; 95% CI, 0.1-27.6) of 160
cases and one of 290 con troIs in a hospital-based study between 1970 and 1980 in
North Carolina and Virginia. Roush et aL. (1980) examined exposure to nickel, cut-
ting oils and wood dust in a case-control study based on all sinonasal cancer deaths
in Connecticut in 1935-75. Job titles were obtained from deaths certificates and city
directories and were c1assified according to estimated airborne exposures. Ten of
216 cases and 49 of 662 coIitrols were classified as having been exposed to nickel
(RR, 0.71; 95% CI, 0.4-1.5).

Gérin et aL. (1984) reported significantly more frequent exposure to nickel
among 246 Canadian lung cancer patients (29 exposed; odds ratio, 3.1; 95% CI,
1.9-5.0) th an among patients with other cancers. Ail 

29 cases had also been exposed
to chromium, and 20 (69%) had been exposed to stainless-steel welding fumes. In a
case-control study of 326 Danish laryngeal cancer patients, Olsen and Sabroe (1984)
found a statistically significant association with exposure to nickel from alloys, bat-
tery chemicals and chemicals used in plastics production (RR, 1.7; 95% CI, 1.2-2.5;
adjusted for age, tobacco and alcohol consumption and sex).

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Nickel, in the form of various alloys and compounds, has been in widespread
commercial use for over 100 years. Several milion workers worldwide are exposed
to airborne fumes, dusts and ffists containing nickel and its compounds. Expo-
sures by inhalation, ingestion or skin contact occur in nickel and nickel alloy pro-
duction plants as well as in welding, electroplating, grinding and cutting operations.
Airborne nickel levels in excess of 1 mg/m3 have been found in nickel refining, iú the
production of nickel alloys and nickel salts, and in grinding and cutting of stain-
less-steel. In these industries, modern control technologies have markedly reduced
exposures in recent years. Few data are available to estimate the levels of past expo-
sures to total airborne nickel, and the concentrations of individual nickel com-
pounds were .not measured.

Occupation al exposure has been shown to give rise to elevated levels of nickel
in blood, urine and body tissues, with inhalation as the main route ofuptake. Non-
occupational sources of nickel exposure inc1ude food, air and water, but the levels
found are usually several orders of magnitude lower than those typically found in
occupational situations.
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) 72

239 19 7776 38 366 15 18 750
E1936-45 NegL. 3-15 2-10 c:3 5-25 (187-302) (4681-12 144) (259-502) (10 500-30 537) ~1946-58 NegL. 5-25 3-15 c: 3 8-40
tT

Electroly- c:0.5 c:0.2 c:0.5 c:0.3 c: 1 19 88d oc,d - iod,e 89 oc,d - .:\0sis (53-137)

aprom ICNCM (1990), estimated average airbome concentrations of nickel species and mortality from lung cancer and nasal cancer by department; standardized mortlity
ratio (SMR) and 95% confidence interval (CI)
~egl., negligible expure
CJo nasal cancer deaths occurred in men with ;: 20 years in eIectrolysis and only short expure (three months and seven months) in leaching, calcining and sintering
liever worked in leaching, calcining and sintering
eworkers with ~10 years in electrolysis



Table 27. MOND/INCO (Clydach, South Wales, UK) nickel retinery- average nickel exposure levels and cancer risks
in 'high-risk' departments in workers with lS or more years since tirst exposureQ

Departmtnt Estimated airborne concentration Duration in department
(mg/m3 Ni)b

Metallc Oxidic Sulfidic Soluble Ever ?5 years
Z-

nickel nickel nickel nickel
(j
~

Lung cancer Nasal cancer Lung cancer Nasal cancer t-
Obs SMR Obs SMR Obs SMR Obs SMR ~

(95% CI) (95% CI) (95% CI) (95% CI) U

Furnaces, 1905-63 5.6 6.4 26 0.4 9 409 3 . 24 781 1 370 3 1000 Z-
(j

Linear calcin ers, 1902-30; 5.3 18.8 6.8 0.8 16 725 7 44 509 12 1244 6 78 280 ~
miling and grinding, t-
1902-36 (j
Copper plant, 13.1 0

before 1937 - 0.4 1.1 17 317 5 13 912 8 541 2 14 541 s=
""

1938-60
0.4 (185-507) (4507-32415) (233-1066) (1759-52 493) 0

0.01 0.01 - - - - c:
Z

Hydrometallurgy 0.5 0.9 0.05 1.3 7 196 4 18 779 5 333 4 .36 363 U
1902- 79 (79-404) (5108-48 074) (108-776) (9891-93089)

C/

tlrom ICNCM (1990); estimated average airborne concentrations of nickel species and mortality from lung cancer and nasal cancer by de 
part ment. ln each row,

observations are restricted to men with 0: 1 year employment in other high-risk departments. Standardized mortality ratio (SMR) and 95% confidence interval
(CI)
Ùfe Working Group expressed reservations about the accuracy of these estimates, as discussed on p. 391.
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Table 28. Falconbridge (Kristiansand, Norway) nickel refinery - average nickel exposure levels and cancer
risks in workers with 15 or more years since first exposurea

-Depar1ment Estimated airborne concentration Duration in department
~(mg/m3 Ni)
(j

Metallc Oxdic Sulfidic Soluble Ever
:;5 years s:

nickel nickel nickel nickel 0
Z

Lung cancer Nasal cancerb Lung cancer Nasal cancerb 0
0

Obs SMR Obs SMR Obs SMR Obs SMR
~(95% CI) (95% CI) (95% CI) (95% CI) ::~Calcining, roasting, 0.3- 1. 3 5.0~io.O 0.3 Neg!. C 14 225 5 - 8 254 5 -
âsmelting; never in

(122-377) (109-500)electrolysis l"
c:Electrolysis; never in 0.3- 1. 3 0.3-1.3 Neg!.-1.3 1.3-5.0 30 385 2 - 19 476 2 - ~calcining, roasting (259-549) (287-744) tnsmelting .i\0

'Prom ICNCM (1990); estimated average airborne concentrations of nickel species and mortality from or incidence of lung cancer and nasal cancer
by department; standardized mortality ratio (SMR) and 95% confidence interval (CI)
ürree deaths and four incident cases

CNeg!., negligible exposure
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4.2 Experimental carcinogenicity data

Metallic nickel and nickel alloys

Metallic nickelwas tested by inhalation exposure in mice, rats and guinea-pigs,
by intratracheal instilation in rats, by intramuscular injection in rats and hamsters,
and by intrapleural, subcutaneous, intraperitoneal and intrarenal injection in rats.
The studies by inhalation exposure were inadequate for an assessment of carcinoge-
nicity. After intratracheal instilation, it produced significant numbers of squa-
mous-cell carcinomas and adenocarcinomas of the lung. Intrapleural injections in-
duced sarcomas. Subcutaneous administration of metallic nickel pellets induced
sarcomas in rats, intramuscular injection of nickel powder induced sarcomas in
rats and hamsters, and intraperitoneal injections induced carcinomas and sarco-
mas. No significant increase in the incidence of local kidney tumours was seen fol-
lowing intrarenal injection.

Nickel alloys were tested by intramuscular, intraperitoneal and intrarenal in-

jection and by subcutaneous implantation of pellets in rats. A ferronickel alloy did
not induce local tumours after intramuscular or intrarenal injection. Two powdered
nickel alloys induced malignant tumours following intraperitoneal injection, and
one nickel alloy induced sarcomas following subcutaneous implantation in pellets.

Nickel oxides and hydroxides

Nickel monoxide was tested by inhalation exposure in rats and hamsters, by
intratracheal instilation in rats, by intramuscular administration in two strains of
mice and two strains of rats, and by intrapleural, intraperitoneal and intrarenal in-
jection in rats. The two studies by inhalation exposure in rats were inadequate for
an assessment of carcinogenicity; lung tumours were not induced in the study in
hamsters. Intratracheal instilation resulted in a significant incidence of lung carci-
nomas. Local sarcomas were induced at high incidence after intrapleural, intra-
muscular and intraperitoneal injection. No renal tumour was seen following intra-
renal injection.

Two studies in rats in which nickel trioxide was injected intramuscularly or in-
tracerebrally were inadequate for evaluation.

In a study in which nickel hydroxide was tested in three physical states by intra-
muscular injection in rats, local sarcomas were induced by dry gel and crystallne
forms. Local sarcomas were induced in one study in which nickel hydroxide was
tested by intramuscular injection in rats.

Nickel suirides

Nickel subsulfide was tested by inhalation exposure and by intratracheal instil-
lation in rats, by subcutaneous injection to mice and rats, by intramuscular admin-
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istration to mice, rats, hamsters and rab bits, by intrapleural, intraperitoneal,

intrarenal, intratesticular, intraocular and intra-articular administration in rats, by
injection into retroperitoneal fat in rats, by implantation into rat heterotopic tra-
cheal transplants and by administration to pregnant rats.

After exposure by inhalation, rats showed a significant increase in the inci-
dence of benign and malignant lung tumours. Multiple intratracheal instillations
resulted in malignant lung tumours (adenocarcinomas, squamous-cell carcinomas
and mixed tumours).

A high incidence of local sarcomas was observedin rats after intrapleural ad-
ministration. Subcutaneous injection induced sarcomas in mice and rhabdomyo-
sarcomas and fibrous histiocytomas in rats. Nickel subsulfide has been shown con-
sistently to induce local sarcomas following intramuscular administration, and
dose-response relationships were demonstrated in rats and hamsters. The majority
of the sarcomas Înduced were of myogenic origin, and the incidences of metastases
were generally high. ln rats, strain differences in tumour incidence and local tissue
responses were seen. After intramuscular implantation of millpore diffusion
chambers containing nickel subsulfide, a high incidence of local sarcomas was in-
duced.

Mesotheliomas were included among the malignancies induced by intraperito-
neal administration. Intrarenal injections resulted in a dose-related increase in the
incidence of renal-cell neoplasms. A high incidence of sarcomas (including sorne
rhabdomyosarcomas)was seen after intratesticular injection, and a high incidence
of eye neoplasms (including retinoblastomas, melanomas and gliomas) after in-
traocular injection. Intra-articular injection induced sarcomas (including rhabdo-
myosarcomas and fibrous histiocytomas), and injection into retroperitoneal fat in-
duced mainly fi brous histiocytomas. Implantation of pellets containing nickel sub-
sulfide into rat heterotopic tracheal transplants induced both carcinomas and sar-
comas; in the group given the highest dose, sarcomas predominated. The study in
which pregnant rats were injected with nickel subsulfide early in gestation was inad-
equate for evaluation.

Nickel disuljie was tested by intramuscular and intrarenal injection in rats.
High incidences of local tumours were induced.

Nickel monosulje was tested by intramuscular and intrarenal injection in
rats. The crystallne form induced local tumours, but the amorphous form did not.

Nickel ferrosulfide matte induced local sarcomas after administration by intra-
muscular injection in rats.

Nickel salts

Nickel sulfate was tested for carcinogenicity by intramuscular and intraperito-
neal injection in rats. Repeated intramuscular injections did not induce local
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tumours; however, intraperitoneal injections induced malignant tumours in the
peritoneal cavity.

Nickel chloridewas tested by repeated intraperitoneal injections in rats, induc-
ing malignant tumours in the peritoneal cavity.

Nickel acetate was tested by intraperitoneal injection in mice and rats. After
repeated intraperitoneal injections in rats, malignant tumours were induced in the
peritoneal cavity. In strain A mice, lung adenocarcinomas were induced in one
study and an increased incidence of pulmonary adenomas in two studies.

Studies in rats in whicb nickel carbonate was tested for carcinogenicity by in-
traperitoneal administration and nickel jluoride and nickel chromate by intramuscu-
lar injection could not be evaluated.

Othel forms of nickel

Nickel carbonyl was tested for carcinogenicity by inhalation exposure and in-

travenous injection in rats. After inhalation exposure, a few lung carcinomas were
observed two years after the initial treatment. Intravenous injection induced an
increase in the overall incidence of neoplasms, which were located in several organs.

Nickelocene induced some local tumours in rats and hamsters following intra-
muscular injection.

One sample of dust collected in nickel reftneries, containing nickel subsulfide
and various proportions of nickel monoxide and nickel sulfate, induced sarcomas in
mice and rats following intramuscular injection. Intraperitoneal administration of

two samples of dust, containing unspecified nickel sulfides and various proportions
of nickel oxide, soluble nickel and metallc nickel, induced sarcomas in rats. In a
study in which hamsters were given prolonged exposure to a nickel-enriched fly ash
by inhalation, the incidence of tumours was not increased.

Intramuscular administration to rats of nickel sulfarsenide, two nickel arse-
nides, nickel antimonide, nickel telluride and two nickel selenides induced significant
increases in the incidence of local sarcomas, whereas administration of nickel
monoarsenide and nickel titanate did not. None of these compounds increased the
incidence of renal-cell tumours in rats after intrarenal injection.

4.3 "uman carcinogenicity data

Increased risks for lung and nasal cancers were found to be associated with
exposures during high-temperature oxidation of nickel matte and nickel-copper
matte (roasting, sintering, calcining) in cohort studies in Canada, Norway (Kristian-
sand) and the UK (Clydach), with exposures in electrolytic refining in a study in
Norway, and with exposures during leaching of nickel-copper oxides in acidic solu-
tion (copper plant) and extraction of nickel salts from concentrated solution (hydro-
metallurgy) io the UK (see Table 26).
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The substantial excess risk for lung and nasal cancer among Clydach hydro-
metallurgy workers seems likely to be due, at least partly, to their exposure to 'sohi-
ble nickel'. Their estimated exposures to other types of nickel (metallc, sulfidic and
oxidic) were up to an order of magnitude lower than those in several other areas of
the refinery, including some where cancer risks were similar to those observed in
hydrometallurgy. Similarly, high risks for lung and nasal cancers were observed
among electrolysis workers al Kristiansand. These men were exposed to high esti-
mated levels of soluble nickel and to lower levels of other forms of nickeL. Nickel
sulfate was the orny or predominant soluble nickel species present in these areas.

The highest risks for lung and nasal cancers were observed among calcining
workers, who were heavily exposed to both sulfidic and oxidic nickeL. A high lung
cancer rate was also seen among nickel plant cleaners at Clydach, who were heavily
exposed to these insoluble compounds, with liule or no exposure to soluble nickeL.
The separate effects of oxides and sulfides cannot be estimated, however, as high
exposure was always either to both, or to oxides together with soluble nickeL. Work-
ers in calcining furnaces and nickel plant cleaners were also exposed to high levels of
metallc nickeL.

Among hard-rock sulfide nickel ore miners iii Canada, there was some in-
crease in lung cancer risk, but exposure to other substances could not be excluded.
ln studies of open-cast miners of silcate-oxide nickel ores in the USA and in New
Caledonia, no significant increase in risk was seen, but the numbers of persons stu-
died were small and the levels of exposure were reported to be low.

No significant excess of respiratory tract cancer was observed in three studies
of workers in high-nickel alloy manufacture or in a small study of users of metallic
nickel powder. No increase in risk forlung cancer was observed in one small group
of nickel electroplaters iii the UK with no exposure to chromium.

ln a case-control study, an elevated risk for lung cancer was found among per-
sons exposed to nickel together with chromium-containing materials.

The results of epidemiological studies of stainless-steel welders are consistent
with the finding of excess mortality from lung cancer among other workers exposed
to nickel compounds, but they do not contribute independently to the evaluation of
nickel since welders are alsoexposed to other compounds. (See also the monograph
on welding.)

4.4 Othel relevant data

Nickel and nickel compounds are absorbed from the r~spiratory tract, and to a
smaller extent from the gastrointestinal tract, depending on dissolution and cellular
uptake. Absorbed nickel is excreted predominantly in the urine. Nickel tends to
persist in the lungs of hum ans and of experimental animaIs, and Increased concen-
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trations are seen notably in workers after inhalation of nickeL. The nasal mucosa
may retain nickel for many years.

Nickel carbonyl is the most acutely toxic nickel compound and causes severe
damage to the respiratory system in experimental animaIs and in humans. Nickel
causes contact dermatitis in humans. ln experimental animaIs, adverse effects have
also been documented in the respiratory system and in the kidney.

ln four studies, the frequency of sister chromatid exchange did not appear to
be increased in peripheral blood lymphocytes of nickel workers exposed during var-
ious processes. Enhanced frequencies of chromos omal gaps and/or anomalies

were observed in single studies in peripheral blood lymphocytes of employees en-
gaged in: (i) crushing, roasting and smelting (exposuremainly to nickel oxide and
nickel subusulfide); (ii) electrolysis (exposure mainly to nickel chloride and nickel
sulfate); and (iii) electroplating (exposure to nickel and chromium compounds).
Enhanced frequencies were also seen in lymphocytes from retired workers who had
pr~viously been exposed in crushing, roasting and smelting and/or electrolysis.

Some nickel compounds have adverse effects on reproduction and prenatal
development in rodents. Decreased fertility, reduction in the number of pups per
litter and birth weight per pup, and a pattern of anomalies, including eye malforma-
tions, cystic lungs, hydronephrosis, deft palate and skeletal deformities, have been
demonstrated.

ln one study, metallc nickel did not induce chromos omal aberrations in cul-
tured human cens, but it transformed animal cens in vitro. Nickel oxides induced
anchorage-independent growth in human cells in vitro and transformed cultured
rodent cens; they did not induce chromosomal aberrations in cultured human cells
in one study.

Crystallne nickel subsulfide induced anchorage-independent growth and in-
creased the frequency of sister chromatid exchange but did not cause geiie mutation
in human cens in vitro. Crystallne nickel sulfide and subsulfide induced ceU trans-
formation, gene mutation and DNA damage in cultured mammalian cells; the sul-
fide also induced chromosomal aberrations and sister chromatid exchange. Amor-
phous nickel sulfide did not transform or produce DNA damage in cultured mam-
malian cens. ln one study, crystallne nickel sulfide and crystallne nickel subsulfide
produced DNA damage in Paramoecium.

Nickel chloride and nickel nitrate were inactive in assays in vivo for induction
of dominant lethal mutation and micronuclei, and nickel sulfate did not induce
chromosomal aberrations in bone-marrow cens; however, nickel chloride induced
chromosomal aberrations in Chinese hamster and mouse bone-marrow cells.

Soluble nickel compounds were generally active in the assays of human and
animal cens in vitro in which they were tested.
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Nickel sulfate and nickel acetate induced anchorage-independent growth in
human cens in vitro. Nickel sulfate increased the frequency of chromosomal aberra-
tions in human cens, and nickel sulfate and nickel chloride increased the frequency
of sister chromatid exchange. Nickel sulfate did not induce single-strand DNA
breaks in hum an cens. Nickel sulfate and nickel chloride transformed cultured
mammalian cens. Chromosomal aberrations were induced in mammalian cells by
nickel chloride, nickel sulfate and nickel acetate, and sister chromatid exchange was
induced by nickel chloride and nickel sulfate. Nickel chloride and nickel sulfate
also induced gene mutation, and nickel chloride caused DNA damage in mammal-
ian cens. In one study, nickel sulfate inhibited intercellular communication in cul-
tured mammalIan cells.

Nickel sulfate induced aneuploidy and gene mutation in a single study in Dro-
sophila; nickel chloride and nickel nitrate did not cause gene mutation. Nickel chlo-
ride induced gene mutation and recombination in yeast.

ln single studies, nickelacetate produced DNA damage in bacteria, while nick-
el nitrate did not; the results obtained with nickel chloride were inconclusive. ln
bacteria, neither nickel acetate, sulfate, chloride nor nitrate induced gene mutation.

Nickel carbonateinduced DNA damage in rat kidney in vivo. Crystallne nick-
el subselenide transformed cultured mammalIan cens, and nickel potassium cya-
nide increased the frequency of chromosomal aberrations. Nickelocene did not in-
duce bacterial gene mutation. DNA damage was induced in calf thymus nucleohi-
stone by nickel(III)-tetraglycine complexes.

4.5 Evaluation!

There is suffcient evidence in humans for the carcinogenicity of nickel sulfate,
and of the combinations of nickel sulfides and oxides encountered in the nickel
refining industry.

There is inadequate evidence in humans for the carcinogenicity of metallcnickel and nickel anoys. .
There is suffcìent evidence in experimental animaIs for the carcinogenicity of

metallc nickel, nickel monoxides, nickel hydroxides and crystallne nickel sulfides.
',,'.,!

There is limited evidence in experimental animaIs for the carcinogenicity of
nickel alloys, nickelocene, nickel carbonyl, nickel salts, nickel arsenides, nickel
antimonide, nickel selenides and nickel telluride.

IFor descriptions of the italicized tenus, see Preamble, pp. 33-37.
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There is inadequate evidence in experimental animaIs for the carcinogenicity of
nickel trioxide, amorphous nickel sulfide and nickel titanate.

The Working Group made the overall evaluation on nickel compounds as a
group on the basis of the combined results of epidemiological studies, carcinogenic-
ity studies in experimental animaIs, and several types of other relevant data, sup-
ported by the underlying concept that nickel compounds can generate nickel ions at
critical sites in their target cells.

Overall evaluation

Nickel compounds are carcinogenic to humans (Group 1).
Metallc nickel is possihly carcinogenic to humons (Group 2B).
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WELDING

1. Historical Perspectives and Process Description

1.1 Introduction

'Welding' is a term used to describe a wide range of processes for joining any
materials by fusion or coalescence of the interface. It involves bringing two surfaces
together under conditions of pressure or temperature which allow bonding to occur
at the atomic leveL. Usually, this is accompanied by diffusion or mixing across the
boundary, so that in the region of the weld an alloy is formed between the two pieces
that have been joined. Welding and other methods of joining, such as soldering or
brazing, can be distinguished clearly (Lancaster, 1980). In the latter, a low-melting
alloy is heated until it flows and fils the gap between the two pieces of metal to be
joined; the workpieces do not melt, and there is negligible diffusion or mixing of the
metal across the boundaries. Metal can be welded by the application of energy in
many forms: mechanical energy is utilized in forge, friction, ultrasonic and explosive
welding; chemical energy in oxy-gas and thermit welding; electrical energy in arc
welding, various forms of resistance welding and electron beam welding; and opti-
cal energy in laser welding. The term 'welding' is applicable equally to metals, th er-
moplastics and various other materials.

Many of the techniques used in welding can also be used for other purposes.
Oxy-gas flames and electric arcs are used for cutting. Various processes, including
flame spraying, plasma spraying anä manual metal arc and metal inert gas hard
surfacing, are used for depositing hard metal surface coatings and for building up
worn machine components.

1.2 Development of welding in the twentieth century

Welding of metals has its origins in pre-history: at least 5000 years ago, metal
was welded by heating and hammering overlapping pieces. The same principles are
employed to this day in forge welding and other modern forms of 'solid state weld-
ing' (Lancaster, 1980; Lindberg & Braton, 1985). The development of modern weld-
ing technology began in the late nineteenth century with the application of oxy-fuel
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flames, electric arcs and electrical resistance welding. The industrial application of
oxy-fuel combustion for cutting and welding was facilitated by the availability of
calcium carbide, from which acetylene gas could be generated as required, and by
the commercial availability from about 1895 of bottled oxygen produced by the liq-
uefaction of air (Skriniar, 1986). Oxy-fuel welding undeiwent rapid development in
the early years of the twentieth century, and by the middle of the First World War
good quality welds could be made in steel plate, aluminium and other metals.

The phenomenon of the electric arc was first discovered in 1802 by Petrov; its
first recorded use for welding was in 1882 by Bernardos (Skriniar, 1986), who used
an electric arc struck between carbon electrodes to melt ferrous metals to effect re-
pairs and make joints. The results were often brittle and unsatisfactory because of
oxidation and nitrogen absorption from the surrounding air, and consequently arc
welding developed only slowly at first. To fillarger gaps, metal wire had to be fed by
hand into the molten metal of the weld pool. Early attempts to use the filler metal
itself as a 'consumable' electrode, and to strike the arc onto the workpiece, pro-
duced poor results, largely because of nitrogen embrittlement (Lancaster, 1980).
Electrodes consisting of wire wrapped in paper or asbestos string were found to
produce better results (Brillé, 1990), and a range of materials was experimented
with as 'flux' coatings. Flux compositions gradually evolved, and the resulting weld
quality was improved as mineraIs were added to act as gas and slag formers, deoxi-
dants and scavengers. A variety of binding agents was used to attach the flux coat-
ing to the electrode, but water-glass (sodium and potassium silicates) was quickly
discovered to be most effective. By about 1930, the modern welding rod had been
developed and weld quality was adequate for many structural and manufacturing
purposes. The process came to be known as manual metal arc (MMA) (Morgan,
19891 orshielded metal arc welding (Lancaster, 1980). Throughout the 1930s, asbes-

tos continued to be added to a small proportion of electrodes in the form of powder
in the flux mixure, or as asbestos string wrapped around the electrodes. This prac-
tice declined after the Second World War and ceased in the 1950s.

Electrical resistance welding was also developed before the turn of the century.
This process was found to be relatively immune to the embrittlement problems that
usually accompanied early arc welding. Spot welding was developed for fastening
thin sheet, and butt welding for joining bars and making chains. These and the re-
lated process of se am welding, used for making unbroken joints in sheet metal, were
well developed by about 1920 (Lancaster, 1980).

Before 1914, welding was not a common industrial process and was often re-
stricted to repair applications. It received a spur during the First World War in
armament manufacture. Later, the car industry, particularly in the USA, adopted
resistance welding techniques, and these were taken up for other production line
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manufacture; however, riveting remained the principal method of joining metal
plates in buildings, bridges, ships, tanks and armaments until the late 1930s.

The Second World War provided a major impetus to the heavy manufacturing
industry and heralded the widespread adoption of welding technology. Tanks and
heavy armaments were built in large numbers using MMA welding, and this method
of assembly was also applied to shipbuilding. Early welded ships were prone to
catastrophic fractures due to hydrogen embrittlement, but this was overcome in the
early 1940s when basic low-hydrogen MMA electrodes were developed (Lancaster,
1980). Other, newer welding processes also found applications in the war years. ln
1936, submerged arc welding was patented in the USA (Skriniar, 1986). This differs
from the MMA process in that the electrode is in the form of a continuous wire
which is driven mechanically into the arc as it melts. A granulated flux is poured
from a hopperso that it surrounds the arc region and melts to form a slag layer over
the weld metal. This process was used extensively for the manufacture of tanks in
the final years of the war. Tungsten inert gas (TIG) welding (gas tungsten arc weld-
ing; Lindberg & Braton, 1985), the first successful gas-shielded welding process,
was introduced in 1943 (Lancaster, 1980). ln this technique, a non-consumable
tungsten electrode is used, and the arc is shielded with argon gas delivered by a
nozzle which surrounds the electrode. The process was used initially instead of riv-
ets for the assembly of aluminium and magnesium alloy aircraft frames (Skriniar,
1986). When filer metal was required, wire was fed by hand into the weld pool. A
variant of TIG welding, developed in the late 1960s, is the plasma arc process, in
which some of the shield gas is forced through the arc and ejected as a high velocity
jet of ionized gas (plasma). Plasma arcs can be used either for cutting or welding,
and higher welding speeds can be achieved th an with TIG welding (Lindberg & Bra-
ton, 1985).

After the Second World War, welding became the principal me ans of joining
metal throughout the manufacturing, shipbuilding and construction industries, and
welding technology research and development accelerated. Metal inert gas (MIG)
welding, the first gas-shielded welding process to involve a consumable metal elec-
trode, was put into use in 1948 (Skriniar, 1986). As in submerged arc welding, the
wire electrode is driven mechanically into the arc region at the same rate as it is
consumed. The arc region is bathed in an inert gas mixture based on argon or he-
lIum to protect the molten weld met al from atmospheric gases. Attempts to use
cheaper shield gases such a carbon dioxide were not very successful at first because
of weld porosities; however, the development of special welding wires containing
antioxidants in the early 1950s overcame this problem. As carbon dioxide cannot be
described as an Înert gas, the new process was referred to as metal active gas (MAG)
welding. The terms MIG and MAG are loosely interchangeable, but, as argon- and
helium-based shield gases usually contain some oxygen or carbon dioxide, MAG is
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the more accurate description. ln the USA, both MIG and MAG welding are usual-
ly referred to as gas metal arc welding (Lindberg & Braton, 1985).

ln the late 1950s, tubular electrodes were introduced for semi-automatic weld-
ing. Hand-held tubular electrodes had first appeared in the 1920s and were used to
a limited extent after the Second World War for oxy-fuel welding. The new
'flux-cored' tubular electrodes were incorporated into MIG-type welding torches
with a carbon dioxide shield gas. Their adoption was graduaI, but by the mid 1960s
the advantage of flux-cored wires over the solid-wire carbon dioxide process was
generally appreciated. The flux contents of tubular wires can be used to control
oxidation and alloying of the weld metal and gives it more effective protection dur-
ing cooling. Tubular electrodes that contained gas-forming compounds and cou Id
be used without an external shield gas were introduced in the late 1950s. ln the

1960s, such 'self-shielded' flux-cored welding wires rapidly gained popularity in the
USA, the USSR and Japan but saw only limited use in Europe until the 1970s and
1980s (Widgery, 1988).

Recent developments in welding technology have involved refinements of the
existing welding processes and the introduction of new, often more automated pro-
cesses. Welding power supplies, once little more than heavy transformers and recti-
fiers, are increasingly sophisticated (Wilkinson, 1988): since the late 1970s, develop-
ment of transistorized 'solid state' power sources has been dramatic; voltage and
current profiles can be computer-programmed to give precise drop-by-drop deliv-
ery ofweld metal to the weld pool. This can improve weld quality and productivity
in MIG welding and related processes. The 1970s and 1980s have witnessed increas-
ing use of electron beam and laser welding and in particular a marked increase in
automated and robot welding. The automotive industry has for many years been
highly automated, and few welds on motor vehicles are made by hum an welders.
This type of automation is very inflexible and car production lines are usually built
for a single product. Robot automation, in contrast, can be highly flexible and can
be used for a variety of products. Computer-aided design and manufacture is now
increasing, and this wil gradually reduce the number of human welders employed
in manufacturing industries in countries with advanced economies.

1.3 Description of major welding processes

(a) lntroduction

Despite the many different types of welding process that have been developed,
the large majority of welding stil involves MMA, MAG, TIG, flux-cored and sub-
merged arc processes (Stern, 1983; Lindberg & Braton, 1985). MMA has been the
dominant welding process since the 1930s but is now declining in importance (Wil-
kinson, 1988). Since the late 1970s, the market for MMA electrodes in Europe has
fallen markedly, partly due to the recession in heavy industry and the reduction in
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shipbuilding and off-shore construction, but also because of increasing use of other
welding processes, particularly MIG. Cored wires have been important in the USA
since the 1960s and are of rapidly increasing importance in Japan and the newly
industrialized nations of the far east (Widgery, 1988).

Although welding is a recognized profession, many other workers, not
employed specifically as welders, also carry out sorne welding. Most welders are
familiar with the majority of the common industrial welding processes but usually
have extensive work experience with only a few. Most welders have experience with
MMA and many are also experienced with MIG. Fewer have rnuch experience with
TIG, submerged arc and the many other forms ofwelding. Sorne welders use a wide
range of processes routinely, while others are employed to specialize in certain
welding processes, such as TIG, and many specialize in welding certain types of
metal such as stainless-steel and aluminium.

The fabrication of large structures, such as ships and heavy bridge girders, can
involve long periods of continuous welding. Small, intricate assemblies require
more manipulation of the workpieces and shorter, more intermittent periods of
welding. Before a workpiece is welded, it usually requires some preparation includ-
ing cutting, shaping and grinding of the edges to be joined. Such preparation is not
usually carried out by welders; however, they might have to spend time positioning
the parts to be joined and tacking them at intervals along the seam prior to welding,
again reducing the overall arcing time. The proportion of the working day involved
in arcing is sometimes referred to as the 'duty cycle'. Duty cycles rarely exceed 70%
of the day and can be very much less. For MMA welding, the average duty cycle
rarely exceeds 50% on average, and a figure of 20% is reported to be typical (Wid-
gery, 1986).

The speed with which a weld can be made is determined by many factors, in-
cluding the rate at which weld metal can be deposited. Metal deposition rates de-
pend upon the type of welding process being used, the welding current, electrode
diameter and characteristics, and upon the position of the weld being made. For all
welding processes, the highest rates of deposition are achieved when horizontal
welds are made from above (downhand welding). Vertical, overhead and other 'po-
sitional welding require lower welding speeds to avoid sagging of the weld metal
(Widgery, 1986). It is often necessary to finish the weld by chipping awayresidual
flux or grinding away excess weld metal. Sometimes it is necessary to cut out are as
of weld metal that con tain flaws such as cracks and flux inclusions. This can be
done by grinding, but often an elecq'ic arc gouging process is used. The most com-
mon of these is arc-air gouging which involves a carbon arc and a compressed air jet
to blow away the molten metal.

Welding can be carried out in almost any setting, including under water and in
hyperbaric conditions. It is often carried out on benches in engineeringworkshops,
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but much structural welding is done outdoors; some assemblies, such as ships, boil-
ers, tanks and pipes, often require welding in confined spaces.

(b) Manual metal arc welding

MMA (or shielded metal arc) welding equipment is relatively simple, consist-
ing of a heavy source of electric current, such as a transformer, transformer-rectifier
or generator, and a simple spring-loaded holder for the electrode (welding rod). A
heavy cable carries the current to the electrode holder, and a similar cable provides
a return or earth connection which is clamped to the workpiece or to a heavy metal
bench on which the workpiece is placed. The welder strikes an electric arc between
the tip of the electrode and the workpiece by brief contact and then withdraws the
electrode tip several millmetres to maintain an arc gap, which must be adjusted
continually as the electrode is consumed. Each electrode must be replaced after
onlya few minutes. The weld that is produced by the MMA process is covered bya
layer of slag resulting from the flux coating on the electrode. This must be removed
before the work is completed or before another layer of weld metal can be laid to
build up a large joint, usually by use of a chipping hammer. Some types of slag
systems are designed to peel off the weld easily, while other types adhere strongly
and must be chipped vigorously. This c1eaning task further slows the welding oper-
ation. The metal deposition rates achieved by MMA welding during continuous
arcing are usually in the range 1-3 kg/h, although higher rates can be achieved with
some electrodes. MMA electrodes in a wide range dimensions and compositions
are available for welding different types of metal and for obtaining different me-
chanical and corrosion resistant properties. Most metals are welded with elec-
trodes of similar composition; for example, stainless-steel electrodes are used to
weld stainless-steel components. A notable exception to this general ru le is the use
of nickel consumables to weld cast iron. Three types of MMA flux system are com-
monly used: cellulosic - containing mostly cellulose, rutile (titanium dioxide) sand
and magnesium silcate; rutile - containing mostly rutile sand and calcium carbon-
ate plus a small amount of cellulose; and basic - containing mostly calcium car-
bonate. Many other ingredients are added to fluxes, inc1uding calcium fluoride
(Brillé, 1990), sodium and potassium silicates and iron powder (Lancaster, 1980).

(c) Metal inert gas welding

MIG/MAG (or gas metal arc) welding equipment is considerably more com-
plicated than MMA equipment and consists of a special power source, an automat-
ic wire feed unit and a gas-shielded welding torch. The welding wire is stored coiled
on a drum and is fed automatically to the welding torch by a 'wire feed unit'. The
power source is usually a 'constant potential' transformer-rectifier designed to pro-
vide a welding current proportional to the rate of consumption of the welding wire.

. A heavy cable carries the current to the torch, where it is delivered to the welding
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wire by a tubular copper 'contact tip' through which the wire passes. A heavy return
cable is used, as in the MMA process. The power supply is activated by a trig-
ger-like switch on the torch, and the arc is struck between the wire tip and the work-
piece after a brief contact. At the same time, the shield gas flow and the wire feed
unit are activated. Shield gases may be based on carbon dioxide, argon or helium;
pure inert gases are rarely used as they do not result in a stable arc, and shield gases
usuallycontain small amounts of carbon dioxide or oxygen. Because the welding
wire must be replaced only occasionally and there is no slag to remove from the
weld, duty cycles for MIG welding may be considerably longer than for MMA. Met-
al deposition rates may also be higher - from about 1 to 10 kg/h or more (Widgery,
1988). Sorne welding torches are water cooled to permit continuous operation at

high power.

(d) Flux-cored wire welding

Flux-cored wire welding involves almost the same type of equipment as MIG
welding, and the processes are technically similar. Self-shielded tubular electrodes
do not need a shield gas, but a shield gas must be used for those flux-cored wires that
do not contain gas-forming agents. ln Japan, carbon dioxide is the gas most com-
monly used for this purpose, whereas in Europe argon-rich gas mixtures are pre-
ferred. The slag layer that is left on the weld is usuaiiY self-detaching or is relatively
easy to detach mechanically. Flux-cored wires are easier to use in vertical welds
because the slag can help to support the molten weld metal. Duty cycles are compa-
rable with those of MIG welding, but weld metal deposition rates can be higher,
particularly in positional welding. Deposition rates considerably in excess of 10 kgf
h are possible in downhand welding (Widgery, 1988). A variety of fluxes is used in
tubular electrodes including many (such as rutile sand) that are used in MMA elec-
trodes. Self-shielded tubular electrodes frequently contain barium carbonate or
barium fluoride (Dare et al., 1984), but these are not usually found in gas-shielded
flux-cored welding wires.

(e) Tungsten inerf gas welding

TIG (or gas tungsten arc) welding involves use of a gas-shielded welding torch
with a tungsten electrode. As the melting-point of tungsten is nearly 3500°C, the
electrode does not melt during welding, provided that a high frequency alternating
current is used or that a negative electrode is used in direct CUffent welding. The arc
region is shielded by argon, helium or a mixture of the two. The no process can be
used for spot welding, or a filer wIre can be used to produce larger welds. ln simple
nG welding, a filer wire can be fed by hand into the molten weld pool. To obtain
higher rates of metal deposition, mechanical wIre feed units are used similar to
those used in the MIG process. Higher heat inputs can be obtained by attaching a
second power supply to deliver current to the filer wire. This process, sometimes
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referred to as 'hot wire TIG' is in fact a combination of the TIG and MIG processes
(Lindberg & Braton, 1985). TIG welding gives high quality welds and is suitable for
a wide range of metals including stainless-steel, aluminium, magnesium alloys and
titanium.

(f Submerged arc welding

ln the submerged arc process, the welding arc and the stil molten weld met al
are entirely buried in granulated flux. The welding wire is delivered mechanically by
a wIre feed unit mounted dIrectly above the welding torch, and the flux is fed contin-
uously from a hopper ahead of the advancing arc. Loose flux granules are usually
recovered by a vacuum attachment which follows the torch and recycled to the flux
hopper. The welding torch, wire feed unit, flux hopper and vacuum unit are all
mounted on a carriage which travels on wheels along the length of the weld. Metal
deposition rates of several tens of kilograms per hour can be attained with a single
torch and wire feed unit. Sometimes, several wires are used in line to give multiple
weld layers at one pass. Submerged arc welding is almost automatic, and the weld-
ers' task is to set up the equipment to make each joint and to ensure weld quality
with minimal intervention. Because the equipment must be repositioned to make
each weld, the overall duty cycle is reduced; however, metal deposition rates can be
very high, particularly if multiple wires are used.

1.4 Number and distribution of welders

A comparison of the industrial economies of the world suggests that there
might be of the or der of 3 millon workers worldwide who perform some welding. In
the U:SA, more than 185 00 workers are employed as welders, brazers or thermal
cutters, and it is estimated that up to 700 000 US workers carry out some welding
during their work (National Institute for Occupational Safety and Health, 1988).

The balance of different welding processes is difficult to estimate, partly be-
cause manufacturers do not publish figures of sales ofwelding equipment and ma-
terials. Such figures are available for Sweden in 1974 (Ulfvarson, 1981), and these
are summarized in Table 1. Approximately 22% of Swedish welders were reported
to be stainless-steel welders. This is a higher proportion than in countries of the
European Economic Community, as the average for France, the Federal Republic
of Germany, Spain and the UK was about 10% prior to 1979; and the proportion is
even lower in less developed countries (Stern, 1980a).

In western Europe, MIG welding has a greater market share than in the USA
because it usually allows greater productivity than MMA welding, since fewer weld-
ers are needed to lay the same amount of weld met aL. This affects estimates not only
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Table 1. Distribution of Swedish welders by process and material iD 1974a

Procb Material

Total Mild-steel Stainless-steel Aluminium Other

MMA 25 585 16 854 5896 1 496 1 339
MIO + MAG 9 143 6 232 1594 1 141 176
TIG 4 216 1 547 1529 913 233
Gas 3 823 2762 479 325 257
Submerged arc 783 540 210 32 1

Total 43 550 27 935 9708 3 907 2 00

tlrom Ulfvn (1981)

~MA, manual metal arc; MIO, metal inert gas; TIG, tungsten inert gas

of total numbers of welders but also of the relative importance of different welding
processes. Sales of MMA electrodes in the major economies represent about 46%
by weight of the total for aIl consumab les. ln terms of weld metal sales, I.e. excluding
the weight of flux, MMA represents about 41% of the total. Assuming weld metal
deposition rates of 3 kg/h for MMA and 7 kg/h for MIG welding, MMA must repre-
sent about two-thirds of welding in terms of arcing time. Furthermore, as the duty
cycle for MMA ffight be only about half that for semi-automatic processes, MMA
welding might represent about 80% of welders' payroll time (Jefferson, 1988).

Many types of metal are welded, including stainless-steel, high chromium ar-
mour plate, aluminium, copper and nickel; however, the large majority ofwelding is
on mi Id and low alloy steels. Stainless-steel represents only about 4-5% of MMA
electrode sales and about 3% of MAG and TIG wire sales in western Europe. Simi-
lady, about 2-3% of MAG and TIG wire sales are aluminium.

2. Welding Fumes and Gases

2.1 Introduction

Welders are exposed to a variety of airborne contaminants arising from the
welding process and other operations in the work place. In the literature, the term
'welding fume' is applied variously to some or all of the emissions from welding. ln
this monograph, the term is applied only to the particulate emissions intrinsic to the
various welding processes, to distinguish these from gaseous emissions. Incidental
particulate emissions, for example, from the pyrolysis of paint on ffetal being
welded, are excluded from this definition.
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The chemical composition and physical properties of welding fumes and gases
and details of occupational exposures of welders in the work place have been re-
viewed (American Welding Society, 1973; Ulfvarson, 1981; Tinkler, 1983; Stern,
R.M. et al., 1986; National Institute for Occupational Safety and Health, 1988). The
aerosol contains contributions from a number of sources: (a) vaporization of the
wire, rod or metallc/alloying coatings; (h) decomposition and vaporization of the
flux materials; (c) spatter from the arc region and weld pool and fumes therefrom;
and (d) evaporation from the molten weld metal.

The consumable is the major source of fume, the workpiece making only a mi-
nor contribution unless it bears a surface coating.

The elemental composition of a welding aerosol reflects the composition of the
consumable used, while the relative abundance of the elements in the aerosol is a
function of the physics and chemistry of the arc and geometry of the weld: low-melt-
ing-point metals are relatively enriched in the fume (Mn by a factor of 2-6, Cu and
Pb by a factor of 3-5), while the more refractory metals are depleted by factors of
e.g., 0.07-0.5 for Fe, 0.2-0.7 for Cr and 0.03-0.4 for Ni (when present) (see e.g., Malm-
qvist et al. 1986).

Potential occupational exposure to fumes from a given consumable can be esti-
mated by combining information on the relative elemental abundance of the aero-
sol, as determined from a chemical analysis of welding fumes produced in the labo-
ratory under controlled conditions, with the total aerosol concentration expected on
the basis of work-place measurements. Actual elemental exposures can be deter-
mined on the basis of fume samples collected at the work place by stationary sam-
pIers placed on the shop floor or by personal samplers placed in the breathing zone.
Detailed descriptions of standard sampling methods have been proposed by a num-
ber of sources (e.g., American Welding Society, 1973; British Standards Institution,
1986), and the general characteristics of welding fumes have been studied under
controlled conditions (e.g., American Welding Society, 1973; Evans et al., 1979;
Mayer & SaIsi, 1980). AIthough a welder usuallyworks for long periods with a single

type of consumable, changing conditions may result in variations in the chemical
composition of the fume with time over a working shift. ln addition, the presence of
other process applications in the vicinity contributes to the chemical composition of
the background: under certain conditions, e.g., TIG (see below), the background
may contribute significantly to the fume collected in the breathing zone, although
typically the background fume concentration as measured with stationary samplers
is about one-tenth that found in the breathing zone (Ulfvarson, 1981). Hence, the
presence of specific elements determined by chemical analysis of samples obtained
in the work place may not be corroborated by laboratory measurements of nominal-
ly the same welding process.



WELDING 457

Each consumable produces a unique fume in terms of elemental composition
(see, e.g., Mayer & SaIsi, 1980), particle size distribution and identifiable stoichio-
metric compounds (see, e.g., Fasiska et al., 1983). Since there are thousands of dif-
ferent consumables, the only way to review data on composition and exposure
derived from laboratory and work-place measurements is by use of tables of ranges
of elemental concentration for very general classes of processes, applications and
consumables. This technique has the disadvantage that one cannot determine from
the tables the actual composition of a specific welding fume; on the other hand,
since welders use many consumables during a working week, their actual exposure
is properly reflected in the logarithm of the median values so obtained.

Not only particulate matter but also a wide range of gaseous pollutants is pro-
duced by welding, either through decomposition of compounds in the flux coating
or core of the consumable or through oxidation, dissociation or other chemical reac-
tions in the air mixed into the arc or surrounding the arc region.

Estimates of exposure to potentially toxic gases (ozone, carbon monoxide, ni-
trogen oxides) based on production rates measured in the laboratory may be unreli-
able because of the influence of local ventilation and work-place design on the ac-
tuaI concentrations found in the welders' breathing zone. Determination of occupa-
tional exposures to gases must be based on work-place measurements.

2.2 Chemical composition and physical properties of welding fumes

(a) Elemental composition

Fasiska et al. (1983) identified 38 individual types of covered electrodes
(MMAsteel) and 20 classes of MIGI Al fume, the fumes from which contain one or
more elements in high abundànce. The detailed chemical composition of a number
of classes ofwelding fume are summarized in Table 2. The range (when available) of
elemental distributions is given, together with an indication of the analytical meth-
od used. Fumes for chemical analysis are typically produced in a 'fume box', stan-
dards for which have been reviewed recently (Moreton, 1986).

A description ofwork-place exposures and the chemistry ofwelding fumes can
be considerably simplified by recognizing that each couplet of process technolo-

gy-application represents a source of a broad class of welding fume that is similar in
constituents if not in concentration. Three major process technologies (MMA,
MIG/MAG, TIG) applied to two classes of metal (mild steel (MS) and stainless steel
(SS)), plus a few additional couplets (e.g., MIG/AI), however, account for perhaps
80% of aIl exposures in welding (Stern, 1983). ln addition, MIG/Ni and MMA/Ni
processes, with wire or electrodes (i~e., consumables) containing high levels of nick-
el, are used on cast iron and low-alloy steel. MIG/MAG processes produce fume
with components from the metal/alloy wire alone, while fume from flux-producing
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Table 2. Average or range (%) of elemental distribution ofwelding fumes by type

Element Manual metal arc fume Metal inert gas fume Methoda Reference

Mild steel Stainless Mild steel Stainless
steel steel

Si 2.7-8.1 2.9-5.6 1.6-3.3 0.9 XRF Mayer & SaIsi (1980)
10 1.7 XRF Moreton et al. (1986)

F 7-14 16-24 ND ND PIXE Malmqvist et al. (1986)
14.9 XRF Moreton et al. (1986)

0.6-17 7-11.5 0.05-14 XRF Mayer & SaIsi (1980)

CI ND-O.54 ND-O.34 ND ND PIXE Malmqvist et al. (1986)
K 9-19 18-22 ND ND PIXE Malmqvist et al. (1986)

19.9 .. 0.1 XRF Moreton et al. (1986)
5.1-15 8.7-15.4 0.11-5.7 XRF Mayer & SaIsi (1980)

Ca 0.62-2.6 1.3-10 ND ND PIXE Malmqvist et al. (1986)
0.4 .. 0.2 XRF Moreton et al.(1986)

0.09- 10.8 3.8-6.8 0.01-13.6 XRF Mayer & SaIsi (1980)
Ti ND-O.54 0.62-2.3 ND ND PIXE Malmqvist et al. (1986)

2.1 0.1 XRF Moreton et al. (1986)
0.6-2.4 7.7-12.7 0.00-2.8 XRF Mayer & SaIsi (1980)

Cr ND-O.07 3.0-3.4 0.07 10-12 PIXE Malmqvit et al. (1986)
5.0 13.4 XRF Moreton et al. (1986)

0.11-0.7 6.5-9.2 0.2-0.6 XRF Mayer & SaIsi (1980)
Mn 2.8-5.9 2.4-14 7.3 4.8-5.3 PIXE Malmqvist et al. (1986)

5.0 12.6 XRF Moreton et al. (1986)
2.7-5.6 4.3-5.0 3.9-7.0 XRF Mayer & SaIsi (1980)

Fe 11-32 3.3-3.7 45 28-31 PIXE Malmqvist et al. (1986)
5.1 33.3 XRF Moreton et al. (1986)

14.4-31.8 6.0-15.9 33-55 XRF Mayer & SaIsi (1980)
Ni ND 0.22-0.44 ND 4.5-4.8 PIXE Malmqvist et al. (1986)

0.4 4.9 XRF Moreton et al. (1986)
0.01-0.32 0.48-2.9 0.01-0.06 XRF Mayer & SaIsi (1980)

Cu ND-O.08 ND-O.01 0.26 0.06-0.09 PIXE Malmqvist et al. (1986)
.. 0.1 0.6 XRF Moreton et al. (1986)

0.04-0.24 0.09-0.14 0.01-0.18 XRF Mayer & SaIsi (1980)
Zn 0.040.29 0.11-0.25 0.04 0.17-0.18 PIXE Malmqvist et al. (1986)

0.04.07 0.007-0.10 0.08-0.40 XRF Mayer & SaIsi (1980)
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Table 2 (contd)

Element Manual metal arc fume Metal inert gas fume Methoda Reference

Mild steel Stainless Mild steel Stainless

steel steel
As ND-O.06 ND ND ND PIXE Malmqvist et al. (1986)

0.005-0.05 0.003-0.01 0.009-0.12 - XRF Mayer & SaIsi (1980)
Rb ND ND-0.02 ND ND PIX Malmqvist et al. (1986)

Zr ND-O.54 ND ND ND PIXE MaImqvist et al. (1986)

Mo ND ND-O.09 ND 0.92-0.95 PIXE Malmqvist et al. (1986)
.:0.02 0.6 XRF Moreton et al. (1986)

0.005-0.3 0.2-1.4 0.1-0.2 XRF Mayer & SaIsi (1980)
Pb .:0.07 ND-O.04 ND ND PIXE Malmqvist et al. (1986)

0.03-0.28 0.08-0.55 0.05-0.22 XRF Mayer & SaIsi (1980)

axF, X-ray fluorescent spectrometry; PIXE, proton-induced X-ray spectrometry; -, no data;
ND, not detected

processes (flux-cored electrode welding, MMA) contains significant contributions
from the vaporization and decomposition of the flux-forming components of the
filler or coating. For simplicity, the following list indicates the elements that occur
in more th an trace (i.e., i %) quantities in the respective fumes of general-purpose
electrodes:

MIGI Al Al
MIG/Ni Ni, Fe
MIG-MAG/MS Fe, Mn, Si
MIG-MAG/SS Fe, Mn, Cr, Ni
MIG/MS Fe, Mn, Si, K
MMA/Ni Ni, Fe, Ba
MMAMS Fe, Mn, Ca, K, Si, F: Ti
MMA/SS Fe, Mn, Ca, Si, F: K, Ti, Cr, Ni
ln addition to the elements listed above and in Table 2, many other trace ele-

ments (e.g., Ag, Ga, Nb, Se, Sn, Sr) have been identified in special-purpose welding
fumes (Pedersen et aL., 1987).

(b) Oxidation state of chromium

Considerable attention has been given to the oxidation state of chromium in
welding fumes. (See Pedersen et al., 1987, for a recent review.) The only soluble
species of chromium in welding fumes is Cr(VI). (For a discussion of the definition
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of solubilty for Cr (VI) compounds, see p. 55 of the monograph on chromium, and
the General Remarks, pp.42-43). Table 3 gives information on the solubilty and
oxidation state of chromium in MMASS, MIG/SS and TIG/SS welding fumes. For
all practical purposes, the (long-term) insoluble Cr (VI) content of SS welding fumes
is less than 0.5% and is more typically of the order of 0.2-0.3%, and is thus negligible
from the point of view of exposure. The high Cr (VI) content of MMA fumes is at-
tributed to the presence of alkaline metals in the flux coating; hence, flux cord elec-
trode fume resembles MMA fume with regard to chromium chemistry due to the
presence of the flux forming materials in the core, although the technique resembles
MIG. Numerous attempts have been made to alter the Cr(VI) content ofMMASS
fume; in a recent approach, potassium was replaced by sodium in a modified elec-
trode (Kobayashi & Tsutsumi, 1986), resulting in a significant reduction in the rela-
tive Cr(VI) content (see below).

The concentration of Cr (VI) and the Cr(VI)/Cr (total) ratio in MIG(MAG )/SS
welding fumes has been the subject of considerable discussion. Stern et al. (1984)
showed that collection of MIG/SS fume in an impinger can result in fixation of 30%
and more of the total Cr as Cr (VI) (compared to a maximum of 3% in mem-
brane-collected fumes). The Cr(VI):Cr(total) is heavily dependent on welding pa-
rameters (current, voltage, arc length) and time after welding (Thomsen & Stern,
1979; Stern, 1983). Maximal .concentrations of Cr(VIl occur after about 10 sand
then fall by about a factor of 3 within 3 min (Hewitt & Madden, 1986).

Occupational exposure to Cr(VI) also occurs in stainless-steel processes other
than welding. Sawatari and Seri ta (1986) showed that the fumes from plasma spray-
ing contain 27% Cr(VI). Flame spraying, electric arc spraying and plasma spraying
of additives containing mixures of Fe, Cr and Ni produced fumes with approxi-
mately 6-8% Cr, of which 22-69% was Cr(VI) (Malmqvist et aL., 1981).

A problem with respect to chromium speciation has been lack of standardized
collection and analytical methods. Reduction of fume during dry membrane collec-
tion and reduction or oxidation of fume during analysis could lead to under- or
over-reporting of Cr (VI) concentrations (Pedersen et al., 1987).

(c) Crystalline materials

Chemical analysis of welding fume is usually based on methods which allow
determination only of the elemental content. Frequently, composition Is given in
terms of the putative oxide (e.g., F~03' Fe304, Cr03) although such assignment of
compound is not justified without additional crystallographic evidence. Recently, a
number of authors have begun to investigate the presence of crystallographic com-
pounds in a range of welding fumes.

Fasiska et al. (1983) found Fe304, (Fe, Mn)304, KF-CaF2, CaF2, MnFe2ü4,
(Fe,Cu)F~04' K2Cr04, K2Fe06, NaE K2Fe04, K2(Cr,Fe)04' (Fe,Ni)F~04 and



Table 3. Distribution (%) of chromium by oxidation state and solubility and of nickel as a function of
type of welding fume

Type of fumea Cr (total) Cr(VI) Cr(VI) : Cr(VI) soluble: Ni (total) Reference
Cr (total) Cr (total)

Total Soluble Insoluble

MMNSS 29-4.4 - 1.5-3.2 c: 0.5-0.92 - 0.50-0.73 0.22-0.44 Malmqvist et al.
(1986)

MMNSS 5.0 4.1 3.8 0.3 0.82 - 0.4 Moreton et al.
(1986)

MMNSS 3.0-5.3 1.8-3.9 - - 0.36-1.0 - 0.3- 1.3 Eichhom &
Oldenburg (1986)

MMNSS 4. 9-7. 3c - 4.4-5.4 0.4-1.8 - 0.74-0.91 0.03-O.6d Kobayashi &
(modified)b 11.4 - 0.66 11.2 - 0.056 0.9 Tsutsumi (1986) ~

trMMNSS 24-6.4 - 22-4.3 0.03-0.42 - 0.7-0.9 0.38-1.9 Stem (1980b) r-
MMAie 0.02 1.4 Stem (1980b)

0- - - - - ..
Z

MIG/SS 12 - 0.23 c: 2 - 0.019 4.5 Malmqvist et al. 0
(1986)

MIG/SS 13.4 - 0.2 c: O. 1 - 0.015 4.9 Moreton et al.
(1986)

MIG/SS 4.1-15.6 0.02-29 - 0.01-0.42 0.005-0.191 - 3. 5-6. 7 Stem (1980b)

FCW/SS 5.1 27 2.5 0.2 0.53 - 1.3 Moreton et al.
(1986)

MIG/Ni 0.04 - c: 0.004 0.04 - - 53-60 Stem (1980b)

'MMA manual metal arc; SS, stainless steel; MIG, metal inert gas; Fe\¥ flux-cored electrode
bCovering comprises modified lime-titania

lTotal Cr 203
tlotal NiO

e¡Ba = 40%; 6% water-soluble L ~1Impinger collection) ¡.
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PbCr04 in a wide range ofMMA fumes; and Kobayashi and Tsutsumi (1986) found
the following compounds in different MMA welding fumes:

Non-lime MMAMS Fe304, MnFe204, Fe203
Lime-type MMAMS K2C03, Fe304, MnFe204, NaE CaF2, KCaF3,

KCl (and MgO and N a2C03 in a modified type)
MMASS K2Cr04, Fe304' NaE CaF2, Na2Cr04 (and LiF

in a modified type)
Combined X-ray diffraction analysis and Mössbauer spectroscopy showed

that Fe in welding fume occurs as Q:- Fe (metalIc) as well as in an iron oxide spinel
(Fe304) with some degree of impurities and imperfection. MIG/MS and MIG/SS
welding fumes contained approximately 7% Q:-Fe and 12% 'Y-Fe, respectively (Stern
et al., 1987). AIthough welding fumes contain considerable amounts of silcium in
oxidized form, the presence of crystalline silca has not been reported; only amor-
phous silca is observed (Mayer & SaIsi, 1980), presumably because the physicall
chemical conditions for the formation of crystallne silica are not met during weld-
ing (Fasiska et al., 1983; Kobayashi & Tsutsumi, 1986; Stern et aL., 1987). Previously
asbestos and currently clays are used to provide elemental Al, Mg and Si; however,
these originally crystallne materials are decomposed in the high temperature of the
arc, and corresponding crystallne substances do not appear in the fumes.

(d) Physical properties

The most important physical characteristic of welding fumes is their particu-
late size distribution, as this property determines the degree to which fumes are
respirable and how they are deposited within the respiratory tract. Aerodynamic
mass median diameters of welding fumes have been determined with cascade im-
pactors; typical values are as follows: MMA fumes: 0.35-0.6 llm for total fume
(Malmq~st et aL. 1986); 0.23-0.52 llm aerodynamic diameter (Eichhorn & Olden-
berg, 1986); 0.2 J.m for metallc parts (Mn, Fe) and 2.0 llm for slag components (Ca)

(Stern, 1982); MIG fumes: or 0.2 llm (Stern, 1980b) and 0.11-0.23 llm aerodynamic
diameter (Eichhorn & Oldenburg, 1986). Stern et aL. (1984) and Malmqvist et al.
(1986) showed by means of electron spectroscopy for chemical analysis and trans-
mission electron microscopy that the outer layers of the amorphous matrix of
MMASS fume particles are soluble in water and contain only Cr(VI). With most
digestion procedures, there is almost always an insoluble residue consisting of re-
fractory cores from MIG/SS fume (Pedersen et al., 1987). Transmission electrom
microscopy showed that the partic1es ofMIG fumes can be very crystalline and tend
to form long chains, clusters and rafts, most ofwhich, however, break up in solution
(Stern, 1979; Grekula et al., 1986; Farrants et al., 1988). For MMA fumes, the situa-
tion is complex, since there are several sources of the aerosol. Slag particles make
up a separate aerosol with a relatively large median diameter, and a certain fraction
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consists of particles similar to those found in MIG fumes. A third c1ass of particles
consist of an amorphous matrIx containing droplets of metal-ri ch material, which in
turn can contain a large number of crystallne precipitates, mostly of an impure,
imperfect iron oxide (magnetic) spinel (Stern et al., 1984).

Studies using energy dispersive analysis of X-rays in the electron microscope
(Stern, 1979; Minni et al., 1984; Grekula et al., 1986; Gustafsson et al. 1986) show that
individual particles, especially of MMA fume, can have widely varying cheffistry;
the particles of MIG fumes may be somewhat more homogeneous, the average par-
ticle chemistry resembling that of the fume.

Studies of the chemistry of fumes collected in liquid-filled impingers indicate
that the elemental distribution varies as a function of particle size (Stern et al~,
1984).

2.3 Occupational exposures of welders

Exposures ofwelders that have been evaluated for carcinogenicity in previous
!AC Monographs are listed in Table 4.

(a) Exposures to welding fumes
Occupational exposures in the welding industry have been measured for de-

cades. Ambient concentrations of welding fumes are determined by the rates of for-
mation of fume during the process and the extent of ventilation. Steady-state-con-
centrations of fumes in work-room/work-space air are determined by the ratio of
fume formation rate (in mg/s) to the ventilation rate (m3/s). In small, confined
spaces with poor ventilation, the concentration increases with time: a single weI der
working with a process producing 10 mg/s of fume in a ship double-bottom section
or container with a volume of 10 m3 wil be exposed to an environment containing 60
mg/m3 fume after 1 min of arcing time. Typical 4-mm diameter electrodes produce
0.5-4 g total fume and have a burning time of 30-45 s. ln most contemporary shops
in industrialized countries, ventilation rates are designed to maintain the back-
ground level weIl below 5-10 mg/m3; present levels usually average 2-4 mg/m3 and
have been decreasing by a factor of two per decade since the 1940s, as can be seen
from a comparison of recent data with measurements of working place concentra-
tions in the 1960s (e.g., Caccuri & Fournier, 1969).

ln order to compare fume production from different welding techniques, two
entities can be defined - total fume emission rate, E (g/min), and the relative fume
formation index, R, which is the total mass of emitted fume standardized to the
mass of the deposited consumable (excluding slag) in mg/g (Malmqvist et al., 1986).
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Table 4. Occupatiooal exposures ofwelders, other than to nickel and chromium
compouods (evaluated elsewhere in this volume) that were evaIuated for carcioo-
geoicity io lAC Monographs Volumes i-48

Agent Degree of evidence Overall Occurrence
for cacinogenicitya evaluationa

Human Animal

Lead and lead Welding fumes from special-pur-
compounds pose electrodes

Inorganic 1 S 2B
Arnic and arsnic S L 1* Impunty in sorne mild stainless-
compounds steel welding fumes
Asbestos S S i Insulation matenal, e.g., in ship-

yards
Toluene 1 1 3 Welding fumes from painted steel
X ylene 1 1 3 Welding fumes from painted steel
Phenol 1 1 3 Welding fumes from painted steel
Benzene S S i Welding fumes from painted steel
1,4-Dioxane 1 S 2B Welding fumes from painted steel
Formaldehyde L S 2A Welding fumes from painted steel
Acetaldehyde 1 S 2B Welding fumes from painted steel
Acrolein 1 1 3 Welding fumes from painted steel
Methyl methacrylate ND 1 3 Welding fumes from painted steel

as, sufficient evidence; 1. limited evidence; 1, inadequate evidence, ND, no adequate data. For
definitions of the overall evaluations, see Preamble, pp. 36-37.
*This evaluation applies to the group of chemicals as a whole and not necessanly to aIl individual
chemicals within the group.

For a particular welding technique and typical welding parameters, the rate of
fume formation does not vary by more than a factor of 3 from the average. ln MMA,
the amount of fume produced per electrode is independent of the current but rough-
ly proportional to the length of the arc, and hence welding voltage. Poor welding
technique can result in twice the fume production pet rod. The burn time of an
electrode is inversely proportion al to the current, so welding at twice the current
produces twice the fume formation rate (see Stern, 1977; Malmqvist et aL., 1986).
Under most open and shipyard conditions, exposure is determined by the relation-
ship between the position of the welder's face mask and the rising plume; typically,
the mask effectively reduces exposure bya factor of 3-6 (American Welding Society,
1973).

One wayof describing welders' exposures is to present data in terms of cumu-
lative distribution curves for various welding processes. Stern (1980a) generalized
the data for Swedish and Danish workplaces (Ulfvarson et al., 1978a,b,c; Ulfvarson,
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1979, 1981) and found that the median reported 8-h TWA total dust concentration
in the breathing zone was 10 mg/m3 for MIG/ Al; that for MMA and MIG processes
was 1.5-10 mg/m3. Within the 10-90% range, the distribution curves are parallel: the
90% limit is typically four times greater than the 50% value. Ulfvarson (1986) re-
viewed many of the general principles that relate ta fume concentrations and
pointedout that actual fume formation rates are quite similar in different welding
processes (with the exception of TIO) and that most of the variation comes from
differences in arcing time, which can be as low as 20% for certain MMA operations
requiring considerable work-piece preparation, and close to 85% for certain MIG
operations. Rutile electrodes emit higher fume concentrations than do basic elec-
trodes, and, with the exception of ozone formation during MIG welding, working
postures do not affect fume emissions from mild steel. General ventilation affects
exposure considerably: low ventilation rates in the winter lead to a strong seasonal
variation (by a factor of 2-3) in Scandinavian work places. Local exhaust, on aver-
age, reduces fume concentrations by only 58% in MMA welding and 35% in MIG
welding, and by much less if not used properly (close to the arc) or if poorly main-
taÎned (Ulfvarson, 1986).

An indication of the range of exposures to total particles was provided by Ulf-
varson (1981): the 50% and 90% exposures (in mg/m3) were: nG/ Al, 1 and 4; MIG/
Al, 9 and 43; MMAlSS, 4 and 10; TIG/SS, 2 and 6; MMA/Ni, 2 and 10; MMA/MS, 10
and 28; MIG(MAG)/MS, 7 and 18; and MIG/SS, 2 and 5. Most of the results of
studies in factories and shipyards are in agreement with the upper limits, as can be
seen in Tables 5 and 6. Table 5 also shows total chromium, hexavalent chromium
and nickel concentrations in various stainless-steel welding processes. The concen-
tration of hexavalent chromium (mostly water-soluble) ranged from 25 to 1550 llg/
m3 in MMASS, from -c 1 llg/m3 to -c 20 llg/m3 in MIO/SS and was ":1-.: 6 llg/m3
in TIG/SS. The nickel levels were 10 to 970 llg/m3, 30 to -c 570 llg/m3 and 10 to -c 70

llg/m3, respectively. Higher levels of chromium and nickel occur during special pro-
cess applications and during welding in confined spaces. The levels of other air
contaminants are summarized in Tables 5-7 for mild-steel and stainless-steel weld-
mg.

(h) Biological monitoring of exposure (see also pp. 484-485)

(i) Chromium
Both blood and urine levels of chromium are found to be elevated in stain-

less-steel welders compared to control populations (Gylseth et al., 1977; Tola et aL.,
1977; Kallomaki et al., 1981; Rahkonen et al., 1983; Sjögren et aL., 1983a; Welinder et
al., 1983; LittoTin et al., 1984; CavalIeri & Minoia, 1985; Gustavsson & Welinder,
1986; Schaller et aL., 1986). Typical levels of chromium in biological fluids of stain-
less-steel welders are presented in l1ible 8.



Table 5. Occupation al exposures within the stainless-steel welding industry by process and application
(average and/or range) ~
Reference (country) Procssa Total fume Total Cr Cr(VI) (¡.g/m3 Ni (¡.g/m3) Cu (¡.g/m3)

(mg/m3) (¡.g/m3) or % of total Cr)

o .
44 (70-970)Akesson & Skerfng MMNSS - 101 (26-220) - -

(1985) (Sweden)

van der Wal (1985) MMNSS 2-40 30- 1600 25- 1550 10-210
(Netherlands) MIG/SS 1.5-3 60 c: 1 30

TIG/SSb 0.8-4.2 10-55 c: 1 10-40 -
Background 0.5-1.2 - - - -

~TIG/Monel 1.3-5 - - 330 215 ('
MMA TIG/Cu-Ni-Fe 0.6-5.5 - - 20- 120 40-320 ~

Froats & Mason MIG/SS (lst plant) 0.3-225 - 0.1-0.6 - - 0
(1986)b (Canada) MIG/SS (2nd plant) 0.67-8.32 8-37 1-3.4 - - Z0

SS grnders 1.6-21.6 17-108 1-3 - - 0
Coenen et al. (1985, MMNSSb 90%, c: 13.4 90%, c: 350 90%, c: 40 90%, c: 240 -

~1986) (German Demo- Small MMNSS - 90%, c: 210 90%, c: 30 90%, c: 70 -
::cratic Republic) Lage MMNSS - 90%, c: 120 90%, c: 980 90%, c: 570 - en

Background 90%, c:8 90%, c: 170 90%, c: 60 90%, c: 220 -
dTIG/SSb 90%, c: 5.4 90%, c: 40 90%, c:6 90%, c: 70 -

Background 90%, c:l 90%, c: 40 90%, c:2 90%, c: 26 - 5MIG/SSb 90%, c: 128 90%, c: 190 90%, c: 20 90%, c: 160 - ~
Background 90%, c: 3.5 90%, c: 80 90%, c: 10 90%, c: 80 - tT
MAG/SSb 90%, c: 41 90%, c: 340 90%, c: 30 90%, c: 190 - ~
Background 90%, c: 14.4 90%, c: 30 90%, c:3 90%, c: 20

\0

Ulfvarson et al. (1978b) MMNSS 75%, c: 6.3 75%, 400 98% 75%, c: 40
(Sweden) Background 75%, c:4 75%, c: 50 11.5% 75%, c: 22

MIG/SS 75% c: 2.65 75%, c: 94
Background 75%, c:2 75%, c: 50

van der Wal (1986)b PC/SS 1.0-7.5 30-44 c: 1-40 c: 10-26
(Netherlands) PW/SS 0.2-1.1 20-30 c: 1 1-20

~MA manual metal arc; SS, stainless-steel; MIG, metal inert gas; TIG, tungsten inert gas; AlB, aluminium bronze; PC, plasma
cutting; PW; plasma welding
bJreathing zone



Table 6. Occupational exposures of welders during various processes and applications in the mild-steel and
non-ferrous industry

Reference (country) Procssa Total fume CO (ppm) N02 or NOx F (mglm3) Cu (mglm3) Mn (mglm3)
(mglm3) (m glm 

3) 

Casiani et al. C MMNMS:
(1986) (Italy) No exhaust 8.8-90.6 1-47 0-6.5d

Average 320 6.0 1.09 0.83
With exhaust 1.3-7.9
Average 4.34

Ulfvaron et al. MMNMS 1.3-53 -( 5- 10 -( 0.5-25 0.007-0.094 0.089-0.77 ~
t'

(1978c) (Sweden) Average 7.7 0.016 0.26 t'
UMAG, MIG, TIG/MS 1.3-52 -( 5-150 -( 0.5-0.5 0.008-0.14 0.066-1.8 -
ZAverage 7.0 3 0.027 0.30 a

van der Wal (1985) MMNMSc 1.3-13.2 0.09/1

(Netherlands) Average 5.3
Background 0.6-3.1
MIG-MAG/MSc 0.9-129 0.09
Average 4.4
Background 0.4-.7

"MMA manual metal arc; MS, mild steel; FC\vflux-cored electrode; MAG, metal active gas; MIG, metal inert gas
~02
'Breathing zone
tl Ox

~..



~
Table 7. Concentrations of gaseous pollutants iD welding fume

00

Reference (country) Procssa CO 03 N02 NOx NO Ni(CO)4

Sipek & Smår TIG/SS 0.97 ppm 0.21 ppm 0.005 ppm

(1986) (Sweden) TIG/SS 0.31 ppm 2.0 ppm 0.44 ppm

Hallne & Hallberg MMNi 15-100 ppm 0.1-0.2 ppm 0.6-2.6 ppm 0.02 ppm

(1982) (Sweden)

Wiseman & TIG/Ni ~0.00011 ppm
-
~Chapman (1986) MIG/Ni -: 0.0001 ppm

(Canada) MIG/SS -: 0.0001 ppm (ì
-: 0.001 ppm ~TIG/SS 0

van der Wal (1985) (breathing zone) (background) Z0
(Netherlands) MMNMS 0

MIG-MAG/MS -: 5 ).glm3 ND-O.4 mglm3 ND-0.7 mglm3

~TIG/SS -: 5 ).glm3 ND-0.3 mglm3 ND-0.7 mglm3
MIG/SS -: 5 ).glm3 ND-0.8 mg/m3 ND- 1.1 mg/m3 ~

czMIG/AI bronze ~1oo ).g/m3 ND- 1. 7 mg/m3 ND-0.6 mg/m3 ~MIG/AI :; 100 ).glm3 ND-O. 1 mglm3 ND-O. 1 mglm3 0
van der Wal (1986) PC/SS -: 0.01-2 mg/m3 5
(Netherlands) PW/SS 0.03-0.2 mg/m3 ~

tr
(breathing zone) .¡

(50%,90%) (50%,90% )
\0

Ulfvaron (1981)

(Sweden) TIG/ Al ~0.02, 0.08 ppm ~1, 7.6 ppm
MIG/AI ":0.08, 0.43 ppm ":0.5,3.2 ppm
MMNMS ~0.2, 1.1 ppm
MMNSS -: 0.01 ppm ~0.5, 3.0 ppm
MIG-MAG/SS ~0.02, 0.2 ppm ~0.5, 2.0 ppm
MIG-MAG/MS ~0.03, 0.08 ppm ":0.5 ppm

tTIG, tungsten inert gas; SS, stainless-steel; MMA manual metal arc; MIG, metal inert gas; MAG, metal active gas; PC, plasma cutting; PW; plasma
welding
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Table 8. Concentrations of chromium in biological fluids from stainless-steel
welders

Reference Concentration of chromium
(ppulation )a

ln urine ln serum (plasma) ln eryhroces

Vershoor et al. (1988t
MMNSS welders 3 (1-62) J,g/g creatinine 0.2 (0.042.9) J,g/l
SS Boilennakers 1 (0.3-1.5) ,.g/g creatinine 0.2 (0.07-0.7) J,g/l
Controls 0.4 (0.1-2.0) ,.g/g creatinine 0.2 (0.01-0.9) J,g/l

Angerer et al. (1987)b

MMA-MIG/SS 33 (5.4-229) ,.g/l 9 (2.2-69) ,.g/l 0.3 ( 0( 0.6-39) ,.g/l
welders

Gustavson & Welinder
(1986)C

MMNSS welders 15.6-61.1 J,mo1!mol creati- 52-190 nmo1!1 27-188 nmol/I
nine

After summer vacation 2-11.3 J,mo1!mol creatinine 0( 13-58 nmoVI 0( 20-65 nmoVI

Schaller et al. (1986t
MMA + TIG + MIG/SS 8.3 (0.4-67.4) J,g/g creati- 2.5 (0.4-7.8) J,gll
welders nine

àchiesche et d. (1987)e

MMNSS welders 6.7 (2.2-34.8) ,.g/g creatinine

11.6 (2.4-42) l1g/1

MAG-MIG/SS welders 4.9 (3.2-10.9) ,.g/g creatinine

6.3 (3.4-21.9) ,.g/I
TIG/SS welders 2.7 (2.3-4.5) ,.g/g creatinine

4.5 (4.1-8.6) J,g/l
Con troIs 1.4 (0.8-2.4) J,g/g creatinine

1.6 (0.8-3.4) ,.g/I

Emmerling et al. (1987Y

MMNSS welders 28 (8.1-54) ,.g/l 10.7 (5.3-20.8) J,g/l 3.6 (1.3- 12.5) ,.g/I

MIG-MAG/SS welders 14.8 (4.9-30.7) ,.g/I 5.7 (2.7-13.3) J,g/I 0.6 (0.4-1.4) J.g/I
TIG welders 8.7 (4.7-14.5) ,.g/l 5.5 (3.0-8.1) J,gll 1.5 (0.6-3.4) J.g/I

~MA, manu al metai arc; SS,stainless-steel; MIG, metal inert gas; TIG, tungsten inert gas;
MAG, metal active gas
bGeometric mean, range

~ange
~edian, 90% range

t'edian, 68% range
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(ii) Nickel

Consistent results have been difficult to obtain with regard to the levels of nick-
el in blood and urine of persons exposed. during welding, although levels are ele-
vated when compared to unexposed individuals (Table 9).

Table 9. Concentrations of nickel in work-room air and in the urine ofstainless-
steel welders

Reference Concentration of nickel
(ppulationt

ln air ln plasma ln urinea

(J.g/m3) (J.g/I) (mean :: sn or range)

Åkeson & Skerfng (1985t 44
MMNSS welders Monday 12 (4.2-34) J.g/I;
moming before work 8.8 (3.1-14.1) J.glg creatinine
MMNSS welders Thursday 18 (8.1-38 J.g/l);
p.m. 12.4 (4.1-50.4) J.g/g creatinine

Zshiesche et al. (1987)C
MMNSS welders post-shift 19 7.5 (2.5-15) J.glI;

4.5 (2.5-12) J.glg creatinine
MIG/SS welders 66 11.2 (4.1-28) J.glI;

8.1 (3.5-21.4) J.glg creatinine
Con troIs 2.3 (1.2-5.1) J.g!g creatinine;

1.8 (1.1-5.0) J.g!g creatinine

Angerer & Lehnert (l99l

MMNSS welders 72 :: 82 4.3 :f 3.9 13.2 :f 26.5 (0.6-164.7) J.g!I

(.( 50-26) (.0 1.8-18.1)
MIG/SS welders 100 :f 82 3.9 :f 4.2 26.8 :f 53.6 (1.2-209.4) J.glI

( .0 50-320) (.( 1.8-14.6)

MMNSS and MIG/SS welders 5.6 :f 4.1 20.3 :f 18.3 (0.1-85.2) J.g/I

(.0 1.8-19.6)
Controls .0 1. 8 0.9 :f 1.4 ( .( 0.1-13.3) J.g/I

~MA, manual metal arc; SS, stainless-steeI; MIG, metal inert gas; TIG, tungsten inert gas
iYedian and range; welding of high-nickel alloy (75% Ni)
£Median and 68% range

~ean:f sn (range)

(ii) Manganese

Most ferrous welding fumes contain manganese, and the range of manganese
concentrations in blood and urine of exposed welders is considerably higher th an
the range in unexposed individuals, although there is considerable overlap (Jarvisa-
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10 et al., 1983; Zschiesche et al., 1986). Cutters of manganese steel had elevated plas-
ma levels of Mn (up to 28 nmol/l) compared to baseline levels (11 nmol/l) (Knight et
al., 1985).

(iv) Fluoride

Increased urinary fluoride excretion levels were detected in arc welders using
basic electrodes; the fluoride levels correlated with the total dust exposures (Sjögren '
et al., 1984; see Table 6).

(v) Lead
High blood lead concentrations may occur after thermal cutting or welding of

lead oxide-coated steel (Rieke, 1969). Increased concentrations of lead in blood
were seen in welders in a ship repair yard (Grandjean & Kon, 1981).

(vi) Aluminium

Welders utilzing the MIGI Al technique had elevated blood and urinary levels
of aluminium (Sjögren et al., 1983b). After exposure to air concentrations of 1.1
(0.2-5.3) mg/m3 aluminium, the urinary aluminium level was 82 (6-564) Jlg/l
(54 (6-322) Jlg/g creatine); after an exposure-free period, the concentration had de-
creased to 29 (3-434) Jlg/l among welders with more th an ten years' exposure

(Sjögren.et al., 1988).

(vii) Barium

Barium is found as a constituent in the coating of electrodes with a high nickel
content for use on cast iron, and fumes from MMANi welding can contain up to
40% barium (Stern, 1980b). Oldenburg (1988) found that up to 60% of ~arium in
welding fumes was water-soluble. The concentration of barium in poorlyventilated

spaces was about 20 mg/m3 (Zschiesche et al., 1989); increased exposure to barium
resulted in higher urinary excretion of barium (Dare et al., 1984).

(c) Exposures to welding gases

Welding processes produce not only particulate matter but also some gaseous
pollutants. The high temperature of the arc and the presence of large surface areas
of metal at temperatures above 600°C lead to the production ofvarious oxides of
nitrogen from the atmosphere. Decomposition of carbonates present in MMA elec-
trode-coatings and flux cores produces a protective shield of active carbon dioxide;
this gas is also used in MIG/MAG welding as a shield component. Carbon monox-
ide is also produced, and in sorne cases has been used as an experimental shield gas
compone nt, together with either argon or helium (American Welding Society, 1973,
1979). It has been postulated that the presence of carbon monoxide in the vicinity of
welding in which nickel is present, either in the work piece or ¡n the consumable,
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could result in the formation of nickel carbonyl, which is extremely toxic (see pp.
387-388). Measuremefits with an instrument with a detection limit of 0.0001 ppm,
however, indicated that nickel carbonyl is produced only occasionally in amounts
that just exceed the detection threshold (Wiseman & Chapman, 1986).

Occupation al exposures to gases have been described for the US industry by
the American Welding Society (1973) and for the Swedish industry by Ulfvarson
(1981). The results of the latter (see Table 7) reveal that most exposures to ozone
arise during MIG and TIG welding of aluminium. Electric arc welding, and partic-
ularly MIG/SS, TIG/SS and MIG/AI welding, produce ozone by the ultra-violet de-
composition of atmospheric oxygen; high concentrations are found mostlywithin 50
cm of the arc. The highest exposures to ozone are found in MIG welding of AISi
alloys: emission rates are 5-20 times those for MIG/SS. The presence of nitrogen
monoxide, produced in large amounts by MMA welding, acts as a sink for ozone
(NO + 03 = N02 + O2) so that little or no residual ozone is produced in this pro-
cess (Sipek & Smårs, 1986).

Tables 6 and 7 provided an indication of the ranges of gases found with various
processes and working conditions. A major problem In interpreting occupational
measurements is that sometimes continuous recording instruments are used to
sample concentrations behind the face shield, and sometimes grab samples are tak-
en using sampling tubes placed in front of the shield.

(d) Exposures to organic constituents ofwelding fumes

Welding is frequently performed on mi Id-steel base plates coated with shop
. primer, and although welders are usually instructed to rem ove the primer from the
welding zone, this is frequently not done. Welding on primed plate can significantly
increase the total fume concentration, especially if a zinc-based primer has been
used. Primers frequently contain organic binders based on alkyl, epoxy, phenolic or
polyvinyl butyraL. A significant amount of organic material occurs in the fumes
originating from pyrolytic decomposition of the plastic. Benzo(a )pyrene is fre-

quently found, its distribution being approximately log-normal: 50% of observed
values lie below 10 ng/m3, while 98% lie below 1000 ng/m3 (Ulfvarson, 1981). Table
10 gives a summary of the concentrations of some of the organic substances identi-
fied in welding fume.

(e) Other expsures

Because welding can be performed under a wide variety of industrial settings,
welders (or those engaged in welding) are potentially exposed to a great number of
substances derived from the welding process itself or. from other industrial activi-
ties being performed in the immediate vicinity (bystander effect). The range of inci-
dental exposures du ring welding was reviewed by Zielhuis and Wanders (1986).
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Table 10. Organic substances found during welding of painted mild steel

Paint typ Organic compound identified Mean con- Reference
centration
(mg/m3)

Not reported

Not reported

Aldehydes, ketones, methylbenzofurane, phenol,
dioxane, 2,4-hexadienal, 2-hexanone, alcohols,
naphthalene, cresol, pyrdine, saturated and unsatu-
rated aliphatic and aromatic hydrocarbons (C6-C14),
etc.

Toluene
Methylethylketone
Ethanol
Xylene
Benzene
Ethylbenzene
Isobutanol
n-Decane

Epoxy Alkylated benzenesa, aliphatic alcohols (c1-c4)a,
bisphenol A a, phenoia, aliphatic ketones (C3-C5),
acetophenone, aliphatic aldehydes (C1-C4), aliphat-
ic amines (C1-C2)

Ethyl silcate Aliphatic alcohols (c1-c4)a, butyraldehydea, butyric

acid, aliphatic aldehydes (Cs-Cg), formaldehyde,
acetaldehyde, acetic acid

Polyvnyl butyal Aliphatic alcohols (c1-c4)a, butyraldehydea, butyric
acida, fonnaldehydea, acetaldehyde, acetic acid,
phenol

Modified epoxy Aliphatic aldehydes (c1-c9)a, aliphatic acids
ester (c5-c9)a, methyl methacrylatea, but yi methacrylatea,

phenol 
a, bisphenol A a, alkylated benzenes, aliphatic

alcohols (C1-C4), phthalic anhydride, acrolein, ali-
phatic hydrocrbons (Cs-C7)

Modified alkyd Aliphatic aldehydes (c6-c9)a, acroleina, phthalic
anhydridea, aliphatic acids (c5-c9)a, alkylated ben-
zenes, aliphatic alcohols (C1-C4), fonnaldehyde,
benzaldehyde

Bile et al.
(1976)

0.07
0.02
0.2
2.8
.. 0.05
1.2
.. 0.00
0.1

Ulfvarson
et al.
(1978c)

Engström
et al.
(1988)

~ajor compound

Ultra-violet radiation Is produced during all electric arc welding. The ranking
order for emission is MIG )- MMA )- TIG, with typical fluxes of the order of 22
W/m2 for MIG (at 1 m from the arc) and 0.7-2.5 W/m2 for MMA welding(American
Welding Society, 1979; Moss & Murray, 1979). Infra-red radiation is also produced,
and emissions in excess of 3500 W 1m2 were found in a number of alled processes
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(Grozdenko & Kuzina, 1982). Extremely low frequency and radio frequency radi-
ation are produced by the 50-60-Hz currents used in welding, the interruption of
current by metal transfer in the arc, and by the radio frequency generators used for
igniting MIG and TIG arcs. Typical magnetic flux densities near welding generators
range from 2 to 20 llT (Stuchly & Lecuyer, 1989), and current pulses of up to
100 00 A have been found to produce magnetic flux densities of upward of 10 00
llT at distances of 0.2-1.0 m from cables of transformers (Stern, 1987).

Most welders prepare their own work piece by mechanical grinding. This pro-

duces an aerosol which, although it has a relatively large aerodynamic diameter, is
frequently directed towards the face of the welder. Aerosols from stainless-steel
grinding can contain appreciable amounts of metallc nickel and chromium (Kopo-
nen et al., 1981).

Asbestos may be encountered by welders in shipbuilding and construction, ei-
ther from the spraying of asbestos coatings (as a fireproofing measure) or during
repair and removal of insulation from pipes, ducts and bulkheads (Sheers & Coles,
1980; Stern, 1980a; Newhouse et aL., 1985). Asbestos gloves and heat-protective

cloth have been traditionally used by welders.

Sand blasting, as used extensively in the past for surface preparation, can con-
tribute to exposure to free silca, although such exposures have not been studied
systematically; glass beads are usually now used.

(f Regulatory status and guidelines

Occupational exposure limits for airborne chromium and nickel in various
forms are given in the respective monographs. The occupational exposure limit
(time-weighted average) in the USA for welding fume (total particulate) is 5 mg/m3
(American Conference of Governmental Industrial Hygienists, 1988).

2.4 Chemical aDalysis of welding fumes and gases

Within recent years, standard practices have been developed for monitoring
exposures in order to comply with occupational exposure limits for elements, com-
pounds and nuisance dusts. Most measurements are made using personal monitor-
ing systems with a small battery-driven pump at a flow of about li/min connected to
a cassette containing a membrane filter, which is mounted on the lapel or behind the
face mask of welders for one or two periods of 3 h. Values are derived for
time-weighted average concentrations of total fumes by weighing the filter before
and after exposure; elemental concentrations are determined by chemical analysis
of the filters (see American Welding Society, 1973; British Standards Institution,
1986). Attempts have also been made to make time-resolved analyses of exposures
using special techniques (Barfoot et al., 1981).
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A wide range of methods has been used to analyse welding fumes. Proton-in-

duced X-ray emission fluorescence energy analysis has been used for total analysis
of the elements (Malmqvist et al., 1986; Pedersen et al., 1987). This is an inexpensive
method for providing information on aU elements heavier than phosphorus, but one
disadvantage is that special calibration methods are necessarywhich are not always
accurate, and no detailed comparison has been reported between the results of this
method and wet chemical methods. Special methods can be used to determine spe-
cific elements: Malmqvist et al. (1986) used a nuclear reaction to determine fluorine
and electron spectroscopy to determine the relative distribution of Cr(VI) to total
Cr on particle surfaces. The diphenyl carbazide technique, sometimes as adapted
by Thomsen and Stern (1979), has been used widely to determine the Cr(VI) content
of soluble fractions . (Abell & Carlberg, 1984; National Institute for Occupational
Safety and Health, 1985). Energy dispersive X-ray analysis has been used to identi-
fy the elemental content of individual partic1es under the electron microscope (Gre-
kula et al., 1986), and X-ray diffraction methods have been used to identify crystal-
line species. X-Ray photoelectron spectroscopy and Auger electron spectroscopy
have been used to identify chemical species on the surface of partic1es and, together
with argon sputtering, to analyse deeper within the particles (Minni, 1986).

In only a few cases have systematic comparisons been made of the results of
various techniques on the same fume samples. Oláh and Tölgyessy (1985) showed
that the results ofX-ray fluorescence and neutron activation methods with regard to
MMA fume composition agreed to within 5%.

It is becoming common practice to collect two filters for analysis of SS fumes
- one for speciation of chromium and analysis of nickel and the other for total
elemental analysis. Gas fibre filters without organic binders or polyviny1chloride
filters are recommended (e.g., van der Wal, 1985; Pedersen et al., 1987) to avoid re-
duction of Cr(VI), which can be as much as 95% if cellulose acetate filters are used.
Typical procedures for the analysis of SS fumes are as follows. One part of the filter
is leached with distiled water or 1% sodium carbonate at room temperature for 30
min to extract the soluble fraction. Soluble Cr(VI) in the leachate (filtered through a
0.45-JlM Duropore membrane) is then determined by the diphenyl carbazide meth-
od (or by atomic absorption spectrometry). A second part of the filter is leached
with 3% sodium carbonate and 2% sodium hydroxide in water (heated with a cover
glass and avoiding formation of white fumes), and total Cr(VI) content is deter-
mined by the diphenyl carbazide method in the leachate. A third part of the filter is
leached with nitrIc and hydrochloric acids for 1 h at 175°C and analysed by atomic
absorption spectrometry to determine other elements and total chromium. A
fourth part of the filter is fused with sodium carbonate for determination of total
chromium in the melt solution (van der Wal, 1985).
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Digestion of MIG/SS fumes in phosphoric acid:sulfuric acid (3:1) avoids the
formation of insoluble residues, which can be as much as 20% of total fume mass for
certain types, prior to analysis by atomic absorption spectroscopy for total metallc
content (Pedersen et al., 1987).

3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animaIs

(a) l ntratracheal instillation

Hamster: Groups of35 male Syrian golden hamsters, sixweeks of age, received
weekly intratracheal instilations of either (i) 2.0 mg of the particulate fraction of
MIG/SS fume (containing 0.4% ch'romium and 2.4% nickel) in 0.2 ml saline; (ii) 0.5
mg or 2 mg of MMASS fume (containing 5% chromium and 0.4% nickel) in 0.2 ml
saline; (iii) 0.2 ml saline alone; or (iv) 0.1 mg calcium chromate in 0.2 ml saline (see
also the monograph on chromium, p. 123). The group receiving 2.0 mg MMASS
fume had an acute toxic reaction to treatment, and, from week 26 onwards, the dose
was given monthly. Following the 56 weeks of treatment, aIl animaIs were main-
tained for a further 44 weeks, at which time the study was terminated (survival fig-
ures were not given). At 12 months, a single anaplastic tumour of the lung, probably
a carcinoma, according to the authors, was found in the group that received 0.5 mg
MMASS; and, at termination of the study, a single mIxed epidermoid/adenocarci-
nom a of the lung was found Ìn the group given 2 mg MMA/SS fume. No lung tumour
was reported in the saline control, MIG/SS fume or calcium chromate-treated
groups (Reuzel et al., 1986).

(h) lntrabronchial implantation

Rat: Groups of51 male and 49 female Sprague-Dawley rats, weighing 140-330 g
(males) and 115-195 g (females), received surgical implants of five I-mm stain-
less-steel mesh pellets into the left bronchus. The pellets were loaded with either (i)
7.0 mg of the particulate fraction of shielded metal arc welding fume (comparable to
MMA/SS fume) containing 3.6% total chromium, of which 0.7% was of low solubili-
ty, with a particle size of 0.3-0.6 lLm as mass median aerodynamic diameter and
suspended in cholesterol (50:50 by weight); (ii) 6.7 mg of a thermal spray fume (a
mixure of chromic oxide(III) and (VI), containing a total of 56% chromium, of
which 40% was oflow solubility, produced by blowing an air-jet containing chromic
oxide through a flame) suspended in cholesterol (50:50 by weight); or (iii) cholesterol
alone (about 5.0 mg). A further three rats received intrabronchial pellets loaded
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with 40% benzo(a )pyrene (4.9-5.65 mg) in cholesterol as a positive control group.
The experiment was terminated at 34 months; about 50% of animaIs were still alive
at two years. No lung tumour was seen in the cholesterol control group, while aIl
three benzo(a)pyrene-treated treated rats developed squamous-cell carcinomas or
carcinomas in situ around the site of pellet implantation. A single, microscopic,
subpleural squamous-cell carcinoma was found in the right lung of a rat given
shielded met al arc welding fume, but the authors considered this to be unrelated to
treatment (Berg et al., 1987)

3.2 Other relevant data in experimental systems

(a) Absorption, distrihution, excretion and metaholism

(i) Mild-steel welding

Male Wistar rats were exposed by inhalation to 43 mg/m3 (particle size, 0.12

l.m mass niedian average diameter) MMNMS welding fumes for 1 h per work day
for up to four weeks; a saturation level of 550 l.g/ g dry lung of the welding fumes was
observed. Clearance of the welding fume particles from the lung followed a
two-phase exponential equation; most of the accumulated particles were excreted
within a half-time of six days and the remainder with a half-time of 35 days. The two
major components of the mild steel - iron and manganese - had similar pattern of
saturable lung retention, but manganese was c1eared much faster initially (the first
half-time was 0.5 day). Some of the inhaled manganese was apparently soluble and
was quickly absorbed from the lung, whereas the absorption of exogenous iron was
slower and was obscured by a simultaneous occurrence of endogenous iron in lung
tissue. Un der the same exposure conditions, alveolar retention of the mild-steel
welding fumes was much lower and its clearance much faster th an the correspond-
ing parameters for stainless-steel (Kalliomäki et aL., 1983a,b).

Male Sprague- Dawley rats were exposed for 46 min by inhalation to MMAMS
welding fumes (1178 mg/m3; partic1es, 0.13 l.m mass median average diameter) con-
taining c( 0.1% chromium and cobalt. The immediate retenti 

on of the fume par-
ticles totalled 1.5 mg/lung, and the elemental composition of the fumes retained was
slightly different from that of the original airborne fumes, indicating some selective
retention/clearance. Iron was cleared from the lungs substantially more slowly th an
chroilium or cobalt, and pulmonary retention of iron was represented as a
three-phase exponential curve with half-times of 0.2 (50% of the deposit), 1.6 (32%)
and 34 (18%) days (Lam et al., 1979).

(ii) Stainless-steel welding

Dunkin-Hartley guinea-pigs were exposed by inhalation for 256 min to MIG/
SS welding fumes (990 mg/m3; particle size, 0.064 l.m median diameter as deter-



478 lARe MONOGRAHS VOLUME 49

mined by electron microscopy). The initial fractional deposit of the fume was 17%;
the proportions of iron,. cobalt, nickel and chromium retained in the lung were dif-
ferent from those in airborne fumes. During 80 days after exposure, the metals were
cleared from the lungs at different rates: chromium ~ nickel ~ cobalt ~ iron, ac-
cording to individual three-phase kinetic curves, with half-times ranging from
0.4-0.6 days for the first phase to 72-151 days for the third phase, depending on the
metal. Iron, chromium and cobalt were elIminated mostly with faeces (maxmal at
days 2-3 after exposure) (Lam et al., 1979).

Wistar rats were exposed to MMASS welding fumes (43 mg/m3; 0.3 llm mass
median diameter determined by electron microscopy) for 2 h per day for up to five
days. The concentrations of chromium, nickel and exogenous iron in the lungs cor-
related weIl with the cumulative exposure time. No saturation trend was found for
any of the metals. The average pulmonary concentration of chromium after the
maxmal exposure of 10 h was 39 ppm (mg/kg), that of nickel was5.7 ppm (mg/kg)
and that of exogenous iron, 132 ppm (mg/kg). The level of chromium was also ele-
vated in the blood, kidneys, liver and spleen, while those of nickel and iron did not
increase significantly in the se tissues (Kallomäki et al., 1982a).

Male Wistar rats were exposed to 43 mg/m3 MMA/SS welding fumes for 1 h per
work day for up to four weeks. Median particle size of the fume was 0.3-0.6 llm mass
median average diameter as determined by electron microscopy. A linear relation-
ship was observed between the duration of exposure and the concentration of exoge-
nous iron, chromium and nickel in the lung. A simplified single exponential lung
clearance model gave the following half-times: exogenous iron, 50 days; chromium,
40 days; and nickel, 20 days. The concentration of chromium in the blood was sig-
nificantly elevated only during exposure, and it decreased rapidly after termination
of exposure; concentrations of exogenous iron and nickel were near the detection
limits (Kallomäki et al.~ 1983c). Use of the MIG/SS welding technique instead of
the MMASS technique un der comparable exposure conditions did not substantial-
ly change the pulmonary retenti on patterns of the welding fumes, but it markedly
changed the clearance patterns, especially for chromium. After exposure to MMA
welding fume, chromium, manganese and nickel were cleared at half-times of 40, 40
and 30 days, respectively; with the MIG fumes, the half-time for chromium was 240
days, while the clearance of manganese and nickel obeyed the double-exponential
model with half-times of two and 125 days for manganese and three and 85 days for
nickel (Kallomäki et al., 1983d, 1984). .

Welding fumes collected from the MMASS and MIG/SS assemblies were sus-
pended in normal saline (1% suspension) and instiled intratracheally into male
Wistar rats at a dose of 0.2 ml/rat, and the fate of the metals contained in the fumes
was followed for up to 106 days. After exposure to the MMA/SS fumes, iron, chro-
mium and nickel were cleared with half-times of 73,53 and 49 days, respectively; but
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with MIG/SS fume, practically none of the metal was cleared within two months.
The disposition of chromium in the MMA/SS fume closely resembled that of intra-
tracheally instiled soluble chromates, whereas the very slow lung clearance of chro-
mium from the MIG/SS fumes was stil slower th an that of water-insoluble chro-
mates or Cr (III) salts. Thus, the clearance of chromium strongly depends on the
physicochemical form of chromium in the welding fume (Kallomaki et al., 1986).

The dissolution of MMASS and MIG/SS welding fumes was studied in the
lungs ormaIe Wistar rats following one to four weeks' exposure by inhalation to 50
mglm3 for 1 h per day. Two particle populations with different behaviours were
found in the lungs of rats exposed to the MMNSS fumes. The particles of the prin-
cipal population (0.1-0.25 lLm mass median average diameter as determined by
electron microscopy) dissolved in both alveolar macrophages and type-1 epithelial
cells in abouttwo months; quickly and slowly dissolving forms of chromium, man-
ganese and iron were detected in these particles. The particles of the minor popula-
tion (0.005-0.1 lLm determined as above) showed no signs of dissolution during the
three-month observation period; they were found to contain very stable mixed spi-
nels. Inhalation of the MIG/SS fumes resulted in lung deposition of only one
particle population, which was very similar to the minor population in the MMNSS
fumes; no dissolution of these particles was observed within three months (Anttila,
1986).

(h) Toxic effects

(i) Mild-steel welding

Deposition of MMA/MS welding fumes in the lungs of male CFE rats follow-
ing single exposures by inhalation or by intratracheal injection resulted in the devel-

opment of reticulin fibres in the particle-Iaden macrophage aggregates, with only
sparse collagen fibre formation, which did not increase markedly up to 450 days
(Hicks et al., 1983). The particles caused alveolar epithelial thickening with prolifer-
ation of granular pneumocytes and exudation of lamellar materiaL. Foam cells ap-
peared in alveoli. Formation of nodular aggregates of particle-laden macrophages
and giant cells was observed as a delayed effect 80-300 days after exposure (Hicks et
aL., 1984). Similar nonspecific pulIlonary changes were seen in the lungs of
Sprague-Dawley rats exposed to MMNMS welding fumes (mass median diameter,
0.62 lLm) as a single exposure to 1000 mg/m3 for 1 h or to 400 mg/m3 for 30 min per
day on six days per week during two weeks (Uemitsu et al., 1984).

In MRC hooded rats, single intratracheal instilations (0.5-5 mg/rat) of either
'basic' (18% Si02, 30% F: 23% Fe, 6% Mn) or 'rutile' (41% Si02, 2% Ti, 39% Fe, 3%
Mn) MMAS welding particles, suspended in saline increased the ribonuclease
and protease activity of lavaged cells by one week after administration (White et al.,
1981).
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Cultured alveolar macrophages from the lavaged lungs of male Brown-Norway
rats were exposed for one day to total dust or to the water-insoluble fraction of fume
particles (size unspecified) from MMA/MS and MIG/MS welding (15,25 or 50 l1g1
ml). Both dusts were toxic to the cells in a concentration-related manner; MMAMS
dust was more toxic than that of the MIG/MS. The toxicity of the MMAMS and
MIG/MS particles was not related to the water-soluble components (Pasanen et al.,
1986).

In rat peritoneal macrophages in vitro, none of three welding fumes derived
from MS showed fibrogenic potential; pure magnetite dust was also inactive (Stern
& Pigott, 1983; Stern et al., 1983).

When alveolar macrophages from bovine lungs were exposed in vitro to MMA
MS welding particles (both 'basic' and 'rutile'; up to 40 l1g/ml) for 17 h, dose-related
detachment of cells, morphological changes and a decrease in viabilty were seen.
Toxicity was reduced significantly by supplementation of the cell culture with 10%
calf serum, but not by bovine serum albumin. Release of lactic dehydrogenase, but
not of N-acetyl-ß-glucosaminidase, was also observed. The 'basic' fumes were
slightly more active th an the 'rutile' fumes (White et al., 1983).

(ii) Stainless-steel welding

Two days after a single exposure of male Sprague-Dawley rats to MMAfSS
welding fumes (1000 mg/m3 for 1 h or 400 mg/m3 for 30 min per day, six days per
week during two weeks; mass median diameter, 0.8 l1m), hyperplasia of mucous
cells was seen in the bronchial epithelium which tended to increase with time (maxi-
mal at day 7). No other significant pathological effect was observed (Uemitsu et al.,
1984).

ln the stiidy of White et al. (1981; see ab ove), MMA/SS welding particles (con-
taining 16% Si02, 13% F: 2% Fe, 3% Mn, 2% Cu and 2.5% Cr (nearly all in a
water-soluble Cr(VI) form)) suspended in saline also increased the ribonuclease
and protease activity of lavaged cells from MRC hooded rats.

Male Sprague- Dawley rats received a single intratracheal instillation of the sol-
uble or insoluble fraction ofMMASS welding fume particles containing 3.5% chro-
mium (nearly aU soluble Cr(VID or potassium dichromate at doses equivalent to
those found in the fume particles. One week after instilation, most of the toxicity of
the welding particles could be related to the content of soluble Cr(VI), although the
insoluble particles also produced sorne changes at the alveolar surface (White et al.,
1982).

MIG/SS welding fume deposited in the lungs of male CFE rats had simIlar
effects to those of MMAMS fume, reported above (Hicks et al., 1983, 1984). MIGI
SS particles injected intradermally or given by topical application to Dunkin-
Hartley guinea-pigs had moderate sensitizing properties, which were stronger than
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those ofMMNMS partic1es but weaker than those of chromates (Hicks et al., 1979).
After intramuscular injection to CFE rats and Dunkin-Hartley guinea-pigs, the
MIG/SS and MMA/MS materials were much less toxic and irritant than the MMN
SS materiaL. The differences in fibrogenic properties were less pronounced, but
MMNSS stil had the greatest effect (Hicks et al., 1987).

The toxic effects of MMA/SS fume in baby hamster kidney and Syrian hamster
embryo cells were more pronounced than that of MIG/SS fume. The effect of
MMNSS fume corresponded to the content of soluble chromates (potassium dich-
romate), while that ofMIG/SS fume was greater, implying phagocytosis ofless solu-
ble chromium partic1es. Freshly produced welding fume appeared to be more ac-
tive than stored samples (Hansen & Stern, 1985).

Cultured alveolar macrophages from the lavaged lungs of male Brown-Norway
rats were exposed for one day to the total dust or to the water-insoluble fraction of
fume particles (size unspecified) from MMA/SS and MIG/SS (15,25 or 50 l1g1ml).
Both dusts were toxic in a concentration-related manner, but the MMASS dust was
more toxic than that of MIG/SS. MMA/SS partic1es, but not MIG/SS partic1es,
were less toxic after prewashing. The effects of MMA/SS on cell viability were simi-
lar to those observed after exposure of cells to potassium chromate at equivalent
concentrations (Pasanen et aL., 1986).

ln rat peritoneal macrophages in vitro, MMA/SS had distinct fibrogenic poten-
tial (Stern & Pigott, 1983; Stern et al., 1983).

Wh en alveolar macrophages from bovine lungs were exposed in vitro to MMA
SS welding particles, chromium(III) chloride or potassium dichromate (at up to 30
nmol (1.6 J.g) chromium/ml) for 17 h, dose-related detachmentof cells, morphologi-
cal changes and a decrease in viability were seen. Within the concentration range
tested, the MMNSS fume partic1es were more toxic th 

an potassium di chromate,
while Cr (III) had no effect on cell viability. Toxicity was reduced significantly by
supplementation of the cell culture with 10% calf serum, but not by bovine serum
albumin. Release of lactic dehydrogenase, but not of N-acetyl-ß-glucosaminidase,
was also observed (White et al., 1983).

The cytotoxic effects of two MIG/SS and one MMA/SS welding fumes were
tested at concentrations of 5-200 J.g/ml in normal human embryonic pulmonary
epithelium cells (L132) in culture. At equal concentrations, the two MIG/SS fumes
had comparable cytotoxicity which was somewhat greater for the fume containing
more nickel (60% versus 4% nickel). The MMA/SS fume was much more toxic,
probably because it contained high proportions of ~oluble Cr(VI), fluorine and po-
tassium; a comparable effect was obtained with an equivalent concentration of so-
dium chromate. The particles were phagocytized by the cells. Changes in cell mor-
phology were also observed (Hildebrand et al., 1986).
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(c) Effects on reproduction and prenatal toxicity

No data were available to the Working Group.

(d) Genetic and related effects
The Working Group noted that the evaluation of genetic effects of welding

fumes is complicated not only by many variations in welding techniques but also by
variations in collection and storage niethods prior to testing. In the studies re-
ported, several different methods of sample collection and application were used.
Particulate fractions were collected on filters and then suspended in water (Heden-
stedt et al., 1977; Knudsen, 1980; Hansen & Stern, 1985; Baker et al., 1986), in di me-
thyl sulfoxide (Maxld et al., 1978), in culture media (Koshi, 1979; Niebuhr et al.,
1980; de Raat & Bakker, 1988) or in phosphate buffer (Biggart et al., 1987). ln one
study, particulate and volatile fractions were separated and the latter passed into a
chamber containing bacteria on petri dishes (Biggart & Rinehart, 1987). Studies for
genetic and related effects of welding fumes are summarized in Appendix 1 to this
volume.

(i) Mild-steel welding

MMA and MIG welding fumes did not inhibit growth of either Escherichia coli
W3110 polA + or the repair-deficient E. coli P3478 polA- strain (Hedenstedt et al.,
1977).

MS welding fumes were not mutagenic to Salmonella tyhimurium TA97,
TA98, TA100 or TA102 (Hedenstedt et al., 1977; Maxild et al., 1978; Etienne et al.,
1986). The gaseous phase from MMAMS welding induced mutation in S. tyhimu-
rium TA1535 but not in TA1538, while the particulate fraction (in phosphate buffer)
induced mutation in TA1538 but not in TA1535 (Biggart & Rinehart, 1987; Biggart
et al., 1987).

MMAIMS and MIG/MS did not increase the incidence of chromosomal aber-
rations in Chinese hamster ovary cells at doses up to 32 J.g/ml (MMA) or 1000 J.g1
ml (MIG) (Etienne et al., 1986) and did not induce morphological transformation of
Syrian baby hamster kidney cells at doses up to 600 J.g/ml (MMA) or 600 J.g/ml
(MIG) (Hansen & Stern, 1985). (See General Remarks for concern about this assay.)
Relatively high doses of MMA/MS (50-300 J.g/ml), but not of MIG/MS (250-1000

J.g/ml), fumes increased the frequency of sister chromatid exchange in Chinese
hamster ovary cells (Etienne et al., 1986; de Raat & Bakker, 1988).

Neither MMAMS (at 64-217 mg/m3 for 6 h per day, five days per week for two
weeks) nor MIG/MS (at 144 mg/m3 for 6 h per day, five days per week for two weeks)
fumes increased the frequency of sister chromatid exchange in peripheral blood
lymphocytes or of chromos omal aberrations in either peripheral blood lymphocytes
or bone-marrow cells of rats after exposure by inhalation (Etienne et al., 1986).
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(ii) Mild-steel and cast-iron welding with nickel-rich electrodes

With MMA welding fumes from cast iron employing a nickel-rich (95% Ni)
electrode, no mutagenicity was detected in four strains of S. tyhimurium (TA97,
TA98, TA100 and TA102) at up ta 20 mg/plate; no hprt locus mutation and no induc-
tion of chromosomal aberrations, but an increased frequency of sister chromatid
exchange, were observed in Chinese hamster ovary cells (Etienne et al., 1986). ln
another study, an increased frequency of sister chromatid exchange was seen in an
unspecified cell line (probably human peripheral lymphocytes) exposed to 100-500
l1g/ml MIG/MS welding fume from a 95%-nickel electrode (Niebuhr et al., 1980).
The same type of fume caused anchorage-independent growth of baby hamster
kidney fibroblasts at 100-400 l1g/ml (Hansen & Stern, 1984). (See General Remarks
for concerns about this assay.)

MMA welding fumes from cast iron employing a nickel-rich (95% Ni) elec-
trode did not increase the frequency of sIster chromatid exchange in peripheral
blood lymphocytes or of chromosomal aberrations in either peripheral blood lym-
phocytes or bone-marrow cells of rats after exposure by inhalation to 57 mg/m3 for
6 h per day, five days per week for two weeks (Etienne et al., 1986).

(iii) Stainless-steel welding

Growth of the repair-deficient E. coli P347S polA- mutant was selectively in-
hibited, as compared to E. coli W3110 polA +, by MMA/SS but not by MIG/SS
fumes, demonstrating that MMA/SS has a greater DNA damaging potential (He-
denstedt et al., 1977).

Both MMA/SS and MIO/SS fumes were mutagenic to S. typhimurium TA97,
TA98, TA100 and TA102 (Hedenstedt et al., 1977; Maxild et al., 1978; Etienne et aL.,
1986). The mutagenicity of sorne but not ail fume sam pIes was diminished byaddi-
tion of an exogenous metabolic system from rat livers.

It was reported that MMA/SS fumes did not enhance unscheduled DNA syn-
thesis in human cells (Reuzel et aL., 1986) (details not given). MMA/SS fumes in-
duced a significant response at the hprt locus (6-thioguanine resistance) at 10 l1g/ml
in one experiment of three in the Chinese hamster V79 cellline (Hedenstedt et al.,
1977). (The Working Group considered the overall effect to be negative.) Responses
at the hprt locus varied according to the way in which fume was generated (Etienne
et al., 1986).

Sister chromatid exchange was induced by MMA/SS and MIG/SS fumes in
Chinese hamster ovary cells (Etienne et al., 1986; de Raat & Bakker, 1988) and Don
hamster cells (Koshi, 1979; Baker et al.. 1986); these fumes also induced chromo-
somal aberrations in Don (Koshi, 1979) and Chinese hamster ovary (Etienne et aL.,
1986) celllines, and mitotic delay was found after treatment of hamster Don cells
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with the water-soluble and -insoluble fractions of MMNSS fumes (Baker et al.,
1986).

MMASS (50 Jlglml) and MIG/SS (400-800 Jlg/ml) welding fumes induced an-
chorage-independent growth of Chinese baby hamster kidney cells, and 5 J.g/ml
MMASS and 18 Jlg/ml MIG/SS fumes caused morphological transformation of Sy-
rian hamster embryo cells (Hansen & Stern, 1985).

MMASS fumes were mutagenic in vivo following intraperitoneal injection of
100 mg/kg bw over days 8, 9 and 10 of gestation, as observed in the mouse fur spot
test (Knudsen, 1980); however, no increase in the frequency of either sister chroma-
tid exchange in peripheral blood lymphocytes or of chromosomal aberrations in ei-
ther peripheral blood lymphocytes or bone-marrow cells of rats was found after in-
halation of MMA/SS fumes (60-100 mg/m3 for 6 h per clay, five days per week for two
weeks) or MIG/SS fumes (124-172 mg/m3 for 6 h per day, five days perweek for two
weeks) (Etienne et al., 1986).

(The greater genotoxic activity in vitro of MMA/SS fumes as compared with
MIG/SS welding fumes generally corresponds to their higher content of Cr(VI). ln
the absence of chromium, the presence of nickel is sufficient to account for the ob-
served activi ty in vitro.)

3.3 Other relevant data in humans

(a) Absorption, distribution, excretion and metabolism

In human lungs on autopsy, welding-fume particles seemed to be preferentially
retainedin central regions, mainly behind but also in front of the hilus (Kalliomaki
et al., 1979). Characteristic stainless-steel particles could be identified byelectron
probe analysis in lung tissue from two deceased arc welders (Stettler et al., 1977).
Analysis by energy-dispersive X-ray technique of lung tissue from one welder re-
vealed intracellular particles containing both iron and silcon (Guidotti et al., 1978),
while tissue samples from ten other welders revealed large amounts of iron in fibrot-
ic septa, but no increase in the content of silcon (Funahashi et aL., 1988). Lung tis-
sue from two SS welders contained up to 500 times more nickel and 60 times more
chromium than in controls, but the high nickellevels may have been due in part to
exposures at a nickel refinery (Raithel et aL., 1988).

Urinary chromium excretion after work in active welders using MMASS or
MIG/SS correlated with concentrations of soluble chromium compounds in the air
during the work day (Tola et aL., 1977; Sjögren et aL., 1983a; WelInder et al., 1983;
Mutti et aL., 1984; see Table 8). Concentrations of chromium in urine and plasma
obtained from 103 MMASS and MIG/SS welders at the end of the shift were
strongly correlated; chromium concentrations in erythrocytes, though much lower,
correlated better with plasma levels than with urinary chromium concentrations
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(Angerer et al., 1987). In ten MMA/SS welders, airborne chromium exposures cor-
related poorly with chromium concentrations in whole blood and plasma, but corre-
lated significantly with increases occuffing in blood and plasma concentrations
during the shift (Rahkonen et al., 1983). ln welders using exclusively gas-shielded
welding techniques, chromium concentrations in urine and blood were barely in-
creased above background levels (Angerer et al., 1987).

In welders with a long exposure history, urinary chromium excretion remained
high during three exposure-free weeks, possibly due to slow excretion of previously
retained chromium (Mutti et al., 1979). Accumulation of chromium is suggested by
the observation that urine and plasma chromium concentrations may not return to
background levels in MMASS welders over a weekend (Schaller et al., 1986). In-
creased excretionof chromium was also seen in nine retired welders (average, four
years since cessation of exposure) who had done mainly MMASS but also some
MIG and TIG welding (Welinder et al., 1983). Good correlations were found in ten
MMASS welders between chromi um levels in body fluids and the retenti on rate for
magnetic dust, as estimated by magnetopneumography (Rahkonen et al., 1983).

Increased urinary nickel excretion was seen in MMASS welders but not in
TIG welders, perhaps due to differences in the solubilty of the airborne nickel com-
pounds (Kallomäki et al., 1981). Urinary nickel excretion of ten MMASS welders
correlated significantly with airborne exposures (Rahkonen et al., 1983). Increased
nickel concentrations were also seen in plasma and urine of shipyard (Grandjean et
al., 1980) and other welders (Bernacki et al., 1978).

Increased concentrations of aluminium (Sjögren et al., 1985), barium (Dare et
al., 1984), fluoride (Sjögren et al., 1984), Iead (Grandjean & Kon, 1981) and manga-
nese (Järvisalo et al., 1983) have been measured in samples of blood and urine from
some groups of welders (see section 2.3).

(b) Toxic effects

Adverse health effects of exposures during welding have been reviewed by
Zober (1981a,b), Stern et al. (1983) and the National Institute for Occupational
Safety and Health (1988).

Sensitivity to chromate resulted in contact dermatitis in five welders exposed
to chromate-containing welding fumes (Fregert & Övrum, 1963). Cutaneous expo-
sure to sparks and radiation may cause burns and other damage to the skin (Ro-
quet-Doffiny et al., 1977), and 10calIzed cutaneous eryhema and small cutaneous
scars are frequent in wclders. The ultra-violet radiation from welding operations
can cause acute keratoconjunctivitis in the absence of eye protection, but such epi-
sodes normally cause no apparent lasting clinical abnormality or decrease in visual
acuity (Emmett et aL., 1981).
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Metal fume fever is a nonspecific, acute ilness characterized by fever, muscle
pain and leukocytosis; it is fairly common among welders. For example, 23/59 ship
repair welders had experienced metal fume fever during the previous year, and 4/59
had suffered more than six incidents of the ilness during that time (Grandjean &
Kon,1981). In another study, 31% of530welders aged 20-59 had experienced metal
fume fever at least once (Ross, 1974). This condition may rarely be associated with
angioedema and urticaria (Farrell, 1987). Several cases of asthmatic reactions due
to components ofwelding fume have been recorded (Keskinen et al., 1980; Bjørner-
em et al., 1983). Acute inhalation of metal fumes containing cadmium or ozone may
result in chemical pneumonitis and pulmonary oedema (Beton et al., 1966; Anthony
et al., 1978).

Welders who had used electrodes with a high chromium content for manyyears
showed signs of erosion of the nasal septum (Jindrichova, 1978). Chronic inflamma-
tion was observed in upper airway epithelium of welders (Werner, 1977).

Several groups of welders, in particular nonsmokers, experienced more fre-
quent chronic rhinitis, cough, phlegm, dyspnoea, wheezing and chronic bronchitis
than expected (Barhad et al., 1975; Antti-Poika et al., 1977; Akbarkhanzadeh, 1980;
Kallomäki et al., 1982b; Keimig et al., 1983; Schneider, 1983; Mur et aL., 1985; Cotes
et al., 1989). Indicators of pulmonary function, such as vital capacity and forced ex-
pired volume in 1 s, showed decrements related to welding exposures (Peters et al.,
1973; Barhad et al., 1975; Akbarkhanzadeh, 1980; Kallomäki et al., 1982b; Cotes et
al., 1989). Small airway disease may be the first sign of pulmonary abnormalities in
shipyard welders, as reflected by increased closing volume and closing capacity
(Oxoj et al., 1979) and decreased terminal flow volumes (Kilburn et al., 1985; Cotes
et al., 1989). One study showed a significant correlation in welders between respira-
tory symptoms and thoracic magnetic dust content (Näslund & Högstedt, 1982),

while .no such relationship was detected in another study (Stern et aL., 1988). (The
methods used to detect magnetic dust have been reviewed (Lippmann, 1986), and
there is evidence that magne tic properties are unstable in lung over long periods
(Stern et al., 1987).) Further, some studies indicated a minimal or no difference in
prevalence rates of respiratory symptoms and pulmonary function in welders com-
pared to control groups (Fogh et al., 1969; Hayden et al., 1984; McMilan & Pethy-
bridge, 1984). Forced ventilatory capacity was decreased to similar degrees in ship-
yard welders, pipe-coverers and pipe-fitters, suggesting that past asbestos exposure
in some groups ofwelders may affect pulmonary function (Peters et al.,.1973). (The
Working Group noted that possible selection bias among long-term welders, inter-
action with smoking, questionable validity of control groups and poor characteriza-
tion of the exposures decreased the value of some studies.)

Early reports suggested that inhalation of welding fumes may cause siderosis,
a benign pneumoconiosis (Doig & McLaughlin, 1936; Enzer & Sander, 1938); small,
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rounded opacities (Attfield & Ross, 1978) and nonspecific reticulomicronodulation
(Mur et al., 1989) were seen on X-ray examination. Some authors have reported no
fibrosis or related pulmonary function changes (Harding et al., 1958; Morgan &
Kerr, 1963) and it has been shown that the radiographic changes may be reversible
(Doig & McLaughlin, 1948; Garnuszewski & Dobrzynski, 1967; Kujawska & Marek,
1979). In other cases, analysis ofhistology and of pulmonary function abnormalities
have indicated pulmonary fibrosis ofvarying degrees in welders (Charr, 1953, 1956;
Angervall et aL., 1960; Stanescu et aL., 1967; Slepicka et al., 1970; Brun et al., 1972;
Irmscher et al., 1975; Patel et al., 1977). Although considerable accumulation of iron
oxide dust was documented in these studies, the demonstration of asbestosis in
shipyard welders (Selikoff et al., 1980; McMilan, 1983; Kilburn et al., 1985) would
suggest that factors other than iron oxide, such as silica (Friede & Rachow, 1961;
Meyer et al., 1967; Fabre et al., 1976), could contribute to the pathogenesis of pulmo-
nary fibrosis.

The number of days lost due to sickness attributed to respiratory disease was
2.3 times higher in welders at a petrochemical plant than among other workers not
exposed to welding fumes (Fawer et al., 1982). In one study, absence of welders due
to sickness appeared to be related primarily to smoking (McMilan, 1981).

A slight increase in serum creatinine level was seen in SS welders, which was
unreiated to urinary chromium excretion; no sign of tubular damage was detected
(Verschoor et al., 1988), in agreement with the results of a previous study (Littorin et
al., 1984). No increased risk for chronic kidney disease was seen in welders (Hag-
berg et al., 1986).

(c) Effects on reproduction and prenatal toxicity

At a fertility c1inic, poor sperm qualitywas seen more often among male SS and
other metal welders than expected, and women employed as SS welders had delayed
conception (Rachootin & Olsen, 1983). Among patients examined for sperm quali-
ty at other fertility c1inics, welders had a significantly increased risk of reduced
sperm quality (Haneke, 1973; Mortensen, 1988).

ln a study using cens us data over a four-year period, female welders showed a
slightly greater spontaneous abortion rate than other industrial workers and other
employed women, but the increase was not statistically significant; no increase was
seen for the wives of welders (Hemminki & Lindbohm, 1986).

(d) Genetic and related effects
The studies described below are summarized in Appendix 1 to this volume.
Husgafvel-Pursiainen et al. (1982) studied the frequency of sister chromatid

exchange and chromosomal aberrations in a group of 23 male MMNSS welders
and in 22 males from the office of a printing company. The groups were healthy and
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were controIled for smoking and previous exposure to clastogenic agents; none of
the subjects had had a recent viral infection, vaccination or diagnostic radiation.
The age difference between thewelders (mean, 45 years) and the controls (mean, 37
years) was considered not to be relevant. AIl of the welders worked in poorly venti-
lated areas, had been exposed for at least four years, with a me an of 21:f 10 (SD)

years, and had had little or no exposure to other agents in their occupational history.
Sampling of six workers was repeated 1.5 years later. Exposure was mainly to alka-
line chromates (calcium chromate and potassium di chromate), with airborne

Cr(VI) levels of 0.03-4 mg/m3, and to nickel (as poorly water-soluble alloy in iron
oxide fume particles), estimated to be four to eight times lower than .to chromium.
Urinary levels in exposed workers were 0.2-1.55 l1mol/1 (10-80 l1g/l) chromium and
0.05-0.15 l1mol/l (3-9 l1g/1) nickeL. No effect of exposure was observed over control
values for sister chromatid exchange (9.7 :i 0.3 cell) or chromatid and chromo-
some-type aberrations (1.8%); no change was observed during the 1.5-year observa-
tion period. (The Working Group noted the high frequency of sister chromatid
exchange in controls.) An increased frequency of sister chromatid exchange (p .c
0.01) was observed in smokers io both exposed and unexposed groups.

No increase in the frequency of cytogenetic damage was observed in a well con-
troIled, pair-matched (for sex, age, smoking habits, socioeconomic c1ass, living are a,

drug and alcohol consumption) study of 24 MMNSS workers from six industries
(Littorin et al., 1983). None of 

the controls had had any exposure to SS fumes or to
known mutagenic or carcinogenic agents. Workers had been exposed for seven to 41
years (mean, 19 years) to Cr (VI) and to lesser amounts of nickel and molybdenum.
Exposures to chromium, calculated as time-weighted average exposures for one
work day from pers on al air samplers, were 4-415 l1g/m3 total chromium (mean, 81

l1g) and 5-321 l1g/m3 Cr (VI) (mean, 55 l1g). Urinary chromium levels were 5-155
l1mol/mol creatinine (mean, 47 l1ffol/mol creatinine) for exposed workers versus
.c 0.4-7.0 l1mol/mol creatinine (mean, 1.5 l1mol/mol creatinine) for controls. No in-
crease was observed in the total number of structural chromosomal aberrations
(4.1% in welders, 4.4% in controls) nor in sister chromatid exchange frequency
(ll/cell in welders, 12/ceIl in con 

troIs ) nor io the incidence of micronuclei (0.78% io
welders, 0.79% in controls). No effect of smoking was observed, except for some
types of chroffosomal aberration (structural rearrangements). (The Working
Group noted the high background frequencies of sister chromatid exchange and
aberrations and that samples were shipped with 16-h lags to the analysing laborato-

ry.)

ln a larger study, Koshi et aL. (1984) observed increased frequencies of both
sister chromatid exchange and chromosomal aberrations in workers eogaged in
both MMNSS and MIG/SS welding, with exposures to chromium, nickel, manga-
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nese and iron. Sampling was done three times over three years, with 17 workers
sampled in the first survey and 44 in each of the subsequent surveys. Workers were
exposed for five to 20 years (mean, 12.1 years). Air sampling using personal dust
samplers showed a large variation (4- 174 mg dustlm3) in individual exposure. Uri-
nary chromium levels were 3-59 ).g/l (mean, 9.8:l 9.2) for exposed workers and 3-6

).g/I (mean, 4.1 :l 1.2) for controls, who were six and seven office workers for the first
and second surveys, respectively, and 20 workers in a nonchemical research station
for the third. The groups were controlled for smoking, alcohol and coffee intake,
and previous exposure to diagnostic radiation or clastogenic drug intake. The three
surveys, which gave significantly uniform results, showed an increase in sister chro-
matid exchange frequency (p -: 0.01) from 8.11:l 1.08 in con troIs (n = 33) to 8.80:f
1.61 in exposed workers (n = 105). Smoking enhanced the frequency of sister chro-
matid exchange in the exposed workers (p -c 0.01) and in controls; however, the
difference was not statistically significant. The frequency of aberrant metaphases
incrcased from 3.2 in con troIs to 4.7 (p -: 0.01) in exposed workers. Increased
frequencies of chromatid gaps (from 2.1 % to 3.5%), chromosome gaps (from 0.23%
to 0.3%) and chromatid breaks (from 0.2% to 0.3%) were observed (p -c 0.01 or p -:
0.05).

3.4 Case reports and epidemiological studies of carcinogenicity to humans

(a) Case reports and descriptive epidemiology

(i) Case reports

The most frequent cancer reported in welders has been of the respiratory sys-
tem (Gobbato et al., 1980; Sheers & Coles, 1980; Bergmann, 1982), but skin cancer
has also been reported (Roquet-Doffiny et al., 1977).

(ii) Mortality and morhidity statistics
Guralnick (1963), using vital statistics, reported on mortality among welders

and flame cutters in the USA aged 20-64 in 1950. The standardized mortality ratio
(SMR) for aIl neoplasms was 91 (182 deaths (95% confidence interval (CI), 78-105)),
. and that for lung, trachea and bronchial cancer was 92 (34 deaths (95% CI, 64-129)).
No excess mortality was reported for cancers at other sites.

Logan (1982) analysed cancer mortality by occupation using the statistIcs of
the UK Office of Population Censuses and Surveys. For welders, the SMR for all
neoplasms was 57 in 1931 and 126 in 1971; the SMR for lung cancer was 118 in 1951
and 151 in 1971. The Registrar General (Office of Population Censuses and Sur-
veys, 1986) reported mortality by occupation for 1979-80 and 1982-83 in the UK; the
SMR for lung cancer was 146 for welders (men aged 20-64).



490 lARe MONOGRAHS VOLUME 49

An excess risk for lung cancer among welders and flame cutters was reported
by Milham (1983) in a proportionate mortality analysis for Washington State, USA,
for 1950-79, which confirmed his previous results for 1950-71 (Milham, 1976). ln
1950-71, increased mortalitywas found for all neoplasms (257 deaths; proportionate
mortality ratio (PMR), 104 (95% CI, 92-118)), for bronchus and lung cancer (67
deaths; PMR, 137 (95% Ci, 106-174)) and for urinary bladder cancer (12 deaths;
PMR, 162 (95% Ci, 89-300)).

Petersen and Milham (1980), using the same method, analysed mortality in the
state of California, USA, for 1959-61; no excess oflung cancer was seen amongweld-
ers and flame cutters.

Menck and Henderson (1976) reviewed all deaths from cancer of the trachea,
bronchus and lung occurring in 1968-70 among white males aged 20-64 and all newly

diagnosed lung cancer cases registered by the Los Angeles County Cancer Surveil-
lance Program, USA, for 1972-73, in relation to the occupation and industries re-
ported on death certificates or in hospital records. For welders, they found a SMR
of 137 based on 21 deaths and 27 newly diagnosed cases (95% CI, 101-182).

Decouflé et al. (1977) analysed the information on occupation contained in
hospital files of cancer patients at the Roswell Park Memorial Institute in New York,
USA, and compared it to that of noncancer patients. Based on 11 cases, the relative
risk (RR) for lung cancer associated with occupation as a weI der and flame cutter
was 0.85 (0.67 when adjusted for smoking). From the same study, Houten et al.
(1977) reported a nonsignificant RR of 2.5 for stomach cancer for welders and flame
cutters, based on three cases.

Gottlieb (1980) analysed the lung cancer deaths occurring in Louisiana, USA,
in 1960-75 among employees in the petroleum industry. Using a case-control ap-
proach, lung cancer deaths were compared to an equal number of deaths from non-
neoplastic diseases. Eight of the cases and two of the con troIs had been welders
(odds ratio, 3.5; nonsignificant).

Morton and Treyve (1982) determined aU cases of lung and pleural neoplasms
admitted to all20 hospitals in three Oregon counties during 1968-72. Comparisons
were made with information on occupation according to the 1970 US census. The
incidence among the occupational category of'welders, burners, etc.', was 125.8 per
ios as compared with 70.8 per ios in the male population (comparative incidence,
178).

Death certificates for lung cancer cases from Alameda County, CA, USA, be-
tween 1958 and 1962 were analysed in relation to usual occupation by Milne et al.
(1983), using a case-control approach. Lung cancer deaths were compared to aU
other cancer deaths occurring in persons over 18 years of age. The odds ratio for
welders was 1.2 (nonsignificant), based on five cases and 16 controls.
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Mortality among metal workers in British Columbia, Canada, during the peri-
od 1950-78 was analysed by Gallagher and Threlfall (1983) from death certificates
using a proportionate mortality approach. The PMR for lung cancer (74 deaths;
PMR, 145; 95% CI, 115-183) and for Hodgkin's disease (nine deaths; PMR, 242;
95% CI, 110-460) was significantly increased in welders. The PMR for aIl neo-
plasms in this group was 114 (207 deaths; 95% CI, 99-132).

Information on occupation contained in death certificates from the state of
Massachusetts, USA, between 1971 and 1973 was analysed by Dubrow and Weg-
man (1984). A statistically significant association was reported between welding
and prostatic cancer (standardized mortality odds ratio, 256; 14 deaths).

(b) Cohort studies

Dunn et al. (1960) and Dunn and Weir (1965, 1968) assembled a group ofwork-
ers employed in 14 occupations in California, USA, and followed them up for mor-
tality. Information was collected from union files and from a self-administered
questionnaire reporting a full occupational history and smoking habits for mem-
bers of the cohort in 1954-57; expected figures were based on age- and smoking-
specific rates for the whole cohort. ln the latest extension of the foIlow-up, until
1962, the SMR for lung cancer among 10 234 welders and burners was 105 (49 cases
(95% CI, 78-139)). (The Working Group noted that three of the 14 groups used to
calculate expected numbers had been exposed to asbestos, and the follow-up of
cases was incomplete.)

An industrial population from facilties in Midland, MI, USA, was followed up
for mortality by Ott et al. (1976). The cohort was constituted of aIl 8171 male em-
ployees between the ages of 18 and 64 on the 1954 employees census list and was
followed up through 1973. There were 1214 deaths; 861 employees (10.5%) who re-
mained untraced were assumed to be alive. Expected figures were computed on the
basis of the US white male population mortali ty rates. The overall SMR for welders
~nd lead burners was 98, based on 37 deaths (95% CI, 69-135), and the SMR for aIl
malignant neoplasms was 162, based on 12 deaths (95% CI, 84-283). No excess was
found for cancer at any particular site.

Puntoni et al. (1979) followed up subjects who were shipyard workers in Genoa,
Italy, employed or retired in 1960, 1970 and 1975 or dismissed or retired during
1960-75. Expected numbers were computed on the basis of mortality among the
male population of Genoa. Among oxyacetylene (autogenous) welders, 66 deaths
were observe d, giving a significantly increased overall mortality (158); four deaths
from lung cancer were reported, giving a RR estimate of 125 (95% CI, 34-320).
Overall mortality among electric arc welders was not increased; three deaths from
lung cancer were observed, giving a RR estimate of 160 (95% CI, 33-466). The au-
thors noted that the group was potentially exposed to asbestos.



492 lARe MONOGRAHS VOLUME 49

AlI white male welders employed in 1943-73 at the Oak Ridge, TN, USA, nu-
clear facilties were inc1uded in a study conducted by Polednak (1981). A total of
1059 subjects were followed up until 1974 and were subdivided in two subgroups:
the first (536) was constituted of welders at a facility where nickel-alloy pipes were
welded; the second (523) included welders working with mi Id steel, aluminium and
stainless-steel. Data on smoking habits were available from about 1955. US nation-
al mortality rates were used for computing expected figures. Mortality froID all
causes and from all cancers was slightly lower than expected in both subgroups.
There was an excess of deaths from lung cancer (17 cases; SMR, 150; 95% CI,
87-240), and the excess was slightly higher in the group of other welders (ten deaths;
SMR, 175; 95% CI, 84-322) than in the nickel-alloywelders (seven deaths; SMR, 124;
95% CI, 50-255).

Beaumont and Weiss (1980, 1981) followed up for mortality a cohort of 3247
welders from local 104 of the International Brotherhood of Boilermakers, Iron Ship
Builders, Blacksmiths, Forgers and Helpers in Seattle, WA, USA. Subjects were in-
cluded if they had had at least three years of union mem bers hi p and at least one of
these years between January 1950 and December 1973. Vital status was ascertained
as of 1 J anuary 1977. Fifty deaths from lung cancer were observed versus 37.95 ex-
pectedon the basis of US national mortalityrates (SMR, 132 (95% CI, 98-174)). For

deaths that occurred 20 years or more after first employment, the SMR was 174 (39
cases (95% CI, 124-238)). A re-analysis of the same data by Steenland et al. (1986),
using an internaI comparison group of members of the local union who were not
welders and applying two types of regression analyses, yielded similar results.

McMilan and Pethybridge (1983) investigated the mortality of a cohort of
welders, boilermakers, shipwrights, painters, electrical fitters and joiners employed
for at least six months between 1955 and 1974 at HM Dockyard Devonport, UK,
with follow up through 1975. The proportionate mortality ofwelders was compared
to that of the other occupational groups. The PMR for lung cancer was 104 (95% CI,
34-243) based on five deaths. Three deaths from mesothelioma were also reported
among the welders. (The Working Group noted that painters were included in the
cohort and that there was potential exposure to asbestos.)

Lung cancer mortality in a cohort of foundry workers was investigated by
Fletcher and Ades (1984). The cohort consisted of all men hired between 1946 and
1965 in nine steel foundries in the UK and employed for at least one year. The 10250
members nf the cohort were followed up until the end of 1978 and assigned to 25
occupational categories according to information froID personnel officers. Lung
cancer mortality for the subcohort of welders in the fettling shop was higher than
expected on the basis of mortality rates for England and Wales (eight cases; SMR,
146; 95% CI, 62-288); however, for nonwelders in the fettling shop, the SMR was
(177) (58 cases).
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The mortality of welders and other craftsmen employed at a shipyard in New-
castle, UK, was investigated by Newhouse et al. (1985). AlI employees hired between
1940 and 1968 were inc1uded in the study, making a total of 3489 workers, of whom
1027 were welders; these were followed up until the end of 1982. The SMRs for weld-
ers compared with the general population of England and Wales were 147 for aU

causes and 191 for lung cancer. However, when the Newcastle conurbation was tak-
en as a reference, the overall SMR was 114 (195 cases; 90% CI, 100-127), and the
SMR for lungcancer was 113 (26 cases; 90% CI, 80-157). ln addition, one death
from mesothelioma was reported for welders, indicating possible exposure to as-
bestos.

Becker et al. (1985) followed up a cohort of 1221 stainless-steel welders first
exposed before 1970 who had undergone the compulsory technical examination for
welders in the Federal Republic of Germany. A population of 1694 turners was fol-
lowed up as a comparison cohort. Smoking histories, as reported by workplace
foremen, were similar for the two groups. The overall mortality of the cohort of
welders was significantly lower than that of the general population (SMR, 66; based
on 77 deaths (95% Ci, 52-82)): The SMR for cancer of the trachea, bronchus and
lung was 95 (six cases (95% CI, 35-207)) in comparison with the general population.
ln comparison with turners and assuming a ten-year latency, the welders had an
age-adjusted rate ratio for aIl cancers of 2.4 (95% Ci, 1.1-5.1) and a ratio for trachea,

bronchus and lung cancer of 1.7 (95% CI, 0.7-4.0). ln addition, two deaths from
pleural mesothelioma were reported. (The Working Group could not exclude selec-
tion bias in the assembly of the cohort; the two deaths from mesothelioma among
welders suggest that they were exposed to asbestos.)

Englund et al. (1982) linked information from the Swedish Cancer Registry
files for 1961-73 to the population census file of 1960. Welders were among the occu-
pational groups for which the incidence of tumours of the nervous system was high-
er than in the general population, with a standardized incidence ratio (SIR) of 135
based on 50 cases (95% CI, 100-178).

Sjögren and Carstensen (1986) analysed the resuIts of a linkage between the
1960 census file of male welders or gas cutters and the Swedish Cancer registry files
between 1961 and 1979. Smoking data from a national survey were used to adjust
incidence ratios, and the Swedish male national population was chosen as a refer-
ence. A 30% increase in the incidence of cancer of the trachea, bronchus and lung,
based on 193 cases, was reported after adjustment for smoking; other sites at which
excesses were observed were larynx (22 cases; RR, 1.3) and kidney (70 cases; 1.3).
There was a nonsignificant increase in risk for mesothelioma (four cases; 1.5).

The possible associations between _intracranial gliomas and occupation were
examined by McLaughlin et al. (1987), linking information from the 1960 census and
the Swedish cancer registry for 1961-79. Expected values were derived from nation-
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al age- and sex-specific reference rates. An elevated SIR of 140 was found for weld-
ers and metal cutters, based on 46 cases (95% CI, 103-187).

Sjögren (1980) and Sjögren et al. (1987) studied and subsequently updated the
mortality of a small cohott of 234 stainless-steel welders with high exposure to chro-
mium in Sweden. Welders were inc1uded in the cohort only if representatives from
the company stated that asbestos had not been used or had been used only occa-
sionally and never such as to generate dust. In the extension of the study, a cohort of
208 railway track welders with low levels of exposure to chromium was also inc1uded
in the design. Only welders with at least five years of employment between 1950 and
1965 were inc1uded in the study and followed up untIl the end of 1984. Expected
deaths were calculated using national rates. Both groups were characterized by a
low overall mortality (SMRs, 72 and 70, respectively). Mortality from cancer of the
trachea, bronchus and lung was increased among welders with high chromium ex-
posure (SMR, 249, based on five deaths; 95% CI, 80-581); the SMR was 33 (one
death; 95% CI, 0-184) among welders with low exposure. According to Swedish
measurements (Ulfvarson, 1979), stainless-steel welders are exposed on average to
about 100 l.glm3 Cr assoCiated with use of coated electrodes. The level measured
during railroad track (mild steel) welding was usually less than 10 l.g/m3 Cr (see

Table 6).

A large cohort of shipyard and machine shop workers in Finland was followed
up for cancer incidence by Tola et al. (1988). The cohort included a subset of 1689
welders who had welded mainly mild steel, with no exposure to hexavalent chro-
mium. Only workers employed for at least one year between 1945 and 1960 were
inc1uded in the study and followed up (99.7% complete) for cancer incidence from
1953 to 1981 through the Finnish Cancer Registry. Smoking habits were ascertained

by a postal questionnaire sent to a one-third stratified sample of the members of the
cohort or of the next-of-kin of decedents. The expected figures were based on the
urban population in the same geographic area. The results did not indicate sub-
stantial differences with regard to smoking habits between the study population
and the general population. Welders employed in shipyards had a SIR for lung can-
cer of 115 based on 27 deaths (95% CI, 76-167), and welders employed in machine
shops had a SIR of 142 based on 14 deaths (95% CI, 77-237). For neither of the
groups was there an association with time since first exposure.

The International Agency for Research on Cancer has reported (lARC, 1989)
the results of a large multicentre cohort study carried out on the working popula-
tions of welders employed in 135 companies located in eight European countries.
The study inc1uded reanalyses of previous studies described above (Becker et al.,
1985; Sjögren.et aL., 1987; Tola et al., 1988) and newly assembled cohorts. The popu-
lations of the three previous studies constituted approximately one-third of the total
cohort and contributed equally to the different subgroups of welders. A total of
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11092 welders were included in the analysis and followed through 1982-87, depend-
ing on the country. The completeness of follow-up was 97%. The SMR for deaths
from all causes was 93, based on 1093 deaths (95% CI, 87-98). Mortality from aIl
malignant neoplasms was increased (303 deaths; SMR, 113; 95% CI, 100-126), due
mainly to a statistically significant excess of cancer of the trachea, bronchus and
lung (116 deaths; SMR, 134; 95% CI, 110-160). Other sites for which excess deaths
were seen were larynx (7 deaths; SMR, 148; 95% CI, 59-304), bladder (15 deaths;
SMR, 191; 95% CI, 107-315), kidney(12deaths; SMR, 139; 95% CI, 72-243)andlym-
phosarcoma (6 deaths; SMR, 171; 95% CI, 63-371). Subjects were assigned to one of
three mutually exclusive groups: welding in shipyards, mild-steel welders and ever
stainless-steel welders; the latter group also included those who had been predomi-
nantly stainless-steel welders. Lung cancer mortality was as follows: welders in
shipyards (36 deaths; SMR, 126; 95% CI, 88-174); mild-steel welders (40 deaths,
SMR, 178; 95% CI, 127-243); ever stainless-steel welders (39 deaths; SMR, 128; 95%
CI, 91-175); and predominantly stainless-steel welders (20 deaths; SMR, 123; 95%
CI, 75-190). Lung cancer mortality tended to increase with time since first exposure
for mild-steel and stainless-steel welders; this pattern disappeared among
mild-steel welders when broken down by duration of exposure and was most evident
among predominantly stainless-steel welders, for whom a statistically significant
trend was evident (p 0: 0.05): the distributions of observed:expected luiig cancer

deaths in the four groups of years since first exposure (0-9, 10-19, 20-29, )- 30) were

2:3.11,5:5.67, 7:5.54 and 6:1.92, respectively. Five deaths from pleural mesothelioma
were reported - one in the shipyard welders, two among mi Id-steel welders and two
among stainless-steel welders (see Table 11). The results for cancer incidence fol-
lowed the same pattern as those for cancer mortality.

Howe et al. (1983) examiiied the mortality of a cohort of 43826 male pensioners
of the Canadian National Railway company in 1965-77. Duriiig this period, 17838
deaths occurred, and cause of death was ascertained for 94.4% by computerized
record linkage to the Canadian national mortality data base. The only occupational
information available was on that at the time of retirement. The 4629 individuals
who had been exposed to welding fumes showed excess mortality from brain tu-
mours (ten deaths; SMR, 318; 95% CI 153-586).

Stern (1987) pooled 1789 cases of lung cancer and 146 cases of leukaemia re-
ported in epidemiological studies of different designs, most of which are reviewed
here. Compared to the expected number of cases as derived from the reviewed pub-
lications, a risk ratio of 1.4 was found for respiratory cancer and 0.92 for leukaemia.
The risk ratio for acute leukemia, based on 40 cases, was also 0.92.

The risks for lung cancer in the studies described above are summarized in
Table 12.



Table 11. Risks for death from respiratory cancerQ and from pleural mesotheliomab by length of employment and
follow-up among subcohorts of weldersc

Study group 0-19 years since first employment :;20 years since first employment

1-9 year' employment :;10 years' employment 1-9 years' employment :; 10 years' employment

Lung cancer Meso- Lung cancer Meso- Lung cancer Meso- Lung cancer Meso-
thelioma thelioma thelioma thelioma

Obs SMR Obs Obs SMR Obs Obs SMR Obs Obs SMR Obs

Shipyard welders 10 264 1 69 15 116 1 10 96

Mild-steel welders 8 116 1 7 253 10 254 15 173 1

Ever stainless-steel welders 15 115 2 67 9 145 13 157 1

Predominantly stainless-steel weldersd 5 85 2 69 1 2 161 11 176

aCancers of trachea, bronchus and lung (ICD8, 162)
bAdditional deaths due to pleural mesothelioma (ICD8, 163), which were not includecl in calculation of SMR

'From lARe (1989)
dSubset of ever stainless-steel welders group who were employed in companies with at least 70% of stainless-stecl activity or hacl at least one

occupational period of stainless-steel welding only
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Table 12. Lung cancer in welders (cohort studies)a

Reference (country) No. of caes SMR, PMR 95% CI Comments
observed or SIR

Dunn & Weir 49 105 78-139
(1968) (USA)
Puntoni et al. (1979) 4 125 34-320 Autogenous welders; two sets of
(Italy) 212 58-542 standard rates used (male popula-

tion of Oenoa and male staff of
3 160 33-466 hospital)

254 52-743 Electrical welders; two sets of stan-
dard rates used

Polednak (1981) 17 150 87-240 AIl welders
(USA) 7 124 50-255 Welders expsed to nickel com-

pounds
10 175 84-322 Other welders

Beaumont & Weiss 50 132 98-174
(1981) (USA)
McMilan & 5 104 34-243 PMR for respiratory cancer (three
Pethybridge (1983) mesotheliomas )
(UK)
Fletcher & Ades 8 146 62-288
(1984) (UK)
Newhouse et al. 26 113 80-157 Shipyard welders; SMR, 191 when
(1985) (UK) compared with general population

of England and Wales (one meso-
thelioma)

Becker et al. (1985) 6 95 35-207 Stainless-steel welders; expcted
(F 0) number based on national mortality

statistics
6 1.7 0.7-4.0 Cohort of tumers use as con troIs 

(two mesotheliomas) (rate ratio)
Sjögren & 193 142 123-163 Unadjusted SMR (four mesothelio-
Carstensen (1986) mas)
(Sweden)

Sjögren et al. (1987) 5 249 80-581 Stainless-steel welders
(Sweden)
Tola et al. (1988) 27 115 76-167 Welders in shipyards (SIR)
(Finland) 14 142 77-237 Welders in machine shops (SIR)

DSMR, standardized mortality ratio; SIR, standardized incidence ratio; PMR, proportionate mor-
tality ratio; CI, confidence interval
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(c) Case-control studies

Questions relating to employment as a welder or exposure to welding fumes are
often inc1uded in case-control studies of cancer. ln many of these studies, a long list
of occupations/exposures is investigated, and any positive association found is like-
ly to be reported; therefore, the possibility of a publication bias toward positive re-
sults must be taken into account when reviewing case-control studies.

(i) Lung cancer

Breslow et al. (1954) conducted a case-control study of 518 histologically con-
firmed lung cancer patients admitted to 11 hospitals in California, USA, in 1949-52,
and randomly selected matched con troIs who \Vere patients of the same age, sex and
race admitted to the same hospitals for a condition other than cancer or a chest
disease. Interviews for occupational and smoking histories were conducted by per-
sons who were unaware of the case or control status of the interviewee. An elevated
RR was seen for welders and sheet-metal workers doing welding, based on 14 cases
and two controls (odds ratio, 7.2; 95% CI, 1.9-44.3; smoking-adjusted odds ratio,
7.7).

Blot et aL. (1978) carried out a case-control investigation among male residents
of a coastal are a in Georgia, USA. A total of 458 newly diagnosed cases and deaths
from lung cancer were compared to 553 controls collected from hospitals or from
mortality registries, and matched by vital status, sex, age, race and county of resi-
dence. Persons with bladder cancer or chronIc lung disease were exc1uded from

among the controls. The results revealed an increased risk for all employment in
shipyards but not for welders and burners (RR, 0.7, based on 11 cases and 20 con-
troIs ).

A similar case-control study was conducted by Blot et al. (1980) in coastal Vir-
ginia, USA, inc1u~ing 336 deaths from lung cancer and 361 controls deceased from
causes other th an chronic respiratory diseases in 1976. Information on smoking
habits and on occupation was collected by interviewing next-of-kin. Lung cancer
risk was slightlyelevated among workers in the shipbuilding industry, but an analy-
sis of 11 exposed cases and ni ne exposed controls showed that welders and burners
were not at increased risk (RR, 0.9; 95% CI, 0.4-2.3).

A case-control study of lung cancer among residents of Florence, Italy, by
Buiatti et al. (1985) included aIl 376 histologically confirmed cases of primary lung
cancer admitted to the main regional hospital in 1981-83. A group of 892 hospital
controls of the same sex, age, period of admission and smoking habits was identi-
fied, and the ILO classification of occupation and a list of 16 known or suspected
carcinogens were used for assessing occupation al history. Men who had 'ever
worked' in welding had an increased risk (adjusted for smoking), based on seven
cases and five controls (odds ratio, 2.8; 95% CI, 0.9-8.5).
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Silverstein et aL. (1985) identified aU deaths among members of the United Au-
tomobile Workers International Union ever employed at a metal stamping plant
between 1966 and 1982 in Michigan, USA. Causes of death were obtained from
death certificates, and information on employment from company lists. The data
were analysed in a case-control fashion, with cancer deaths as cases and noncancer
deaths as controls. Employment as a maintenance welder or milwright was consid-
ered to constitute exposure to coal-tar pitch volatiles and welding fumes, and aIl
other occupations wereconsidered to be unexposed. The RR for lung cancer was
13.2 (95% CI, 1.1-154.9), based on three cases. (The Working Group noted that mil-
wrights may be engaged in gas cutting and not exposed to welding fumes in the usu-
ally accepted sense.)

Kjuus et al. (1986) conducted a case-control study in two industrialized areas of
Norway and included 136 newly diagnosed male lung cancer cases and 136 controls
identified through the medical files ofthe main hospital during 1979-83. Forty addi-
tional cases and 40 controls were included during the last two years of the study
period from another hospitaL. Patients with obstructive lung disease were exc1uded
froID among the controls. Potential exposure to carcinogens was specifically
investigated using the Nordic Classification of Occupations, and, for the last two
years of the study period, subjects were asked about past exposure to 17 chemical
agents and five specific work processes. For subjects already interviewed, expo-
sures were inferred from the available occupational history. An increased risk was
found for aIl welders (RR, 1.9; 95% CI, 0.9-3.7; 28 cases) and for the subset of stain-
less-steel welders (RR, 3.3; 95% CI, 1.2-9.3; 16 cases) after adjustment for smoking.
Half of the cases exposed to stainless-steel welding had also been moderately or
heavily exposed to asbestos; when this was takei1 into consideration in a logistic re-
gression model, risk assocIated with stainless-steel welding was no longer statisti-
cally significant.

Gérin et al. (1986) presented preliminary results of a multicancer case-control
study in hospitals in the Montréal, Canada, area. Lung cancer patients were used as
cases and patients with cancers at 13 other sites as controls; a group of population
subjects was also included in the control group. A detailed job-exposure matrix was
constructed, and each subject was categorized after direct interview and evaluation
of responses by experts in industrial hygiene.Welders were at increased risk for
lung cancer (RR, 2.4; 95% CI, 1.0-5.4), based on 12 cases and 20 controls. For ten

welders exposed to nickel, the RR was 3.3 (95% CI, 1.2-9.2).

Schoenberg et al. (1987) carried out a case-control investigation of lung cancer
among white males in six areas of New Jersey, USA. -Cases of cancer of the lung,
trachea or bronchus were histologically confirmed and ascertained through hospi-
tal pathology records, the state cancer registry and death certificates in 1980-81.

Controls were matched by age,race, area of residence and (for dead cases) date of
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death; subjects with respiratory disease were excluded. The study population com-
prised 763 cases and 90 con troIs. Information was obtained by personal interview
either directly or from next-of-kin, and information on industry and job title was
coded according to the 1970 census index system. Occupation as a weI der or flame
cutter was reported by 38 cases and 38 controls (smoking-ad justed RR, 1.2 (95% CI,
0.8- 1.9D.Welders, burners, sheet-metal workers and boilermakers employed in
shipyards had a significantly increased risk (RR, 3.5; 95% CI, 1.8-6.6); for those
without reported exposure to asbestos, the RR was 2.5 (95% CI, 1.1-5.5).

A population-based case-control studywas conducted by Lerchen et aL. (1987)
of 506 primary lung cancer cases reported to the New Mexico (USA) Tumor Registry
between 1 January 1980 and 31 December 1982 and 771 con troIs who were inter-
viewed about their occupational histories and smoking habits. The age-, ethnicity-
and smoking-adjusted RR for welders in aIl industries was 3.2 (95% CI, 1.4-7.4),
based on 19 cases and ten controls. When welders ever employed in shipyards were
analysed separately, the RR was lower (2.2; 95% CI, 0.5-9.1), based on six cases and
three controls, than for welders elsewhere th an in shipyards (RR, 3.8; 95% CI,
1.4-10.7), based on 13 cases and seven controls.

Benhamou et al. (1988) conducted a case-control study in France of 1260 male
lung cancer cases collected in 1976-80 and 2084 hospital con troIs matched by age,
hospital of admission and interviewer. Cases and controls were classified as either
nonsmokers or smokers. The RR for welders and flame cutters after adjusting for
smoking was 1.4 (95% CI, 0.79-2.9), based on 18 exposed cases and23 exposed con-
troIs.

A nested case-control analysis of deaths due to lung cancer among civilians
employed at the Portsmouth Naval Shipyard, Maine, USA, between 1952 and 1977
was conducted by Rinsky et al. (1988); the cohort had previously been investigated
by Najarian and Colton (1978) and Rinsky et aL. (1981). Controls without cancer
were matched on date of birth, year of first employment and duration of employ-
ment. Potential exposure to asbestos and to welding by-products was estimated
from the job histories. The study population comprised 405 lung cancer deaths and
1215 controls from within the cohort of shipyard workers. The RR for subjects with
probable exposure to welding by-products was 1.1 (95% CI, 0.8- 1. 7) based on 41
cases and 111controls. When subjects with potential exposure were also included,
the RR was 1.5 (95% CI, 1.2- 1.8), based on 236 exposed cases and 597 controls.

A population-based case-control study of lung cancer was conducted by Ron-
co et al. (1988) in two industrialized areas of northern Italy. AIl 126 deaths from lung
cancer occurring among male residents in the area in 1976-80 and a random sam pIe
of 384 other deaths (excluding chronic lung conditions and smoking-related can-
cers) occurring in the same area during the same period were included in the study.
Smoking habits and occupational information were collected from next-of-kin by
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interview (without knowledge of case or control status) using two lists of known and
suspected occupation al carcinogenic exposures. Subjects never employed in anyof
the occupations listed were considered to be unexposed. Logistic regression analy-
sis adjusting for age, smoking and other occupational exposure gave a risk estimate
of 2.9 (95% CI, 0.87-9.8) for welders, based on six cases.

The studies described above are summarized in Table 13.

Table 13. Lung cancer in welders (case-control studies)a

Reference (country) No. of caes RR 95% CI Comments
expsed

Breslowet al. (1954) 14 7.2 1.9-44.3 RR, 7.7 adjusted for smoking
(USA)

Blot et al. (1978) (USA) 11 0.7

Blot et al. (1980) (USA) 11 0.9 0.4-2.3

Rinsky et al. (1988) 41 1.1 0.8-1.7 Probable welding expsure
(USA) 236 1.5 1.2-1.8 Potential welding expsure

Buiatt et al. (1985) 7 2.8 0.9-8.5 Adjusted for smoking
(Haly)

Silverstein et al. (1985) 3 13.2 1.1-154.9
(USA)

Kjuus et al. (1986) 28 1.9 0.9-3.7 AlI welders; adjusted for smoking
(Norway) 16 3.3 1.2-9.3 Stainless-steel welders; adjusted

for smoking

Gérin et al. (1986) 12 2.4 1.0-5.4 AIl welders
(Canada) 10 3.3 1.2-9.2 Welders expsed to nickel

Schoenberg et al. (1987) 38 1.2 0.8-1.9 Welders or flame cutters; adjusted
(USA) for smoking

Lerchen et al. (1987) 19 3.2 1.4-7.4 AlI welders
(USA) 6 2.2 0.5-9.1 Welders employed in shipyards

13 3.8 1.4-10.7 Welders not employed in ship-
yards

Benhamou et al. (1988) 18 1.4 0.79-2.9 . Adjusted for smoking
(France)

Ronco et al. (1988) 6 2.9 0.87-9.8 Adjusted for smoking
(Italy)

(ii) Cancers of the urinary organs

Howe et al. (1980) conducted a population-based case-control study of bladder
cancer occurring in Canada in 1974-76 on a total of 632 case-control pairs matched
by age, sex and neighbourhood of residence. Occupational histories were collected
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through direct interview, and two check lists of suspected occupations and sub-
stances carcinogenic for the bladder were used to obtain information on exposure.
Exposure to welding fumes resulted in a RR of 2.8 (95% CI, 1.1-8.8) based on 17/6
discordant pairs (case ever worked, control never worked/case never worked, con-
trol ever worked as welder).

A case-control investigation of the lower urinary tract was conducted by Silver-
man et al. (1983) in the Detroit, USA, area. AlI histologically confirmed male cases,
newly diagnosed from December 1977 to November 1978 in 60 of the 61 hospitals in
the are a, were included in the study. ln total, 303 whites with bladder cancer and 296
population-based randomly selected white controls were inc1uded in the analysis.
Information on occupation was collected by interview. The RR for the combined
group ofwelders, flame cutters and solderers was 0.6 (95% Ci, 0.3-1.0), based on 18

cases and 30 controls. Similar results were found when the analysis was limited to
the same category within the motor vehic1e manufacturing industry (RR, 0.6; 95%
CI, 0.3-1.2; based on 12 cases and 22 con troIs ).

Claude et al. (1988) carried out a hospital-based, matched case-control study of
cancer of the lower urinary tract in northern Federal Republic of Germany. Cases
were identified in the three main hospitals of the region between 1977 and 1985. The
occupations of 531 male cases and their matched con troIs were ascertained. The RR
for welders was 1.2 (95% CI, 0.52-2.8), based on 12/10 discordant pairs.

A population-based case-control investigation of bladder cancer was con-
ducted in Canada between 1979 and 1982 by Risch et al. (1988). Of the 1251 eligible
individuals, 835 (67%) cases were interviewed, with the consent of their physician,
and 792 (53%) of the 1483 eligible controls agreed to be interviewed. The authors
pointed out that this method might have affected the representativeness of cases
and controls. When the data were analysed by the 26 occupations/industries specifi-
cally investigated through the questionnaire, employment in welding activities
yielded a risk estimate of 1.1 (95% CI, 0.71-1.6).

The association of renal-cell carcinoma with various potential risk factors was
studied by Asal et al. (1988) in a case-control study of315 cases and 313 hospital and
336 population controls in the USA. Individuals were c1assified by occupation only
ifthe period of exposure was one year or longer. The odds ratio for employment as a
welder in comparison with population controls was 1.2 (95% CI, 0.7-2.2), based on
29 exposed cases. Results obtained using hospital controls were simIlar.

(iii) Cancers at othe, sites
A case-control study of nasal cancer was carried out in Denmark, Finland and

Sweden by Hernberg et al. (1983a,b) with 287 cases identified through the national
cancer registries between 1977 and 1980. A total of 167 cases (58%) were included in
the study when deceased patients or nonrespondents were omitted. An equal num-
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ber of controls were matched for country, sex and age at diagnosis, and both cases
and controls were interviewed by telephone according to a standard protocol. The
risk estimate for welding, flame-cutting and soldering was 2.8 (95% CI, 1.2-6.9)
based on 17/6 discordant pairs. (See also the monographs on chromium and nickel,
pp. 206 and 400-401.)

FoIlowing a report by the Danish Occupational Health Agency of a large num-
ber of cases of laryngeal cancer in welding workplaces, Olsen et aL. (1984) conducted
a case-control study to investigate the role of occupational exposure. AIl male laryn-
geaI cancer patients newly diagnosed between 1980 and 1982 in the main five hospi-
tal departments in the countrywere included in the study, excluding the cases which
prompted the study. For each case, four con troIs were selected from the same mu-
nicipal person-registry in which the case was listed. The refusaI rate was 4% among
cases and 22% among controls, leaving 271 cases and 971 age- and sex-matched
con troIs for the analysis. The RR related to welding, adjusted for age, alcohol and
tobacco consumption, was 1.3 (95% CI, 0.9-2.0), based on 42 cases and 115 controls.
The risk was highest for cancer located in the subglottic region (RR, 6.3; 95% CI,
1.8-21.6). Separate analysis for welders exposed to stainless-steel welding fumes
gave a RR of 1.3 (95% CI, 0.7-2.7), based on 12 cases and 30 controls.

Stern, F.B. et al. (1986) carried out a case-control study of deaths due to leukae-
mia within a population of 24545 male nuc1ear shipyard workers in Portsmouth,
NH, USA, employed between 1952 and 1977 and who had died before 31 December
1980. Controls were selected from among other deaths, and four controls per case
were matched by age, data of hire and length of employment; each control should
not have died before the case. The entire occupational history of each individual
was reconstructed using company files and other industrial sources. The risk esti-
mate for ever having worked in welding was 2.3 (95% CI, 0.92-5.5) for aIl leukaemia
and 3.8 (95% CI, 1.3-11.5) for myeloid leukaemia.

A case-control study of chronic myeloid leukaemia was carried out in Los An-
geles County, CA, USA, by Preston-Martin and Peters (1988) between 1979 and

1985. Of the 229 eligible cases, 137 (60%) were interviewed by telephone; 130 pairs
matched for age, sex and race were eventually inc1uded in the analysis. Employment
as a welder yielded a crude RR of 19 (95% CI, 2.8-232.5), based on 19/1 discordant
pairs.

Norell et al. (1986) conducted a case-control study of pancreatic cancer in the
Stockholm-Uppsala region. Out of 120 eligible cases, 99 (83% )were included in the
study. Both hospital- and population-derived controls were selected, with a re-
sponse rate of 91 % for the former and of 85% for the latter group. Information was
collected through a self-administered questionnaire and further checked by tele-
phone. The risk estimates for exposure to 'welding materials' were 1.7 (90% CI,
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0.9-3.2), based on 13 cases and 27 hospital controls, and 2.0 (90% CI, 0.9-4.3), based
on 11 population controls.

Olin et al. (1987) conducted a case-control study of astrocytomas in Sweden to
investigate the possible etiological role of occupational exposures. Incident cases
were identified from the two main hospitals in Stockholm and in Uppsala in
1980-81. Both hospital- and population-based con troIs of the same sex, age and
date of diagnosis as the case were included in the study. Of the original 404 study
subjects, 367 (91%) were inc1uded in the study, comprising 78 cases, 197 hospital
controls and 92 population controls. Information was collected through self-admin-
istered questionnaire or filled in by the spouse. No increase in risk was reported for
welding activities, with risk estimates of 0.6 (95% CI, 0.2-1.7), based on five cases
and 15 hospital controls, and 0.2 (95% CI, 0.1-0.7), based on 19 population controls.

A case-control study of workers employed between 1943 and 1977 at two nu-
clear facilties in Oak Ridge, TN, USA, was conducted by Carpenter et al. (1988), in
order to examine the possible association of primary central nervous system cancers

(ICD8, 191, 192) with occupational exposure to chemicals. Job titles/departments
were evaluated for potential exposure to 26 chemicals or chemical groups. Seven-
ty-two white male and 17 white female cases were identified; four controls were se-
lected for each case and, matched on race, sex, nuclear facilty where initially
employed, year of birth and year of hire. The odds ratio for 33 cases ever exposed to
welding fumes was 1.2 (95% CI, 0.6-2.4).

The hypothesis that childhood cases of Wilms' tumour might be related to pa-
rental perinatal exposures was tested by Kantor et aL. (1979) bya case-control ap-
proach using the Connecticut (USA) Tumor Registry files for 1935-73. A total of 149
cancer-free controls were identified from health department files and matched to
the 149 cases by age, sex and year of birth. Information on the occupation of the
father was obtained exclusively froID birth certificate fies. Welder as the occupa-
tion of the father was mentioned on the birth certificates of three cases and no con-
trol (not significant).

A similar case-control study of Wilms' tumourwas conducted by Wilkins and
Sinks (1984), using the Columbus, OH, USA, Children's Hospital Tumor Registry
files between 1950 and 1981. For eachof 105 cases, two children were randomly
selected from the Ohio birth certificate files and used as controls after matching for
age, sex and race. For no case and for two con troIs the father's occupation at the
time of birth was welder (not significant).

ln a further case-control study (Bunin et al., 1989), paternal occupational expo-
sures of 88 cases of Wilms' tumour, obtained from a job-exposure matrix, were com-
pared with those of an equal number of controls, obtained by random digital dial-
ling and matched for date of birth. For a job cluster with exposure to aromatic and
aliphatic hydrocarbons, metals and inorganic compounds, elevated cru de odds ra-
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tios were seen for exposure before conception (5.3, 95% CI 1.5-28.6), during preg-
nancy (4.3,95% CI, 1.2-23.7) and after pregnancy (3.3,95% CI, 0.9-18.8). Within this
cluster, the occupation of the father was welder for five cases but for only one con-
trol.

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Welding has been an important industrial process since the early twentieth
century and has become widespread since about 1940. A wide variety of welding
techniques is used~ although most welding is performed using electric arc processes
- manu al metal arc, metal inert gas and tungsten inert gas welding - aIl of which
have been used for at least 40 years. Although most welding is on mild steel, about
5% is on stainless-steels; welding on stainless-steels can constitute more th an 20%
of welding in industrial economies. Welding of aluminium and other met aIs
amounts to only a few per cent of the total.

The number of workers worldwide whose work involves sorne welding is esti-
mated to be about three milion.

Welders are exposed to a range of fumes and gases. Fume particles contain a
wide variety of oxides and salts of metals and other compounds, which are produced
mainly from electrodes, filer wire and flux materials. Fumes from the wçlding of
stainless-steel and other alloys contain nickel compounds and chromium(VI) and
(III). Ozone is formed during most electric arc welding, and exposures can be high
in comparison to the exposure limit, particularly during metal inert gas welding of
aluminium. Oxides of nitrogen are found during manual metal arc welding and par-
ticularly during gas welding. Welders who weld painted mild steel can also be ex-
posed to a range of organic compounds produced by pyrolysis. Welders, especially
in shipyards, may also be exposed to asbestos dust.

4.2 Experimental carcinogenicity data

Particulates collected from stainless-steel welding fumes were tested by intra-
tracheal instilation in hamsters and by intrabronchial implantation in rats. No
treatment-related tumour was seen In rats, and single lung tumours were seen in
groups of hamsters receiving manual metal arc stainless-steel welding fume. No
study in which animaIs were exposed to welding fume by inhalation was available
for evaluation.

4.3 "uman carcinogenicity data

Two cohort studies of lung cancer mortalIty among persans in various occupa-
tions did not show significant increases In risk among welders. A total of three pleu-
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raI mesotheliomas was reported from one of these studies. One large cohort study
conducted in the UK showed an almost two-fold excess risk for lung cancer among
shipyard welders, which was not confirmed when comparison was made with a local
referent population. A moderately increased incidence of lung cancer was found in
a large study of shipyard welders in Finland. Five studies conducted in the USA
and Europe indicated an increased risk for lung cancer of about 30%.

A large European cohort study, including three cohorts reported previously,
detected statistically significant increases in both the incidence of and mortality
from lung cancer but demonstrated no consistent difference in cancer risk among
stainless-steel welders as compared to mild-steel welders or to shipyard welders. ln
addition, five deaths were due to mesothelioma.

Of the 12 case-control studies on the association between lung cancer and ex-
posure or employment as a welder, two detected no excess risk. Of the remaining
ten, four showed a moderate excess, which was statistically significant in the largest
study, conducted in the USA. The other six studies, of welders in various occupa-
tions, gave risk estimates exceedin~ a two-fold increase, which in four of the studies
were statistically significant.

Four case-control studies conducted on bladder cancer - two in Canada, one
in the USA and one in the Federal Republic of Germany- addressed the possible
role of exposures during welding. Only one of the two from Canada reported a sig-
nificantly increased risk.

Two case-control studies of leukaemia from the USA reported an elevated rela-
tive risk for myeloid leukaemia. No overall excess risk foreither acute or aIl leukae-
mia was observed in a pooled analysis of data from several studies of welders.

Of the case-control studies of cancers at other sites, 'one on nasal cancer car-
ried out in the Nordic countries, one on laryngeal cancer from Denmark and one on
pancreatic cancer from Sweden reported elevated relativé risks among welders.

4.4 Other relevant data
Welding fumes are retained in the lungs. Experimental studies have shown

that sparingly soluble compounds may be released only slowly from the lungs. Ele-
vated concentrations of chromium and nickel are seen in blood and urine, primarily
in manual metal arc stainless-steel welders. Airway irritation and metal fume fever
are the commonest acute effects of welding fumes. Studies of different groups of
welders have documented an increased prevalence of pulmonary function abnor-
malities, in particular small airway disease, chronic bronchitis and slight abnorma-
lities on chest X-rays, but only minimal indications of pulmonary fibrosis.

Reduced sperm quality has been reported in welders. Decreased fertility was
seen in both male and female rats exposed to welding fumes; and the rate of fetal
death was increased in pregnant female rats exposed to welding fumes.
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One of three studies showed increased levels of sister chromatid exchange and
chromosomal aberrations in peripheral blood lymphocytes ofworkers exposed dur-
ing stainless-steel welding. The greater frequencies of sister chromatid exchanges
were found in exposed workers who smoked.

In a single study, manual metal arc stainless-steel welding fumes injected in-
traperitoneally caused a mutagenic response in the mouse spot test. No increase in
the frequency of sister chromatid exchange in peripheral blood lymphocytes or of
chromosomal aberrations in lymphocytes or bone-marrow cells was observed in
one study in rats after inhalation of stainless-steel or mild-steel welding fumes.

Both positive and negative results were obtained in tests for gene mutation in
cultured mammalian cells exposed to stainless-steel welding fumes (manual metal
arc). Stainless-steel welding fumes (manual metal arc and met al inert gas) induced
transformation of mammalian ce lis in vitro in a single study. The frequencies of
chromosomal aberrations and of sister chromatid exchangewere increased in
mammalian cells eXBPsed in vitro to stainless-steel welding fumes (manual metal arc
or metal inert gas).Cùi a single study, mild-steel welding fumes (manual metal arc)
increased the frequency otsister chromatid exchange but not of chromosomal aber-
rations in the same system~7Fumes from the manual metal arc welding of mild steel
or cast iron using a nickel electrode increased the frequency of sis ter chromatid ex-
change, but not of chromosomal aberrations, in mammalian cells in vitro.

Fumes from the manual metal arc or metal inert gas welding ofstainless-steel
and from manual metal arc welding of mild steel, but not the fumes from metal inert
gas welding on mild steel or from mi Id steel welding on cast iron using a nickel elec-
trode, were mutagenic to bacteria.

4.5 Evaluation 1

There is limited evidence in humans for the carcinogenicity of welding fumes
and gases.

There is inadequate evidence in experimental animaIs for the carcinogenicity of
welding fumes.

Overall evaluation

Welding fumes are possihly carcinogenic to humans (Group 2B).

lFor definition of the italicized terms, see Preamble, pp. 33-37.
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SUMMARY OF FINAL EVALUATIONS

Degree of evidence for Overall
carcinogenicity evaluation

Ruman Animal

Chromium and chromium compounds
Chromium(Vl) 1

Chromium(VI) compounds as encountercd in the Sufficient
chromate production, chromate pigment pro-
duction and chromium plating industries

Barum chromate Inadequate
Calcium chromate Suffcient
Chromium trioxide Limited
Lead chromates Sufficient
Sodium dichromate Limited
Strontium chromate Suffcient
Zinc chromates Suffcient

Chromium(III) compounds Inadequate Inadequate 3
Meta11c chromium Inadequate Inadequate 3

Nickel and nickel compounds
Nickel compounds 1

Nickel salts Limited
Nickel sulfate Sufficient

Combinations of nickel oxidcs and sulfides Sufficient
encountered in the nickel refining industry

Nickel monoxides Sufficient
Nickel trioxide Inadequate
Nickel sulfide, amorphous Inadequate
Nickel sulfides, crystallne Sufficient

Nickel an timon ide Limited
Nickel arsenides Limited
Nickel carbonyl Limited
Nickel hydroxides Suffcient
Nickelocne Limited
Nickel selenides Limited
Nickel telluride Limited
Nickel titanate Inadequate

Metallc nickel Inadequate Sufficient 2B
Nickel alloys Inadequate Limited

Welding fumes 2B
Welding fumes and gases Limited
Welding fumes Inadequate
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Summary table of genetic and related etTects of chromium compounds

Nonmammalian systems Mammalian systems

Prokar- Lower Plants Ins ln vitro
ln vivootes eukaotes

Animal cells Human cells Animais Humans
D G D R G A D G C R G C A D

A

CrI II) compounds

Chromic chloride (CrIi.6H20)
+1 +1

+ +1
Chromic actate (CrCHiCOO)¡)
?

Chromic nitrate (Cr03)¡.9H20+ _ +1 +1+ +'

Chromic sulfate (Cri(SO.)¡-4H20)

Chromic potasium sulfate (CrK(SO.)i.(2H20)
+1

Chromium alum (Cri(SO.))h.K2S0..H20)
+

+
Neohromium (Cri(OH)S0..NaiSO..H20)

_1 +1

Chromic oxide (Cr203)
_1 +1 ?

Chromite ore (Cr20i.Fe203.Ah03.Si02.CaO)

(+)

Cupric chromite (Cr20i.2C0)
(+¡ (+)

+1

V\
Wo

..

~
s:ozo
o

~
~
C/

~o
S
s:
m
~1.



Chromium compounds (contd)

Nonmammalian systems Mammalian systems

Prokar- Lower Plants Inscts ln vitro ln vivo
otes eukarotes

Animal cells Human cells Animais Humans

D G D R G A D G C R G C A D A

Cr(V) compounds + + +1

Potasium dichromate (K2Cr207J

+ + + + +1 + +1 + + + + + + + + +1 +1 +1 + + + +1

Soium dichromate (Na2Cr207.2H20l

+ + +1 +1 + + +1 + +1

Ammonium dichromate (N)¡Cr207l

~+ ~
Potasium chromate (K2CrO.l tr
+ + _1 + +1 + + - 1 ? + + + +1 + Z

USoium chromate (Na2CrO.J ~
+ + + +1 + + +1 +1 ~
Ammonium chromate ((N)¡CrO.l ..
+1 +

Chromium trioxde (CrOil
+ + +1 _1 ? +1 -1 +1 + + +1 +1

Calcium chromate (CaCrO.l

? + +1 +1 +1 + + + + + +1 +1 +1 +1 -
Strontium chromate (SorO.l

+1 +1

Zinc yellow (Zn(CrO.)-Zn(OH)¡ + 10% CrOil

+ + +1

Zinc chromate (ZncrO.J
+1 +1 +1 +1 +1

Chromium orange (PbCrO..PbOl
+ + +1

Uiw..



Chromium compounds (contd)

Nonmammalian systems Mammalian systems

Prokar- Lower Plants Ins ln vitro ln vivo
otes eukarotes

Animal cells Human cells AnimaIs Humans

D G D R G A D G C R G C A D M

Molybdenum orange (Pbr04.PbS04.Si02.A\i03.PbMo04)

+1

Barum chromate (BaCr4)
1

+ +1

+1

Lead chromate (Pbr04)

(+) (+)1
Chromium yellow (PbCrO..Pb04.SiOi.A\i03)

(+)1
Chromyl chloride (C\icrOi)

+

Otber Cr compounds

Chromous(II) chloride (Creii)
+1

Chromium(O) cabonyl (CrCO).)

_1 _1

(+)1 _1
(+)1 +1 (+)1 +1+ + +

+ +1

_1 _1 _1

A, aneuploidy; C, chrom05mal aberrtions; D, DNA damage; DL, dominant lethal mutation; G, gene mutation; L inhibition of intercllular communication; M, micrnuclei; R, mitotic recombination and
gene conversion; S, sister chromatid exhange; 1; cell trnsformation
ln completin the tables, the fo//owing J)mbo/s indicate th cons of th Worling Group with re to the rets for eah endpint:
+ considered to be poitive for the spefie endpoint and level of biologcal complexty
+ 1 considered to be poitive, but only one valid study W8 avalable to the Workng Group

( +) results were avalable only for products contaminate with tr of Cr(VI)
( +) poitive when arificially solubilze in acds or alkali

considere to be negative

considere to be negative, but only one valid study wa avalable to the Workng Group

? considered to be equivol or inconclusive (e.g., there were contradictory reults frm different laboratories; there were confounding exure; the reults were equivol)
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~
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Summary table of genetic and related effects of nickel compounds

Nonmammalian sytems Mammalian sytems

Prkary- Loer Plants Insets ln vi ln vivo
otes eukaryotes

Animal cells Human cells Animais Humans

D G D R G A D G C R G C A D C

Metallc nickel
+1 _1

Nickel oxdes
~_1 + _1 +1 ~Nickel sulfide (amorphous) tT

Nickl sulfde (crtallne) a
+1 +1 +1 -+ + +

;xNickl subsulf ~+1 +1. + + _1 +1 +1

Nicel chlori

? - tl +1 - + + + + +1 +1 _1 + _1

Nicl sulfate
+1 +1 +lb + +1 + +1 _1 + +1 +

Nicl nitrte
_1 _1 - _1

Nicel actate
+1. _1 + +1

Nicl canate
+

Nicel subslenide

+1

l:\.



Nickel compounds (contd)

Nonmammalian sytems Mammalian sytems

Prokaiy- Loer Plants Inscts ln vitr ln vivo
otes eukaiyotes

Animal cells Human cells Animais Humans

D G D R G A D G e R G e A D IG IS lM le lA IT II D IG IS lM le lA IT II D 1 GIS 1 Mie 1 DL 1 A D IS lM le
Nickelocne

_1

Nickel potaium cyanide
+1

A. aneuploidy e, chromosmal aberrtions; D, DNA damage; DL, domillntiethal mutation; G, gene mutation; l, inhibition of interceHular communication; M, micronuclei; R, mitoiic recombination and gene conversion; S, sister
chromatid eiihange; 1; cell transformtion
ln compktig th taks, th follg sy/s incau th cOlUenss of th Worlg Group wi regad lO th resullS for eoch endin:

+ considered to be potive for the spefic endpoint and level of biologcal compleirty
+ 1 considere to be potiv, but only one valid study was available to the Working Group

considere to be negativ
considere to be negativ, but on one valid study wa available to the Working Group

considere to be equivoc or inconclusive (e.g., there wcre contradictoiy results !rm different laboratories; there were confounding eiiure; the reults wcre equivocl)

"Negative result in one study for unbeuled DNA sythesis

~egative reult in one stud for gene mutation to ouabain reistace in Syrn hamster embry cells

'Negative reult in one study for diferential toxicity in Escliricl col

VI
W.¡

~n
s:ozo
o

~
::
CI

â
5
s:
tT
.¡\0



Summary table of genetic and related efTects of welding fumes

NonmJlmnuliJln sytems Mamalian sytems

Pr- Lor Plants Insts ln vitro ln vivoryte eukate
Anma cel1s Human cells Animais Humans

D G D R G A D G C R G C A D
A

Weklng fumes frm mild stel
MIO

?;
_1 - _1 _1 _1 -

MM
~_1 + +1 _1 _1 - tTWelding fumes frm stainle stel

? _1 ? ZMIO
V-_1 + + + +1 _1 - ~MM ,.+1 + ? + + +1 +1 _1

Weklng fumes frm mild stel or cat irn with nil-rich e1e
_1 _1 _1 +1 _1

A. anuploid C, cbrm09ma aberrtins D, DNA damage; DL, dont Ietba mutation; G, gene mutation; L, inhibition of intercllular communication; M, micronuclei; R, iitotic recmbination and gene conversion; S, sister chro-
matid e:rhage; 'I cel1 trormtion
ln comktig lM Ilks, lM lollg sy incll lM COll1I 01 lM Worg Group wi regad to lM reSU/L' for each endin:

+ consdere to he potive for the speifi endpoint an level of bioogcal complexity
+ 1 coD8ere to be potie, but onl one valid stu wa avalable to the Working Group

consdere to be negati
considere. to be negatie, but onl one valid study was avble to the Working Group

? considere to be equioc or inconclusive (e.g., there were contractoiy reults trom dierent Iaboralories; tbere were confounding expures; the reults were equivocl)

Vt
VJ
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APPENDIX 2

AeTIVTY PROFILES

FOR GENETIe AND RELATED EFFECTS

Methods

The x-axs uf the activity profile (Waters et al., 1987, 1988) represents the bioas-
says in phylogenetic sequence by endpoint, and the values on the y-axs represent
the logarithmically transformed lowest effective doses (LED) and highest ineffec-
tive doses (HID) tested. The term 'dose', as used in this report, does not take into
consideration length of treatment or exposure and may therefore be considered syn-
onymous with concentration. ln practice, the concentrations used in all the in-vitro
tests were converted to Jlg/ml, and those for in-vivo tests were expressed as mg/kg
bw. Because dose units are plotted on a log scale, differences in molecular weights
of compounds do not, in most cases, greatly influence comparisons of their activity
profiles. Conventions for dose conversions are given below.

Profile-line height (the magnitude of each bar) is a function of the LED or
HID, which is associated with the characteristics of each individual test system _
such as population size, cell-cycle kinetics and metabolic competence. Thus, the
detection limit of each test system is different, and, across a given activity profile,
responses wil vary substantially. No attempt is made to adjust or relate responses
in one test system to those of another.

Line heights are derived as follows: for negative test results, the highest dose
tested without appreciable toxicity is defined as the HID. If there was evidence of
extreme toxicity, the next highest dose is used. A single dose tested with a negative
result is considered to be equivalent to the HID. Similarly, for positive results, the
LED is recorded. If the original data were analysed statistically by the author, the
dose recorded is that at which the response was significant (p ~ 0.05). If the avail-
able data were not analysed statistically, the dose required to produce an effect is
estimated as follows: when a dose-related positive response is observed with two
or more doses, the lower of the doses is taken as the LED; a single dose resulting
in a positive response is considered to be equivalent to the LED.

In order to accommodate both the wide range of doses encountered and posi-
tive and negative responses on a continuous scale, doses are transformed logarith-



APPENDIX 2 539

micalIy, so that effective (LED) and ineffective (HID) doses are represented by pos-
itive and negative numbers, respectively. The response, or logarithmic dose unit
(LDUij), for a given test system i and chemicalj is reprcsented by the expressions

LDUij = -loglo (dose), for HID values; LDU -c0md (n
!5LDUij = -loglo (dose x 10- ), for LED values; LDU ::0.

These simple relationships define a dose range of 0 to -510garithmic units for
ineffective doses (1-100 00 J!g/ml or mg/kg bw) and 0 to + 810garithmic units for
effective doses (100 00.001 J!g/ml or mg/kg bw). A scale ilustrating the LDU
values is shown inFigure 1. Negative responses at doses less th an 1 J!g/ml (mg/kg
bw) are set equal to 1. Effectively, an LED value ::100 00 or an HID value -c1
produces an LDU = 0; no quantitative information is gained from such extreme
values. The dotted lines at the levels of log dose units 1 and -1 define a 'zone of
uncertainty' in which positive results are reported at such high doses (between
1000 and 100 00 J!g/ml or mg/kg bw) or negative results are reported at such low
dose levels (1 to 10 J!g/ml or mg/kg bw) as to calI into question the adequacy of the
test.

Fig. 1. Scale of log dose units used on the y-axs of activity profiles
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(J.g/ml or mg/kg bw)
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LED and HID are expressed as J.g/ml or mg/kg bw.
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In practice, an activity profile is computer generated. A data entry programme
is used to store abstracted data from published reports. A sequential file (in ASCII)
is created for each compound, and a record within that file consists of the name
and Chemical Abstracts Service number of the compound, a three-letter code for
the test system (see below), the qualitative test result (with and without an exoge-
nous metabolic system), dose (LED or HID), citation number and addition al
source information. An abbreviated citation for each publication is stored in a seg-
ment of a record accessing both the test data file and the citation file. During pro-
cessing of the data file, an average of the logarithmic values of the data subset is
calculated, and the length of the profile line represents this average value. All dose
values are plotted for each profile line, regardless of whether results are positive
or negative. Results obtained in the absence of an exogenous metabolic system are
indicated bya bar (-), and results obtained in the presence of an exogenous meta-
bolic system are indicated by an upward-directed arrow (t). When aIl results for
a given assay are either positive or negative, the mean of the LDU values is plotted
as a solid line; when conflicting data are reported for the same assay (i.e., both posi-
tive and negative results), the majority data are shown by a solid line and the minor-
ity data by a dashed line (drawn to the extreme conflicting response). In the few
cases in which the numbers of positive and negative results are equal, the solid line
is drawn in the positive direction and the maxmal negative response is indicated
with a dashed line.

Profile lines are identified by three-letter code words representing the com-
monly used tests. Code words for most of the test systems in CUTrent use in genetic
toxicology were defined for the US Environmental Protection Agency's GENE-
TOX Program (Waters, 1979; Waters & Auletta, 1981). For !ARC Monographs Sup-
plement 6, Volume 44 and subsequent volumes, including this publication, codes
were redefined in a manner that should facilitate inclusion of additional tests. If
a test system is not defined precisely, a general code is used that best defines the
category of the test. Naming conventions are described below.

Data listings are presented with each activity profile and include end point and
test codes, a short test code definition, results .(either with (M) or without (NM) an
exogenousactivation system), the associated LED or HID value and a short cita-
tion. Test codes are organized phylogenetically and by endpoint from left to right
across each activity profile and from top to bottom of the corresponding data list-
ing. Endpoints are defined as follows: A, aneuploidy; C, chromosomal aberrations;
D, DNA damage; E assays of body fluids; G, gene mutation; H, host-mediated as-
says; l, inhibition of intercellular communication; M, micronuclei; E sperm mor-
phology; R, mitotic recombination or gene conversion; S, sis ter chromatid ex-
change; and 1: cell transformation.
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Dose conversions for activity profiles

Doses are converted to l1g/ml for in-vitro tests and to mg/kg bw per day for
in-vivo expei;iments.

1. In-vitro test systems

(a) Weight/volume converts directly to l1g/ml.

(h) Molar (M) concentration x molecular weight = mg/ml = 1() l1g/ml; mM
concentration x molecular weight = l1g/ml.

(c) Soluble solids expressed as % concentration are assumed to be in units
of mass per volume (i.e., 1% = 0.01 g/ml = 10 00 l1g/ml; also, 1 ppm
= 1 l1g/ml).

(d) Liquids and gases expressed as % concentration are assumed to be given
in units of volume per volume. Liquids are converted to weight per volume
using the density (D) of the solution (D = g/ml). Gases are converted
from volume to mass using the ideal gas lawj PV = nR1: For exposure
at 20-37° C at standard atmospheric pressure, 1% (v/v) = 0.4 l1g/ml x mo-
lecular weight of the gas. Also, 1 ppm (v/v) = 4 x 10-5 ltg/ml x molecular
weight.

(e) ln microbial plate tests, it is usual for the doses to be reported as weight/
plate, whereas concentrations are required to enter data on the activity
profile ch art. While remaining cognisant of the errors involved in the pro-
cess, it is assumed that a 2-ml volume of top agar is delivered to each plate
and that the test substance remains in solution within it; concentrations
are derived froID the reported weight/plate values by dividing by this arbi-
trary volume. For spot tests, a 1-ml volume is used in the calculation.

(f Conversion of particulate concentrations given in l1g/cm2 are based on

the area (A) of the dish and the volume of medium per dish; i.e., for a
100mm dish: A = 7TR2 = 7T x (5 cmf = 78.5 cm2. If the volume of me-
dium is 10 ml, then 78.5 cm2 = 10 ml and 1 cm2 = 0.13 mL.

2. In-vitro systems using in-vivo activation

For the body fluid-urine (BF-) test, the concentration used is the dose (in mg/
kg bw) of the compound administered to test animaIs or patients.

3. ln-vivo test systems

(a) Doses are converted to mg/kg bw per day of exposure, assuming 100%
absorption. Standard values are used for each sex and species of rodent,
inc1uding body weight and average intake per day, as reported by Gold
et al. (1984). For example,in a test using male mi ce fed 50 ppm of the agent
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in the diet, the standard food intake per day is 12% of body weight, and
the conversion is dose = 50 ppm x 12% = 6 mg/kg bw per day.
Standard values used for humans are: weight - males, 70 kg; females, 55 kg; sur-
face area, 1.7 m2; inhalation rate, 20 l/min for light work, 30 l/min for mild exer-
cise.

(b)When reported, the dose at the target site is used. For example, doses giv-
en in studies of lymphocytes of hum ans exposed in vivo are the measured
blood concentrations in lLg/mL.

Codes for test systems

For specific nonmammalian test systems, the first two letters of the three-sym-
bol code word define the test organism (e.g., SA- for Salmonella tyhimurium, EC-
for Escherichia coli). If the species is not known, the convention used is -S-. The
third symbol may be used to define the tester strain (e.g., SA8 for S. tyhimun'um
TA1538, ECW for E. coli WP2uvrA). When strain designation is not indicated, the
third lettei is used to define the specific genetic endpoint under investigation (e.g.,
-D for differential toxicity, -F for forward mutation, -G for gene conversion or
genetic crossing-over, -N for aneuploidy, --R for reverse mutation, -U for un-
scheduled DNA synthesis). The third letter may also be used to define the general
endpoint under investigation when a more complete definition is not possible or
relevant (e.g., -M for mutation, -C for chromosomal aberration).

For mammalian test systems, the first letter of the three-Ietter code word de-
fines the genetic end point under investigation: A-- for aneuploidy, B- for binding,
C- for chromosomal aberration, D- for DNA strand breaks, G- for gene muta-
tion, 1- for inhibition of intercellular communication, M- for micronucleus for-
mation, R- for DNA repair, S- for sister chromatid exchange, T - for cell trans-
formation and U- for unscheduled DNA synthesis.

For animal (Le., non-human) test systems in vitro, when the cell type is not spe-
cified, the code letters -lA are used. For such assays in vivo, when the animal species
is not specified, the code letters -VA are used. Commonly used animal species are
identified by the third letter (e.g., -C for Chinese hamster, -M for mouse, -R

. for rat, -S for Syrian hamster).
For test systems using human cells in vitro, when the cell type is not specifie d,

the code letters -IH are used. For assays on humans in vivo, when the cell type is
not specified, the code letters - VH are used. Otherwise, the second letter specifies
the cell type under investigation (e.g., -BR for bone marrow, -LH for lymphocytes).

Some other specific coding conventions used for mammalian systems are as
follows: BF- for body fluids, HM- for host-mediated, -L for leucocytes or lympho-
cytes in vitro (-AL, animaIs; -HL, humans), -L- for leucocytes in vivo (-LA, ani-
maIs; -LH, humans), -T for transformed cells.
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Note that the se are examples of major conventions used to define the assay
code words. The alphabetized listing of codes must be examined to confirm a specif-
ic code word. As might be expected from the limitation to three symbols, some
codes do not fit the naming conventions precisely. ln a few cases, test systems are
defined by first-Ietter code words, for example: MS'l mouse spot test; SLp, mouse
specific locus test, postspermatogonia; SLO, mouse specific locus test, other stages;
DLM, dominant lethal test in mice; DLR, dominant lethal test in rats; MH'l mouse
heritable translocation test.

The genetic activity profiles and listings that follow were prepared in collabo-
ration with Environmental Health Research and Testing Inc. (EHRT) under con-
tract to the US Environmental Protection Agency; EHRT also determined the doses
used. The references cited in each genetic activity profile listing can be found in
the list of references in the appropriate monograph.
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VI
VI
00

CHMIUM AL

-
EN TEST TEST SYSTEM RESULTS DOSE 1 REFERCE

~POINT CODE NM M (LED OR BIO)

~
G SAO S. TYPHIMUM TAlOO, REE MUATON - 0 712.0000 PETLL r. DE FLORA, 1978a 0

ZG SAO S. TYPHIMUM TAlOO, REE MUATION - 0 5.5000 DE FLORA, 1981a 0G SAO S. TYPHIMUIUM TAlOO, REE MUATION - - 340.0000 VEER ET AL., 1982 0G SAS S. TYPHlMUIUM TAl535, REE MUATION - 0 5 :5000 DE FLORA, 1981a

~
G SAS S. TYPHlMUUM TAl535, REE MUATION - - 340.0000 VEIER ET AL., 1982
G SA7 S. TYPHIMIUM TAl537, REE MUATION - 0 5.5000 DE FLORA, 1981a
G SA8 S. TYPHlMUUM TAl538, REE MUATION - 0 5 . 5000 DE FLORA, 1981a =i

C"G SA8 S. TYl'HlMUUM TAl538, RERSE MUATION - - 340.0000 VEIER ET AL., 1982

dG SA9 S. TYPHlMUIUM TA98, REE MUATION - 0 5.5000 DE FLORA, 1981a
G sA9 S. TYPHIM'UM TA98, REE MUATION - - 340.0000 VEER ET AL., 1982

8S SIC SCE, CHlNESE HATER CELL lN VITR 1 + 0 0.1800 VEER ET AL., 1982
S SIC SCE, CHlNESE HATER CELL lN VITR - 0 27.0000 LES r. MA0NE, 1981 ~
C CIC CHOM ABERR, CHlNESE HATE CELL lN VITR + 0 4.5000 LES r. MA0NE, 1981 ti
C CIC CHOM ABER, CHlNESE HATER CELL lN VITR 1 + 0 0.1800 VEER ET AL., 1982 .;1.

1Doses are given as concentrations of the element, not the concentration of the compund.
IContaminated wi th traces of Cr (VI)
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CHC OXIDE

EN TEST TEST SYSTE RESULTS DOSE 1 REFERCEPOINT CODE
HM M (LED OR HID)

0 £R E. COLI RECi DIFFERIA TOXICITY - 0 3760.0000 YAGI , NISHIOKA, 1977
G G9H MtATION, CH V79 CELL, HPRT + 0 10.0000 ELI ET AL. 1 1986
S SIC SCE, ClINESE HATER CELL lN VITR + 0 34.0000 ELIA ET AL.i 1983S SIM SCE 1 MOUSE CELI lN VITRO - 0 104 :0000 ANEREN, 1983T TCL CELL TRSFORMTION 1 OT CELL LINES - 0 274.0000 HASEN , STE, 1985

lDoses are qiven as concentrations of the element, not the concentration of the compund.
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POASSIUM DI CHOMATE

END TEST TEST SYSTEM RESULTS OOSE i REFERCE
POINT CODE NM M (LED OR HID)

T TCL CELL TRSFORMTION, OTER CELL LlNES + 0 0.0150 RAFET ET AL., 1977
T TCL CELL TRSFORMTION, OT CELL LINES + 0 1.8000 BIACHI ET AL., 1983
T TCL CELL TRSFORMTION, OTER CELL LlNES + 0 2 :6000 HASEN & STER, 1985
T TCL CELL TRSFORMTION, OTER CELL LlNES + 0 5.2000 LARACHI ET AL., 1988
D DIH STR BRE/X-LINK, HU CELL lN VITRO + 0 0.1200 SNYER, 1988
D DIH STR BRE/X-LINK, HU CELL lN VITRO + 0 5.2000 MCL ET AL., 1982
D DIH STR BRE/X-LINK, HU CELL lN VITRO + 0 o . 5200 HALTON-KOC ET AL., 1986
D UHF uns, HU FIBROBLATS lN VITRO - 0 104.0000 BlANCHI ET AL., 1983
D UHF uns, HU FIBROBLATS lN VITRO - 0 104.0000 BlANCHI ET AL., 1982b ~S SHF SCE, HU FIBROBLATS lN VITRO + 0 o .0100 MACR ET AL., 1979 ~
S SHL SCE, HU LYMHOCYES lN VITRO + 0 0.0180 GOMEZ-AROYO ET AL., 1981 tT
S SHL SCE, HU LYMHOCYES lN VITRO + 0 0.0025 STELL ET AL., 1982 Z
S SHL SCE, HU LYMHOCYES lN VITRO + 0 0.1000 OG ET AL., 1978 0-
S SHL SCE, HU LYMHOCYES lN VITRO + 0 1.0000 ANERSEN, 1983 ~
C CHL CHOM ABERR, HU LYMHOCYS lN VITRO + 0 0.0520 NAO ET AL., 1978 N
C CHL CHOM ABERR, HU LYMHOCYES lN VITRO + 0 0.0010 STELL ET AL., 1982
G MST MOUSE SPO TEST + 0 3.5000 KNSON, 1980
S SVA SCE, ANlMA lN VIVO + 0 3.5000 KATHS, 1981
M MV MICRONUCLEUS TEST, MICE lN VIVO + 0 18.0000 FABRY, 1980
M MV MICRONUCLEUS TEST, MICE lN VIVO + 0 0.3500 PASCHIN & TOROPZEV, 1982
M MVC MICRONUCLEUS TEST, HATERS lN VIVO + 0 7.0000 KATHS, 1981
C CHA CHOM ABERR, ANIMA BONE MAOW lN VIVO - 0 o . 7000 PASCHIN ET AL., 1981
C CHA CHOM ABERR, ANIMA BONE MAOW IN VIVO + 0 6.0000 NEN & LILLY, 1986
C CHA CHOM ABERR, ANIMA BONE MAOW IN VIVO + 0 1.0000 BIGAEV ET AL., 1977b
A AVA ANUPLOIDY, ANIMA CELL lN vivo + 0 1.0000 BlGAIEV ET AL., 1977b
C CU CHOM ABÉRR, ANIMA LEUCOCYES lN vivo + 0 7.0000 NEN & LILLY, 1986
C DLM OOMINA LETH TEST, MICE + 0 o .7000 PASCHIN ET AL., 1982
C DLM OOMINA LETH TEST, MICE - 0 0.5300 PASCHIN ET AL., 1981

lDoses are given as concentrations of the element, not the concentration of the compound.
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SODIUM DI CHOMATE

END TEST TEST SYSTEM RESULTS DOSE 1 REFECE
~POINT CODE NM M (LED OR HID)

~
tr

C CIC CHOM ABERR, OlINESE HATER CELL lN VITRO + 0 o .0000 BIANOlI ET AL., 1980 Z0C .OlL CHOM ABERR, HU LYMHOCYES lN VITRO + 0 o . 2000 SA ET AL., 1980 -
0 DVA STR BR/X-LINK, ANlMA lN vio + 0 20.0000 TSAAKOS ET AL., 1981 )(
0 rNA STR BRE/X-LINK, ANlMA lN vivo + 0 20 :0000 TSAPAKS ET AL., 1983a N
C FSC FISH, CHOM ABER + 0 1 .0000 KRSHNA , REGE, 1982

1Doses are given as concentrations of the element, not the concentration of the compund.
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CHOMIUM TRIOXIDE

ENO TEST TEST SYSTEM RESULTS OOSE i REFERECEPOINT CODE
NM M (LED OR HID)

D PRB PROPHAGE, lNOUCI/SOS/STR BRE/X-LINK + 0 26.0000 LLGOSTER ET AL., 1986D ERO E. COLI REC, DIFFERENTIA TOXICITY + + 50.0000 DE FLORA ET AL., 1984a
D BSD B. SUBTILIS REC, DIFFERENTIAL TOXICITY + 0 83.0000 NAO ET AL., 1978D BSD B. SUBTILIS REC, DIFFEREIAL TOXICITY + 0 26 ;0000 KA ET AL., 1980
D BSD B. SUBTILIS REC, DIFFERIAL TOXICITY + 0 130.0000 GENILE ET AL., 1981
D BRO BACIERIA (OTER), DIFFERENTIAL TOXICITY + 0 130. 0000 GENILE ET AL., 1981
G SAF S. TYPHlMUIUM, FORW MUATION + 0 0.0200 RUIZ-RUBIO ET AL., 1985
G SAO S. TYPHIMUIUM TAlOO, RERSE MUATION + + 3.2500 PETRILLI & DE FLORA, 1977
G SAO S. TYPHlMUIUM TAlOO, RERSE MUATION + (+) 3.9000 NESTM ET AL., 1979
G SAO S. TYPHlMUIUM TAlOO, REE MUATION + a O. 0100 DE FLORA, 1981a
G SAO S. TYPHIMUIUM TAlOO, RERSE MUATION + a 52. 0000 TSO & FUNG, 1981

~G SAO S. TYPHlMUIUM TAlOO, RERSE MUATION + (+) 5.2000 DE FLORA ET AL., 1987c ~G SA2 S. TYPHlMUIUM TAl02, REE MUATION + + 2.6000 BENNICELLI ET AL., 1983 trG SA2 S. TYPHlMUIUM TAl02, RERSE MUATION + 0 2.5000 PETRILLI ET AL., 1985 ZG SAS S. TYPHlMUIUM TAl535, RERSE MUATION - 0 0.0100 DE FLORA, 1981a UG SAS S. TYPHIMUIUM TAl535, RERSE MUATION 52.0000 PETRILLI & DE FLORA, 1977 ~- -
~G SA7 S. TYPHlMUIUM TAl537, RERSE MUATION + + 13 . 0000 PETRILLI & DE FLORA, 1977 l'G SA7 S. TYPHIMUIUM TAl537, RERSE MUATION (+) 0 0.0100 DE FLORA, 1981a

G SAS S. TYPHlMUIUM TAl538, RERSE MUATION (+) 0 0.0100 DE FLORA, 1981a
G SA9 S. TYPHlMUIUM TA98, RERSE MUATION + + 3.2500 PETRILLI & DE FLORA, 1977
G SA9 S. TYPHlMUIUM TA98, RERSE MUATION (+) + 3.9000 NESTM ET AL., 1979
G SA9 S. TYPHlMUIUM TA98, RERSE MUATION (+) 0 0.0100 DE FLORA, 1981a
G SAS S. TYPHlMUIUM (OTER), RERSE MUATION + 0 0.0000 DE FLORA ET AL., 1984a
G ECW E. COLI WP2 UV, RERSE MUATION + 0 o .2500 NESTM ET AL., 1979
G EC2 E. COLI WP2, RERSE MUATION - 0 o . 0000 KATSU ET AL., 1980R SCG S. CEREISlAE, GENE CONVRSION + 0 52.0000 FUKGA ET AL., 1982
G SCR S. CEREISlAE, RERSE MUATION - a 52. 0000 FUKGA ET AL., 1982
M TSI TRESCAVIIA SPECIES, MICRONUCLEI - 0 26.0000 MA ET AL., 1984
M TSI TRESC.IASPECIES, MICRONUCLEI + 0 5.0000 ZHG ET AL., 1984
G OM D. MELAOGTER, SEX-LINKD RECESSIVS + 0 52.0000 RODRIGUEZ-ARZ & MOLlNA-MATlNEZ, 1986
A DM D. MELAOGTER, ANUPLOIDY - 0 156.0000 RODRIGUEZ-ARZ & MOLINA-MATlNEZ, 1986
D DIA STR BRE/X-LINK, ANIM CELL lN VITRO + 0 52.0000 WEDRYCHOWKI ET AL., 1986a
S SIC SCE, CHlNESE HATER CELL lN VITRO + 0 0.1000 LEis & MAONE, 1979
S SIC SCE, CHlNESE HATER CELL lN VITRO + 0 o . 0400 KOSHI, 1979 lJS sic SCE, CHINE SE HATER CELL lN VITRO + 0 0.3200 OHNO ET AL., 1982 00-i



ciOMIUM TRIOXIDE

END TEST TEST SYSTEM RESULTS DOSE 1 REFERCE
POINT CODE NM M (LED OR HID)

S sic SCE, CHlNESE HATER CELL lN VITRO + 0 o . 0000 BlANCHI ET AL., 1980

C CIC ciOM ABERR, CHlNESE HATER CELL lN VITRO + 0 0.1000 LEIS & MAONE, 1979
C CIC ciOM ABERR, CHlNESE HATER CELL lN VITRO + 0 0.1000 KOSHI, 1979
C CIC ciOM ABERR, CHINESE HATER CELL lN VITRO + 0 o~oooo BlANCHI ET AL., 1980
C CIS ciOM ABERR, SYRIAN HATER CELL lN VITRO + 0 o .0400 TSUD & KATO, 1977
C CIT ciOM ABERR, TRSFORMD CELL lN VITRO + 0 o .0500 UMDA & NISHlMU, 1979
S SHL SCE, HU LYMHOCYES lN VITRO + 0 o .0170 GOMEZ-AROYO ET AL. 1 1981
C CIH ciOM ABERR, OTER HU CELL lN VITRO + 0 1. 0000 KAKO, 1976

lDoses are given as concentrations of the element 1 not the concentration of the compound.
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LE CHOMATE

END TEST
POINT CODE

TEST SYSTEM RESULTS DOSE i
NM M (LED OR HID)

REFERCE

T T7S CELL TRSFORMTION, SA 7/SHE CELL + 0 2.0000 CATO ET AL., 1979
S SHL SCE, HU LYMHOCYES IN VITRO 3 + 0 0.0250 DOUGLA ET AL., 1980
M MIH MICRONUCLEUS TEST, HU CELL IN VITRO + 0 0: 5200 MONTALI ET AL., 1987b
C CHL CHOM ABERR, HU LYMHOCYES IN VITRO 3 + 0 o .7000 DOUGLA ET AL., 1980
M MV MICRONUCLEUS TEST, mCE IN VIVO + 0 160.8880 WATANE ET AL., 1985

lDoses are given as concentrations of the element, not the concentration of the compound.
2Dissolved in HCl
3Dissolved in NaOH
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NICKEL OCCUATIONA EXPOSUR

END TEST TEST SYSTEM RESULTS DOSE REFERENCE
POINT CODE NM M (LED OR HID)

S SLH SCE, HU LYMHOCYES IN vivo - 0 0.1400 WAIK ET AL., 19841
S SLH SCE, HU LYMHOCYES IN vivo - 0 o . 0680 ~VIK & BOYSEN, 1982;
S SLH SCE, HU LYMHOCYES lN vivo - 0 0.0280 WAIK & BOYSEN, 41982
S SLH SCE, HU LYMHOCYES lN vivo (+) 0 0.-0140 DENG ET AL., 1983 5
S SLH SCE, HU LYMHOCYES lN vivo - 0 o .0000 DECHENG ET AL., 198\
C CLH OIOM ABERR, HU LYMHOCYES lN vivo + 0 0.1400 ~VIK ET AL., 1984
C CLH OIOM ABERR, HU LYMHOCYES IN vivo + 0 0.0680 ~VIK & BOYSEN, 1982;
C CLH OIOM ABERR, HU LYMHOCYES lN vivo + 0 0.0280 WAIK & BOYSEN, 41982
C CLH ciOM ABERR, HU LYMHOCYES lN vivo + 0 0.0140 DENG ET AL., 1983
C CLH ciOM ABERR, HU LYMHOCYES lN vivo - 0 o . 0000 DECHENG ET AL., 19875

lNiO and Ni3S2/NiC12, NiS04 (crushing, roasting, smelting and/or electrolysis)

2NiO and Ni3Si (crushing, roasting, smelting)

3NiC12 and Niso 4 (electrolysis)

4Ni and chromium (electroplating)

SNi (CO) 4 (production of nickel carbonyl)
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NICKL OXIDES

END TEST TEST SYSTEM RESULTS DOSE 1 REFERNCE
POINT CODE NM M (LED OR HID)

D BSD B. SUBTILIS REC, DIFFERIA TOXICITY2 - 0 1475.0000 KASU ET AL., 1980
D BSD B. SUBTILIS REC, DIFFEREIAL TOXICITY' - 0 2950.0000 KATSU ET AL., 1980
T TCS CELL TRSFORMTION, SHE, CLNA ASSAY 2 + 0 16.0000 COSTA ET AL., 1981b

T TCS CELL TRSFORMTION, SHE, CLONA ASSAY' + 0 14 ;0000 COSTA ET AL., 1981b

T TCS CELL TRSFORMTION, SHE, CLONA ASSAY' + 0 7.9000 SUNER ET AL., 1987
T TCL CELL TRSFORMTION, OTER CELL LINES 2 + 0 30.0000 HASEN & STERN, 1983
T TeL CELL TRSFORMTION, OTR CELL LINES' + 0 4.0000 HASEN & STERN, 1983
C OlL CHOM ABER, Ht LYMHOCYES lN VITRO' - 0 o .0000 PATON & ALI SON , 1972

T TIH CELL TRSFORMTION, ~ CELL lN VITRO' + 0 3.0000 BIEDER & LALPH, 1987

lDoses are given as concentrations of the element, not the concentration of the compound.
2Nickel trioxide

'Nickel monoxide
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NICKL SULIDES (AMRPH.)

END TEST TEST SYSTEM RESULTS DOSE 1 REFERCE
POINT CODE NM M (LED OR HID)

D DIA STR BRE/X-LINK, ANIM CELL lN VITRO - 0 6.5000 COSTA ET AL., 1982
D RIA OTER DN REPAIR, ANIMA CELL lN VITRO - 0 6.5000 ROBlSON ET AL., 1983
G GCO MUATION, CHO CELL lN VITRO (+) 0 1.0000 COSTA ET AL., 1980

T TCS CELL TRSFORMTION, SHE, CLNA ASSM - 0 3.-2500 COSTA ET AL., 1979

T TCS CELL TRSFORMTION, SHE, CLONA ASSM - 0 6.5000 COSTA & MOLLUE, 1980a
T TCS CELL TRSFORMTION, SHE, CLNA ASSM - 0 6.5000 COSTA ET AL., 1982

lDoses are given as concentrations of the element, not the concentration of the compund.
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MILD STEEL WELDING (MEAL lNET GA)

EN TEST TEST SYSTEM RESULTS DOSE REFERCEPOINT CODE
NM M (LED OR RIO)

0 ECO E. COLI POL A, DIFFERIAL TOX (SPO) - - o . 0000 HEDENSTEDT ET AL., 1977

~
G SAO S. TYPHIMUM TAlOO, RERSE MtATION - - o .0000 HEDENSTEDT ET AL., 1977
G SAO S. TYPHlMUUM TAlOO, REE MtATION - - 4000.0000 MAILD ET AL., 1978 "'G SAO S. TYPHIMUM TAlOO, REE MtATION - - 10000.-0000 ETIEN ET AL., 1986 mG SA2 S. TYPHIMUM TAl02, REE MUATION - - 10000.0000 ETIEN ET AL., 1986 Z0G SA9 S. TYHIMltJ TA98, REE MUATION - - 4000.0000 MAILD ET AL., 1978 ~G SA9 S. TYPHlMUIUM TA98, REE MUATION - - 10000.0000 ETIENN ET AL., 1986 ~G SAS S. TYPHlMUIUM (OTER), REE MtATION - - 10000.0000 ETIEN ET AL., 1986 NS SIC SCE, CHINESE HATER CELL lN VITRO - 0 750.0000 DE RA'I & BAR, 1988
C CIC CHOM ABERR, CHlNESE HATER CELL lN VITRO - 0 1000.0000 ETIEN ET AL., 1986T TCL CELL TRSFORMION, OTER CELL LINES - 0 600.0000 HASEN & STER, 1985S SVA SCE, ANIM lN VIVO - 0 26.0000 ETIEN ET AL., 1986
C CBA CHOM ABER, ANIMA BONE MAOW lN VI - 0 26.0000 ETIEN ET AL., 1986
C CL CHOM ABERR, ANMA LECOCYES lN vio - 0 26.0000 ETIEN ET AL., 1986
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STAINLSS STEEL WELDING (MAAL MEAL ARC)

EN TEST TEST SYSTEM RESULTS DOSE REFERCEPOINT CODE
NM M (LED OR HID)

D ECD E. COLI POL A, DIFFERIA TOX (SPO) + + o .0000 HEDENSTED' ET AL., 1977G SAO S. TYPHIMUM TAlOO, REE MUATION + - 100.0000 HEDENSTED' ET AL., 1977G SAO S. TYPHlMUIUM TAlOO, REE MUATION + + 100.0000 MAILD ET AL., 1978G SAO S. TYPHIMUM TAlOO, REE MUATION + + 250; 0000 ETIEN ET AL., 1986
G SA2 S. TYHIMUM TAl02, REE MUATION + + 50.0000 ETIEN ET AL., 1986
G SA9 S. TYPHIMUM TA98, REE MUATION + - 100.0000 HEDENSTED' ET AL., 1977G SA9 S. TYPHlMUUM TA98, REE MUATION + + 100.0000 MAILD ET AL., 1978G SA9 S. TYPHIMUM TA98, REE MUATION + - 125.0000 ETIEN ET AL., 1986
G SAS S. TYIMIUM (OTER), RERSE MUATION + + 125.0000 ETIEN ET AL., 1986
G GeO MUATION, CHO CELL lN VITRO ? 0 10.0000 ETIEN ET AL., 1986

~G G9H MUATION, CH V79 CELL, HPRT ? 0 10.0000 HEDENSTED' ET AL., 1977
"tG G9H MUATION, CHL V79 CELL, HPRT + 0 3.0000 ETIEN ET AL., 1986 tIS SIC SCE, CHlNESE HATE CELL lN VITR + 0 3.5000 DE RATT & BA, 1988 ZS SIC SCE, CHlNESE HATER CELL lN VITRO + 0 o . 7000 BA ET AL., 1986 t:-S SIC SCE, CHlNESE HATER CELL lN VITRO + 0 1.0000 KOSHI, 1979 ~C CIC CHOM ABER, CHlNESE HATER CELL lN VITRO + 0 1.0000 KOSHI, 1979 NC CIC CHOM ABER, CHlNESE HATER CELL lN VITR + 0 o . 3200 ETIENN ET AL., 1986T TFS CELL TRSFORMION, SHE, FOCUS ASSAY + 0 5.0000 HASEN & STER, 1985T TCL CELL TRSFORMTION, OTER CELL LlNES + 0 50.0000 HASEN & STER, 1985

G MST MeUSE SPO TEST + 0 100.0000 lISON, 1980S SVA SCE, AN lN VIVO - 0 18.0000 ETIEN ET AL., 1986
C CB CHOM ABERR, ANIMA BONE HAOW lN VIVO - 0 18.0000 ETIEN ET AL., 1986
C CL CHOM ABER, AN LECOCES lN vio - 0 18.0000 ETIENN ET AL., 1986S SLH SCE, HU LYMHOCS lN VIVO - 0 0.0000 HUSGAIrPURIANN ET AL., 1982
S SLH SCE, HU LYMHOCES lN VIVO - 0 o . 0000 LITTRIN ET AL., 1983
S SLH SCE, HU LYMHOCES lN VIVO 1

(+ ) 0 o . 0000 KOSHI ET AL., 1984
M MV MICRONUCLEUS TEST, HU CELL lN vivo - 0 o . 0000 LITTRIN ET AL., 1983
C CL CHOM ABERR, HU LYMHOCES lN viO - 0 o .0000 HUSGAIrPURIANN ET AL., 1982
C CL CHOM ABER, HU LYMHOCES lN viO - 0 o . 0000 LITTRlN ET AL., 1983
C CLH CHOM ABER, HU LYMHOCES lN VIOl (+) 0 o . 0000 KOSHl ET AL., 1984.

lExposure also to Metal Inert Gas
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eUMULATIV eROSS INDEX TO lARC MONOGRAPHS ON
THE EVALUATION OF CARCINOGENIC RlSKS TO HUMANS

The volume, page and year are given. References to corrigenda are given in
parentheses.

A

A-~-C
Acetaldehyde

40, 245 (1986); Suppl. 7, 56 (1987)
36, 101 (1985) (con: 42,263);
Suppl. 7,77(1987)

Actaldehyde formylmethylhydrazone (see Gyromitrin)
Acetamide
Acridine orange
Acriflavinium chloride

Acrolein

7, 197 (1974); Suppl. 7, 389 (1987)
16, 145 (1978); Suppl. 7,56 (1987)
13, 31 (1977); Suppl. 7, 56 (1987)
19, 479 (1979); 36,133 (1985);

Suppl. 7, 78 (1987);
39, 41 (1986); Suppl. 7, 56 (1987)
19, 47 (1979); Suppl. 7,56 (1987)
19,86 (1979); Suppl. 7,56 (1987)
19, 73 (1979); Suppl. 7, 79 (1987)
19,91 (1979); Suppl. 7,56 (1987)

Acrylamide
Acrylic acid

Acrylic fibres
Acrylonitrile
Acrylonitrile-butadiene-styrene copolymers
Actinolite (see Asbetos)
Actinomycins 10, 29 (1976) (con: 42,255);

Suppl. 7, 80 (1987)

10, 43 (1976); Suppl. 7,82 (1987)
31, 47 (1983); Suppl. 7, 56 (1987)
1, 145 (1972) (con: 42, 251);

10, 51 (1976); Suppl. 7,83 (1987)

Adriamycin
AF-2
Afatoxins

Afatoxin Bi (see Aflatoxins)
Afatoxin Bi (see Aflatoxins)
Afatoxin Gi (see Aflatoxins)
Afatoxin Gi (see Aflatoxins)
Afatoxin Mi (see Aflatoxins)
Agartine
Alcohol drinking

31, 63 (1983); Suppl. 7, 56 (1987)
44

- 649 -
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Aldrin
Allyl chloride
Allyl isthiocanate
Allyl isovalerate
Aluminium production
Amaranth
5-Aminoacenaphthene
2-Aminoanthraquinone
paa-Aminoazobenzene
ortho-Aminoaztoluene

pa-Aminobenzoic acid
4-Aminobiphenyl

2-Amino-3,4-dimethylimidazo(4,5-flquinoline (see MeIQ)
2-Amino-3,8-dimethylimidazo( 4,5-flquinoxaline (see MeIQx)
3-Amino-l,4-imethyl-5H-pyrdo( 4,3-b lindole (see Trp-P-1)
2-Aminodipyrdo(I,2-a:3' ,2' -d)imidazole (see Glu-P-2)
l-Amino-2-methylanthraquinone
2-Amino-3-methylimidazo(4,5-Jquinoline (see IQ)
2-Amino-6-methyldipyrdo(1,2-a:3' ,2' -d)-imidazole (see Glu-P-1)
2-Amino-3-methyl-9H-pyrdo(2,3-b lindole (see MeA-o:-C)
3-Amino-l-methyl-5H-pyrdo(4,3-b lindole (see Trp-P-2)
2-Amino-5-(5-nitro-2-furyl)-I,3,4-thiadiazle
4-Amino-2-nitrophenol
2-Amino-5-nitrothiazle
2-Amino-9H-pyrdo(2,3-blindole (see A-o:-C)
ll-Aminoundecnoic acid
Amitrole

Ammonium potasium selenide (see Selenium and selenium
compounds)

Amorphous silca (see alo Silca)
Amosite (see Asbestos)
Anabolie steroids (see Androgenic (anabolic) steroids)
Anaesthetics, volatie

Analgesie mixres containing phenacetin (see also Phenacetin)
Androgenic (anabolic) steroids
Angelicin and sorne synthetie derivatives (see also Angelicins)
Angelicin plus ultraviolet radiation (see a/so Angelicin and sorne

synthetic derivatives)

Angelicins
Anilne

ortho-Anisidine

5, 25 (1974); Suppl. 7, 88 (1987)
36, 39 (1985); Suppl. 7, 56 (1987)
36, 55 (1985); Suppl. 7, 56 (1987)
36, 69 (1985); Suppl. 7, 56 (1987)
34, 37 (1984); Suppl. 7, 89 (1987)
8, 41 (1975); Suppl. 7, 56 (1987)
16,243 (1978); Suppl. 7,56 (1987)
27, 191 (1982); Suppl. 7, 56 (1987)
8, 53 (1975); Suppl. 7, 390 (1987)
8, 61 (1975) (con: 42, 254); Suppl.
7, 56 (1987)
16,249 (1978); Suppl. 7,56 (1987)
1, 74 (1972) (con: 42, 251); Suppl.
7, 91 (1987)

27, 199 (1982); Suppl. 7, 57 (1987)

7, 143 (1974); Suppl. 7, 57 (1987)
16,43 (1978); Suppl.7, 57 (1987)
31,71 (1983); Suppl. 7,57 (1987)

39, 239 (1986); Suppl. 7, 57 (1987)
7,31 (1974); 41, 293 (1986)
Suppl. 7, 92 (1987)

Suppl. 7,341 (1987)

11, 285 (1976); Suppl. 7, 93 (1987)
Suppl. 7,310 (1987)

Suppl. 7, 96 (1987)
40, 291 (1986)

Suppl. 7, 57 (1987)

Suppl. 7, 57 (1987)

4, 27 (1974) (con: 42, 252); 27, 39

(1982); Suppl. 7, 99 (1987)
27, 63 (1982); Suppl. 7, 57 (1987)
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paa-Anisidine
Anthanthrene
Anthophyllte (see Asbestos)
Anthracene
Anthranilic acid

Antimony trioxide
Antimony trisulfide
ANU (see I-Naphthylthiourea)

27,65 (1982); Suppl. 7,57 (1987)
32, 95 (1983); Suppl. 7, 57 (1987)

32, 105 (1983); Suppl. 7, 57 (1987)
16, 265 (1978); Suppl. 7, 57 (1987)
47, 291 (1989)

47, 291 (1989)

Apholate
Aramite(!
Arec nut (see Betel quid)
Aranilc acid (see Arsnic and arsnic compounds)
Arnic and arsnic compounds

9,31 (1975); Suppl. 7, 57 (1987)

5, 39 (1974); Suppl. 7, 57 (1987)

1, 41 (1972); 2, 48 (1973);

23, 39 (1980); Suppl. 7, 100 (1987)
Arnic pentoxide (see Arsnic and arsnic compounds)

Arsnic sulphide (see Arsnic and arnic compounds)
Arnic trioxide (see Arsnic and arsnic compounds)
Arine (see Arnic and arsnic compounds)

Asbestos 2, 17 (1973) (COlT 42,252);

14 (1977) (con: 42, 256); Suppl. 7,
106 (1987) (COlT 45,283)
42,159 (1987); Suppl. 7,117 (1987)
1, 69 (1972) (con: 42, 251); Suppl.
7, 118 (1987)

Suppl. 7,118 (1987)

13,39 (1977); Suppl. 7,57 (1987)
26, 37 (1981); Suppl. 7, 57 (1987)
10, 73 (1976) (COlT 42,255);
Suppl. 7, 57 (1987)

26, 47 (1981); Suppl. 7, 119 (1987)
9,37 (1975); Suppl. 7,58 (1987)

9, 47 (1975); Suppl. 7, 58 (1987)
9, 51 (1975); Suppl. 7,58 (1987)
8, 75 (1975); Suppl. 7, 58 (1987)

Attapulgite
Auramine (technical-grade)

Auramine, manufacture of (see aIso Auramine, technical-grade)
Aurothiogluco
5-Azacyidine
Azasrine

Azathioprine
Azridine
2-(I-Azridinyl)ethanol
Azridyl benzouinone
Azbenzene

B

Barum chromate (see Chromium and chromium compounds)
Basic chromic sulphate (see Chromium and chromium compounds)
BCU (see Bishloroethyl nitrosurea)
Benz(a )acridine

Benz(c )acridine

32, 12 (1983); Suppl. 7, 58 (1987)

3,241 (1973); 32, 129 (1983);
Suppl. 7, 58 (1987)

29,65 (1982); Suppl. 7, 148 (1987)Benzal chloride (see aIso ~-Chiorinated toluenes)
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Benzyl violet 4B
Bertrandite (see Beryllum and beryJlum compounds)
Beryllum and beryllum compounds

3, 45 (1973); 32, 135 (1983);

Suppl. 7, 58 (1987)
7, 203 (1974) (con: 42, 254); 29, 93,
391 (1982); Suppl. 7, 120 (1987)

1,80 (1972); 29, 149, 391 (1982);

Suppl. 7, 123 (1987)

Suppl. 7, 125 (1987)

3, 69 (1973); 32, 147 (1983); Suppl.
7, 58 (1987)
3, 82 (1973); 32, 155 (1983); Suppl.
7,58 (1987)

32, 163 (1983); Suppl. 7, 58 (1987)
32, 171 (1983); Suppl. 7,58 (1987)
32, 177 (1983); Suppl. 7, 58 (1987)
32, 183 (1983); Suppl. 7, 58 (1987)
32, 189 (1983); Suppl. 7, 58 (1987)
32, 195 (1983); Suppl. 7, 58 (1987)
32, 205 (1983); Suppl. 7, 58 (1987)
3, 91 (1973); 32, 211 (1983);
Suppl. 7, 58 (1987)

3, 137 (1973); 32, 225 (1983);

Suppl. 7, 58 (1987)

29, 185 (1982); Suppl. 7, 58 (1987)

29, 73 (1982); Suppl. 7, 148 (1987)
29,83 (1982)(con: 42,261); Suppl.
7, 126 (1987)
36, 267 (1985); Suppl. 7, 58 (1987)
40, 109 (1986); Suppl. 7, 58 (1987)

11, 217 (1976) (con: 42,256); 29,

49 (1982); Suppl. 7, 148 (1987)

16, 153 (1978); Suppl. 7,58 (1987)

Benz(a )anthracene

Benzene

Benzidine

Benzidine-bas dyes

Benzo( b )fluoranthene

Benzo(¡lfluoranthene

Benzo(k )fluoranthene

Benzo(gilfluoranthene
Benzo(a)fluorene
Benzo( b )fluorene

Benzo( c )fluorene

Benzo(ghilperylene
Benzo(c )phenanthrene
Benzo(a )pyrene

Benzo(e)pyrene

pa-Benzouinone dioxime
Benzotrichloride (see also Q:-Chlorinated toluenes)
Benzoyl chloride

Benzoyl peroxide

Benzyl acetate
Benzyl chloride (see also Q:-Chlorinatcd toluenes)

1, 17 (1972); 23, 143 (1980)(con:
42, 26); Suppl. 7, 127 (1987)

Beryllum acetate (see Beryllum and beryllum compounds)
Beryllum acetate, basic (see Beryllum and beryllum compounds)
Beryllum-aluminium alloy (see Beryllum and beryllum

compounds)
Beryllum carbonate (see BeryJlum and beryllum compounds)
Beryllum chloride (see Beryllum and beryllum compounds)
Beryllum-cpper alloy (see Beryllum and beryJlum compounds)
Beryllum-cpper-cbaIt alloy (see Beryllum and beryllum compounds)

Beryllum fluoride (see Beryllum and beryllium compounds)
Beryllum hydroxide (see Beryllum and beryllum compounds)
Beryllum-nickel alloy (see Beryllum and beryllum compounds)
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Beryllum oxide (see Beryllum and beryllum compounds)
Beryllum phosphate (see Beryllum and beryllum compounds)
Beryllum silcate (see Beryllum and beryllium compounds)
Beryllum sulphate (see Beryllum and beryllum compounds)
Beryl ore (see Beryllum and beryllum compounds)
Betel quid
Betel-quid chewing (see Betel quid)
BHA (see Butylated hydroxyanisole)
BHT (see Butylated hydroxyoluene)
Bis(l-azridinyl)morpholinophosphine sulphide

Bis(2-chloroethyl)ether
N,N-Bis(2-chloroethyl)-2-naphthylamine

Bischloroethyl nitrosourea (see also Chloroethyl nitrosoureas)
1,2- Bis( chloromethoxy)ethane
1,4-Bis( chloromethoxyethyl)benzene
Bis(chloromethyl)ether

Bis(2-chloro-l-methylethyl)ether
Bis(2,3-epoxycyclopentyl)ether
Bitumens
Bleomycins
Blue VRS
Bot and shoe manufacture and repair
Bracken fem
Brillant Blue FCF

1,3-Butadiene

1,4-Butanediol dimethanesulphonate
n-Butyl acrylate
Butylated hydroxyanisole

Butylated hydroxyoluene
Butyl benzyl phthalate

ß-Butyolactone
-y-Butyolactone

c
Cabinet-making (see Fumiture and cabinet-making)
Cadmium acetate (see Cadmium and cadmium compounds)
Cadmium and cadmium compounds

653

37,141 (1985); Suppl. 7,128 (1987)

9, 55 (1975); Suppl. 7, 58 (1987)
9, 117 (1975); Suppl. 7,58 (1987)
4,119 (1974) (con: 42,253); Suppl.
7, 130 (1987)

26, 79 (1981); Suppl. 7, 150 (1987)
15,31 (1977); Suppl. 7,58 (1987)
15, 37 (1977); Suppl. 7,58 (1987)
4,231 (1974) (con: 42,253); Suppl.
7, 131 (1987)

41, 149 (1986); Suppl. 7,59 (1987)
47, 231 (1989)

35,39 (1985); Suppl. 7,133 (1987)
26,97 (1981); Suppl. 7, 134 (1987)
16, 163 (1978); Suppl. 7,59 (1987)
25,249 (1981); Suppl. 7,232 (1987)
40, 47 (1986); Suppl. 7, 135 (1987)
16, 171 (1978) (con: 42,257);
Suppl. 7, 59 (1987)

39, 155 (1986) (con: 42, 264);

Suppl. 7, 136 (1987)

4, 247 (1974); Suppl. 7, 137 (1987)
39, 67 (1986); Suppl. 7, 59 (1987)
40, 123 (1986); Suppl. 7, 59 (1987)
40, 161 (1986); Suppl. 7, 59 (1987)
29, 193 (1982) (con: 42,261);
Suppl. 7, 59 (1987)

11, 225 (1976); Suppl. 7, 59 (1987)

11,231 (1976); Suppl. 7,59 (1987)

2, 74 (1973); 11, 39 (1976)

(con: 42, 255);

Suppl. 7, 139 (1987)



654 lARe MONOGRAHS VOLUME 49

Cadmium chloride (see Cadmium and cadmium compounds)
Cadmium oxide (see Cadmium and cadmium compounds)
Cadmium sulphate (see Cadmium and cadmium compounds)
Cadmium sulphide (see Cadmium and camium compounds)
Calcium arsnate (see Arnic and arnic compounds)
Calcium chromate (see Chromium and chromium compounds)
Calcium cyc1amate (see Cyc1amates)
Calcium saccharn (see Saccharn)
Canthardin
Caprolactam

Captan
Carbarl
Carbazle
3-Carbethoxyralen
Carbon blacks

Carbon tetrachloride

Carmoisine
Carpntry and joinery
Carrageenan

Catechol
CCNU (see 1-(2-Chloroethyl)-3-cc1ohexyl-1-nitrosurea)
Ceramic fibres (see Man-made mineraI fibres)
Chemotherapy, combined, inc1uding alkylating agents

(see MOPP and other combined chemotherapy inc1uding
alkylating agents)

C'hlorambucil

Chloramphenicol
Chlorendic acid
Chlordane (see a/so Chlordane/Heptachlor)
Chlordane/Heptachlor
Chlordecne
Chlordimeform
Chlorinated dibenzodioxins (other than TCDD)
Chlorinated parans
a-Chlorinated toluenes

Chlormadinone acetate (see a/so Progestins; Combined oral
contraceptives)

Chlomaphazne (see N;N-Bis(2-chloroethyl)-2-naphthylamine)
Chlorobenzilate

10, 79 (1976); Suppl. 7, 59 (1987)
19, 115 (1979) (con: 42, 258);

39, 247 (1986) (con: 42, 26);

Suppl. 7,390 (1987)

30, 295 (1983); Suppl. 7, 59 (1987)
12, 37 (1976); Suppl. 7, 59 (1987)
32, 239 (1983); Suppl. 7, 59 (1987)
40,317 (1986); Suppl. 7,59 (1987)
3, 22 (1973); 33, 35 (1984); Suppl.
7, 142 (1987)
1, 53 (1972); 20, 371 (1979);

Suppl. 7, 143 (1987)

8, 83 (1975); Suppl. 7, 59 (1987)
25, 139 (1981); Suppl. 7,378 (1987)

10, 181 (1976) (con: 42,255); 31,

79 (1983); Suppl. 7, 59 (1987)
15, 155 (1977; Suppl. 7, 59 (1987)

9, 125 (1975); 26, 115 (1981);

Suppl. 7, 144 (1987)

10, 85 (1976); Suppl. 7, 145 (1987)
48, 45 (199)
20, 45 (1979) (con: 42, 258)

Suppl. 7, 146 (1987)

20, 67 (1979); Suppl. 7, 59 (1987)
30, 61 (1983); Suppl. 7, 59 (1987)
15, 41 (1977); Suppl. 7,59 (1987)
48, 55 (199)
Suppl. 7, 148 (1987)

6, 149 (1974); 21, 365 (1979)

5, 75 (1974); 30, 73 (1983);
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Suppl. 7,60(1987)
Chlorodifluoromethane 41,237 (1986); Suppl. 7,149 (1987)
1-(2-Chloroethyl)-3-cclohexyl-l-nitrosurea (see a/so 26, 137 (1981) (con: 42,26); Suppl.

Chloroethyl nitrosureas) 7, 150 (1987)
1-(2-Chloroethyl)-3-( 4-methylcyclohexyl)-l-nitrosurea (see a/so Suppl. 7, 150 (1987)
Chloroethyl nitrosureas)

Chloroethyl nitrosoureas
Chlorofluoromethane
Chloroform

Chloromethyl methyl ether (technical-grade) (see a/so
Bis( chloromethyl)ether)

(4-hloro-2-methylphenoxy)acetic acid (see MCPA)
Chlorophenols
Chlorophenols (ocpation al expures to)
Chlorophenoxy herbicides
Chlorophenoxy herbicides (ocpation al expures to)
4-hloro-nho-phenylenediamine
4-hloro-meta-phenylenediamine
Chloroprene
Chloropropham
Chloroquine
Chlorothalonil

pa-Chloro-nho-toluidine and its strong acid salts
(see a/so Chlordimeform)

Chlorotrianisene (see a/so Nonsteroidal oestrogens)
2-Chloro-l, 1, I-trifluoroethane
Cholesterol

Chromic acetate (see Chromium and chromium compounds)
Chromic chloride (see Chromium and chromium compounds)
Chromic oxide (see Chromium and chromium compounds)
Chromic phosphate (see Chromium and chromium compounds)
Chromite ore (see Chromium and chromium compounds)
Chromium and chromium compounds

Chromium carbonyl (see Chromium and chromium compounds)
Chromium potasium sulphate (see Chromium and chromium

compounds)
Chromium sulphate (see Chromium and chromium compounds)
Chromium trioxide (see Chromium and chromium compounds)
Chryne

Chryidine
Chrytile (see Asbestos)

Suppl. 7, 150 (1987)

41, 229 (1986); Suppl. 7, 60 (1987)
1, 61 (1972); 20, 401 (1979);

Suppl. 7, 152 (1987)

4, 239 (1974)

Suppl. 7, 154 (1987)

41,319 (1986)

Suppl. 7, 156 (1987)

41, 357 (1986)

27, 81 (1982); Suppl. 7, 60 (1987)
27, 82 (1982); Suppl. 7, 60 (1987)
19,131 (1979); Suppl. 7,160 (1987)
12,55 (1976); Suppl. 7,60(1987)
13,47 (1977); Suppl. 7,60(1987)
30,319 (1983); Suppl. 7,60(1987)
16,277 (1978); 30, 65 (1983);
Suppl. 7, 60 (1987); 48, 123 (199)
21, 139 (1979)

41, 253 (1986); Suppl. 7, 60 (1987)
10,99 (1976); 31, 95 (1983);
Suppl. 7, 161 (1987)

2, 100 (1973); 23, 205 (1980);

Suppl. 7, 165 (1987); 49, 49 (199)

3, 159 (1973); 32, 247 (1983);

Suppl. 7, 60 (1987)

8, 91 (1975); Suppl. 7, 169 (1987)
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CI Disperse Yellow 3

Cinnamyl anthranilate

Cisplatin
Citrinin
Citrus Red No. 2

Clofibrate
Clomiphene citrate
Coal gasification
Coal-tar pitches (see also Coal-tar)
Coal-tar
Cobalt-chromium alloy (see Chromium and chromium

compounds)
Coke production
Combined oral contraceptives (see also Oestrogens, progestins

and combinations)
Conjugated oestrogens (see also Steroidal oestrogens)
Contraceptives, oral (see Combined oral contraceptives;

Sequential oral contraceptives)
Copper 8-hydroxyquinoline
Coronene
Coumarn
Creostes (see also Coal-tar)
meta-Cresidine
pa-Cresidine
Crocidolite (see Asbestos)
Crude oil
Crytallne silca (see also Silca)
Cycain

Cyclamates
Cyclamic acid (see Cyclamates)
Cyclochlorotine
Cyclohexanone
Cyclohexylamine (see Cyclamates)
Cyclopenta(cd)pyrene
Cyclopropane (see Anaesthetics, volatile)
Cyclophosphamide

D

2,4-D (see also Chlorophenoxy herbicides; Chlorophenoxy
herbicides, ocpational exures to)

8, 97 (1975); Suppl. 7, 60 (1987)
16, ')7 (1978); 31, 133 (1983);

Suppl. 7, 60 (1987)
26, 151 (1981); Suppl. 7, 170 (1987)
40,67 (1986); Suppl. 7,60(1987)
8, 101 (1975) (con: 42, 254);

Suppl. 7, 60 (1987)
24,39 (1980); Suppl. 7, 171 (1987)
21, 551 (1979); Suppl. 7, 172 (1987)

34,65 (1984); Suppl. 7, 173 (1987)
Suppl. 7, 174 (1987)

35,83 (1985); Suppl. 7, 175 (1987)

34, 101 (1984); Suppl. 7, 176 (1987)
Suppl. 7, 297 (1987)

21, 147 (1979)

15, 103 (1977); Suppl. 7, 61 (1987)
32, 263 (1983); Suppl. 7, 61 (1987)
10, 113 (1976); Suppl. 7, 61 (1987)
Suppl. 7, 177 (1987)

27, 91 (1982); Suppl. 7, 61 (1987)
27,92 (1982); Suppl. 7,61 (1987)

45, 119 (1989)

Suppl. 7, 341 (1987)
l, 157 (1972) (con: 42,251); 10,

121 (1976); Suppl. 7,61 (1987)
22,55 (1980); Suppl. 7, 178 (1987)

10, 139 (1976); Suppl. 7,61 (1987)
47, 157 (1989)

32,269 (1983); Suppl. 7, 61 (1987)

9, 135 (1975); 26, 165 (1981);

Suppl. 7, 182 (1987)

15, 111 (1977)
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Dacarbazine
D & C Red No. 9
Dapsone
Daunomycin
DDD (see DDT)
DDE (see DDT)
DDT

26,203 (1981); Suppl. 7,184 (1987)
8, 107 (1975); Suppl. 7,61 (1987)
24, 59 (1980); Suppl. 7, 185 (1987)
10, 145 (1976); Suppl. 7,61 (1987)

2,4-Diaminoanisole

5, 83 (1974) (con: 42,253);
Suppl. 7, 186 (1987)

48, 73 (199)
8, 113 (1975); Suppl. 7, 61 (1987)

16,293 (1978); Suppl. 7,61 (1987)
12, 69 (1976); 30, 235 (1983);
Suppl. 7,61 (1987)

16,51 (1978); 27, 103 (1982);
Suppl. 7, 61 (1987)

16,301 (1978); 29, 203 (1982);
Suppl. 7, 61 (1987)
16,63 (1978); Suppl. 7,61 (1987)
16, 73 (1978); Suppl. 7,61 (1987)

Decabromodiphenyl oxide
Diacetylaminoazotoluene

N,N' -Diacetylbenzidine
Diallate

4,4' -Diaminodiphenyl ether

1,2- Diamino-4-nitrobenzene
1,4- Diamino-2-nitrobenzene
2,6-Diamino-3-(phenylazo )pyrdine (see Phenazopyrdine

hydrochloride)
2,4-Diaminotoluene (see a/so Toluene diisocanates)
2,5-Diaminotoluene (see a/so Toluene diisocanates)
orlho- Dianisidine (see 3,3' - Dimethoxybenzidine)
Diazepam
Diazomethane
Dibenz(a,h )acridine

16,83 (1978); Suppl. 7,61 (1987)
16,97 (1978); Suppl. 7,61 (1987)

Dibenz(a,11acridine

13,57 (1977); Suppl. 7, 189 (1987)
7, 223 (1974); Suppl. 7, 61 (1987)
3, 247 (1973); 32, 277 (1983);

Suppl. 7, 61 (1987)

3, 254 (1973); 32, 283 (1983);

Suppl. 7,61 (1987)

32, 289 (1983) (con: 42, 262);
Suppl. 7, 61 (1987)
3, 178 (1973) (con: 43, 261);

32, 299 (1983); Suppl. 7, 61 (1987)
32, 309 (1983); Suppl. 7, 61 (1987)
3,26 (1973); 32,315 (1983);

Suppl. 7, 61 (1987)

Dibenz(a,c )anthracene

Dibenz(a,h )anthracene

Dibenz(a,11anthracene
7H-Dibenzo( c,g)carbazole

Dibenzodioxins, chlorinated (other th an TCDD)
(see Chlorinated dibenzodioxins (other than TCDD))

Dibenzo( a,e )fluoranthene
Dibenzo(h,r.t)pentaphene
Dibenzo(a,e)pyrene

32, 321 (1983); Suppl. 7, 61 (1987)
3, 197 (1973); Suppl. 7,62 (1987)
3, 201 (1973); 32, 327 (1983);

Suppl. 7, 62 (1987)

3,207 (1973); 32, 331 (1983);
Suppl. 7, 62 (1987)

Dibenzo(a,h )pyrene
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Dibenzo(a,ilpyrene

1,2-Dibromo-3-chloropropane

3, 215 (1973); 32, 337 (1983);
Suppl. 7, 62 (1987)

3, 224 (1973); 32, 343 (1983);
Suppl. 7, 62 (1987)

15, 139 (1977); 20, 83 (1979);

Suppl. 7, 191 (1987)

39, 369 (1986); Suppl. 7, 62 (1987)
7,231 (1974); 29, 213 (1982);

Suppl. 7, 192 (1987)

7, 231 (1974); 29, 215 (1982);
Suppl. 7, 192 (1987)

4, 49 (1974); 29, 239 (1982);

Suppl. 7, 193 (1987)

15, 149 (1977); Suppl. 7, 62 (1987)

16, 309 (1978); Suppl. 7, 62 (1987)
20, 429 (1979); Suppl. 7, 62 (1987)
20,449 (1979); 41,43 (1986); Suppl.

7, 194 (1987)

Dibenzo(a,l)pyrene

DichloroaceíYlene
ortho- Dichlorobenzene

paa- Dichlorobenzene

3,3' -Dichlorobenzidine

tran-1,4-Dichlorobutene
3,3' -Dichlor0-,4' -diaminodiphenyl ether
1,2- Dichloroethane
Dichloromethane

2,4-Dichlorophenol (see Chlorophenols; ChloroI'henols,
ocpation al expures to)

(2,4-Dichlorophenoxy)acetic acid (see 2,4-D)
2,6- Dichloro-paa-phenylenediam ine
1,2-Dichloropropane
1,3- Dichloropropene (technical-grade)
Dichlorvos
Dicofol
Dicyclohexylamine (see Cyclamates)
Dieldrin
Dienoestrol (see also Nonsteroidal oestrogens)
Diepoxybutane

39, 325 (1986); Suppl. 7, 62 (1987)
41, 131 (1986); Suppl. 7,62 (1987)
41, 113 (1986); Suppl. 7, 195 (1987)
20,97 (1979); Suppl. 7, 62 (1987)
30, 87 (1983); Suppl. 7, 62 (1987)

Diesel and gasoline engine exhausts
Diesel fuels
Diethyl ether (see Anaesthetics, volatile)
Di(2-ethylhexyl)adipate
Di(2-ethylhexyl)phthalate

5, 125 (1974); Suppl. 7, 196 (1987)
21, 161 (1979)

11, 115 (1976) (con: 42,255); Suppl.
7, 62 (1987)
46,41 (1989)

45, 219 (1989) (con: 47, 505)

1,2-Diethylhydrazine
Diethylstilbostrol

29, 257 (1982); Suppl. 7,62 (1987)

29,269 (1982) (con: 42,261); Suppl.
7, 62 (1987)
4, 153 (1974); Suppl. 7, 62 (1987)

6, 55 (1974); 21, 173 (1979)

(con: 42, 259); Suppl. 7, 273 (1987)
Diethylstilbostrol dipropionate (see Diethylstilboestrol)
Diethyl sulphate
Diglycidyl resorcinol ether

4, 277 (1974); Suppl. 7, 198 (1987)
11, 125 (1976); 36, 181 (1985);

Suppl. 7, 62 (1987)
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Dihydrosafrole

Dihydroxybenzenes (see Catechol; Hydroquinone; Resorcinol)
Dihydroxyethylfuratrizine
Dimethisterone (see aIso Progestins; Sequential oral

contraceptives)
Dimethoxane
3,3' -Dimethoxybenzidine

3,3' -Dimethoxybenzidine-4,4' -diisocanate

paa- Dimethylaminoazobenzene

paa-Dimethylaminoazobenzenediazo sodium sulphonate
tra-2-( (Dimethylamino )methylimino )-5-(2-(5-nitro-2-furyl)-

vinyl)-1,3,4-xadiazole
4,4' -Dimethylangelicin plus ultraviolet radiation (see aIso

Angelicin and sorne synthetic derivatives)
4,5' -Dimethylangelicin plus ultraviolet radiation (see also

Angelicin and sorne synthe tic derivatives)
Dimethylarsinic acid (see Arsenic and arsenic compounds)
3,3' -Dimethylbenzidine
Dimethylcarbamoyl chloride
Dimethylfonnamide
1,1-Dimethylhydrazine
1,2- Dimethylhydrazne

Dimethyl hydrogen phosphite
1,4- Dimethylphenanthrene
Dimethyl sulphate
3,7- Dinitrofluoranthene
3,9- Dinitrofluoranthene
1,3- Dinitropyrene
1,6- Dinitropyrene
1,8- Dinitropyrene

Dinitrosopentamethylenetetramine
1,4-Dioxane
2,4' -Diphenyldiamine
Direct Black 38 (see also Benzidine-based dyes)
Direct Blue 6 (see also Benzidine-based dyes)
Direct Brown 95 (see aIso Benzidine-based dyes)
Disperse Blue 1

Dispers Yellow 3

Disulfiram
Dithranol
Divinyl ether (see Anaesthetics, volatile)
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1, 170 (1972); 10,233 (1976); Suppl.

7,62 (1987)

24, 77 (1980); Suppl. 7, 62 (1987)
6, 167 (1974); 21, 377 (1979)

15, 177 (1977); Suppl. 7,62 (1987)

4,41 (1974); Suppl. 7, 198 (1987)

39,279 (1986); Suppl. 7,62 (1987)
8, 125 (1975); Suppl. 7,62 (1987)
8, 147 (1975); Suppl. 7, 62 (1987)
7, 147 (1974) (con: 42, 253); Suppl.
7, 62 (1987)

Suppl. 7, 57 (1987)

Suppl. 7, 57 (1987)

1, 87 (1972); Suppl. 7, 62 (1987)
12, 77 (1976); Suppl. 7, 199 (1987)
47, 171 (1989)

4, 137 (1974); Suppl.7, 62 (1987)
4, 145 (1974) (con: 42, 253);

Suppl. 7, 62 (1987)

48, 85 (199)
32,349 (1983); Suppl. 7,62 (1987)
4, 271 (1974); Suppl. 7, 200 (1987)
46, 189 (1989) .
46, 195 (1989)

46, 201 (1989)

46, 215 (1989)

33, 171 (1984); Suppl. 7,63 (1987);

46,231 (1989)

11, 241 (1976); Suppl. 7, 63 (1987)
11,247 (1976); Suppl. 7,201 (1987)

16, 313 (1978); Suppl. 7, 63 (1987)
29, 295 (1982) (con: 42,261)
29, 311 (1982) .
29, 321 (1982)

48, 139 (199)
48, 149 (199)
12, 85 (1976); Suppl. 7, 63 (1987)
13, 75 (1977); Suppl. 7,63 (1987)
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Dulcin

E

Endrin
Enflurane (see Anaesthetics, volatile)
Bosin
Epichlorohydrin

1,2-Epoxybutane
1- Epoxyethyl-3,4-epoxycyc1ohexane
3,4- Epoxy-6-methylcyc1ohexylmethyl-3,4-poxy-6-methyl-

cyc10hexane caboxylate

cis-9, 10- Epoxystearc acid
Erionite
Ethinyloestradiol (see also Steroidal oestrogens)
Ethionamide
Ethyl acrylate

Ethylene
Ethylene dibromide
Ethylene oxide

Ethylene sulphide

Ethylene thiourea
Ethyl methanesulphonate
N-Ethyl-N-nitrosourea

Ethyl selenac (see also Selenium and selenium compounds)
Ethyl tellurac
Ethynodiol diacetate (see also Progestins; Combined oral

contraceptives)
Eugenol
Evans blue

F

Fast Green FCF
Ferbam

Ferrc oxide

Ferrochromium (see Chromium and chromium compounds)
Fluometuron
Fluoranthene

12, 97 (1976); Suppl. 7, 63 (1987)

5, 157 (1974); Suppl. 7, 63 (1987)

15, 183 (1977); Suppl. 7,63 (1987)
11, 131 (1976) (con: 42,256);
Suppl. 7, 202 (1987)

47,217 (1989)

11, 141 (1976); Suppl. 7,63 (1987)
Il, 147 (1976); Suppl. 7, 63 (1987)

Il, 153 (1976); Suppl. 7, 63 (1987)

42,225 (1987); Suppl. 7,203 (1987)
6, 77 (1974); 21, 233 (1979)
13, 83 (1977); Suppl. 7, 63 (1987)
19, 57 (1979); 39, 81 (1986);

Suppl. 7, 63 (1987)

19, 157 (1979); Suppl. 7,63 (1987)
15,195 (1977); Suppl. 7,20(1987)
Il, 157 (1976); 36, 189 (1985)

(con: 42, 263); Suppl. 7, 205 (1987)
Il, 257 (1976); Suppl. 7, 63 (1987)

7, 45 (1974); Suppl. 7, 207 (1987)
7, 245 (1974); Suppl. 7, 63 (1987)
1, 135 (1972); 17, 191 (1978);

Suppl. 7, 63 (1987)

12, 107 (1976); Suppl. 7,63(1987)
12, 115 (1976); Suppl. 7, 63 (1987)
6, 173 (1974); 21, 387 (1979)

36, 75 (1985); Suppl. 7, 63 (1987)
8, 151 (1975); Suppl. 7, 63 (1987)

16, 187 (1978); Suppl. 7, 63 (1987)
12, 121 (1976) (con: 42, 256);

Suppl. 7, 63 (1987)

1, 29 (1972); Suppl. 7, 216 (1987)

30, 245 (1983); Suppl. 7, 63 (1987)
32, 355 (1983); Suppl. 7, 63 (1987)
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Fluorene
Fluorides (inorganic, used in drinking-water)
5- Fluorouracil
Fluorspar (see Fluorides)
Fluosilicic acid (see Fluorides)
Fluroxene (see Anaesthetics, volatile)
Formaldehyde
2-(2- Formylhydrazino )-4-5-nitro- 2-furyl)thiazole

Fuel oils (heating oils)
Furazolidone
Furniture. and cabinet-making
2-(2-Furyl)-3-(5-nitro-2-furyl)acrylamide (see AF-2)
Fusarenon-X

G
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32, 365 (1983); Suppl. 7, 63 (1987)
27, 237 (1982); Suppl. 7,208 (1987)
26,217 (1981); Suppl. 7,210 (1987)

29,345 (1982); Suppl. 7,211 (1987)

7, 151 (1974) (con: 42,253);
Suppl. 7, 63 (1987)

45, 239 (1989) (con: 47,505)
31, 141 (1983); Suppl. 7, 63 (1987)
25, 99 (1981); Suppl. 7,380 (1987)

11, 169 (1976); 31, 153 (1983);

Suppl. 7, 64 (1987)

Gasoline 45, 159 (1989) (con: 47, 505)
Gasoline engine exhaust (see Diesel and gasoline engine exhausts)
Glass fibres (see Man-made mineraI fibres)
Glasswool (see Man-made mineraI fibres)
Glass filaments (see Man-made mineraI fibres)
Glu-P-1
Glu-P-2
L-Glutamic acid, 5-(2-( 4-hydroxyethyl)phenylhydrazide L

(see Agaratine)
Glycidaldehyde
Sorne glycidyl ethers
Glycidyloleate
Glycidyl stearate

Griseofulvin
Guinea Green B
Gyromitrin

H

Haematite
Haematite and ferrc oxide
Haematite mining, underground, with exposure to radon
Hair dyes, epidemiology of
Halothane (see Anaesthetics, volatile)

a-HCH (see Hexachlorocclohexanes)
ß-HCH (see Hexachlorocyclohexanes)

40, 223 (1986); Suppl. 7, 64 (1987)
40,235 (1986); Suppl. 7,64(1987)

11, 175 (1976); Suppl. 7,64 (1987)
47, 237 (1989)

11, 183 (1976); Suppl. 7,64 (1987)
11, 187 (1976); Suppl. 7, 64 (1987)
10, 153 (1976); Suppl. 7,391 (1987)
16, 199 (1978); Suppl. 7, 64 (1987)
31,163 (1983); Suppl. 7,391 (1987)

1, 29 (1972); Suppl. 7, 216 (1987)
Suppl. 7, 216 (1987)

1, 29 (1972); Suppl. 7, 216 (1987)
16,29 (1978): 27, 307 (1982)
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'Y-HCH (see Hexachlorocclohexanes)
Heating oils (see Fuel oils)
Heptachlor (see a/so Chlordane/Heptachlor)
Hexachlorobenzene
Hexachlorobutadiene
Hexachlorocclohexanes

Hexachlorocclohexane, technical-grade (see Hexachloro-

cyclohexanes)
Hexachloroethane
Hexachlorophene
Hexamethylphosphoramide
Hexoestrol (see Nonsteroidal oestrogens)
Hycanthone mesylate
Hydralazne
Hydrazne
Hydrogen peroxide
Hydroquinone
4-Hydroxyazobenzene
17CI-Hydroxyrogesterone caproate (see a/so Progestins)
8- H ydroxyquinoline
8- H ydroxyenkirkine

1

Indeno( 1,2,3-cd)pyrene

IQ
Iron and steel founding
lron-dextran complex
lron-dextrin complex

Iron oxide (see Ferrc oxide)
Iron oxide, saccharated (see Saccharated iron oxide)
Iron sorbitol-citric acid complex
Isatidine
Isoflurane (see Anaesthetics, volatile)
Isniazd (see Isonicotinic acid hydrazide)

Isonicotinic acid hydrazde
lsophosphamide
lsopropyl alcohol

Isopropyl alcohol manufacture (strong-acid procss)

(see a/so Isopropyl alcohol)
Isopropyl oils
Isosafole

5, 173 (1974); 20, 129 (1979)
20, 155 (1979); Suppl. 7, 219 (1987)
20, 179 (1979); Suppl. 7, 64 (1987)
5, 47 (1974); 20, 195 (1979)

(corr 42, 258); Suppl. 7, 220 (1987)

20, %7 (1979); Suppl. 7, 64 (1987)
20,241 (1979); Suppl. 7,64(1987)
15, 211 (1977); Suppl. 7, 64 (1987)

13, 91 (1977); Suppl. 7, 64 (1987)
24, 85 (1980); Suppl. 7, 222 (1987)
4, 127 (1974); Suppl. 7, 223 (1987)
36, 285 (1985); Suppl. 7, 64 (1987)
15, 155 (1977); Suppl. 7, 64 (1987)
8, 157 (1975); Suppl. 7, 64 (1987)
21, 399 (1979) (corr 42, 259)

13, 101 (1977); Suppl. 7, 64 (1987)
10,265 (1976); Suppl. 7,64 (1987)

3,229 (1973); 32,373 (1983);
Suppl. 7, 64 (1987)

40, 261 (1986); Suppl. 7, 64 (1987)
34,133 (1984); Suppl. 7,224 (1987)
2, 161 (1973); Suppl. 7, 226 (1987)
2, 161 (1973) (corr 42, 252);

Suppl. 7, 64 (1987)

2, 161 (1973); Suppl. 7, 64 (1987)
10,269 (1976); Suppl. 7,65 (1987)

4, 159 (1974); Suppl. 7, 227 (1987)
26, 237 (1981); Suppl. 7, 65 (1987)
15,223 (1977); Suppl. 7,229 (1987)
Suppl. 7, 229 (1987)

15,22 (1977); Suppl. 7,229 (1987)
1, 169 (1972); 10, 232 (1976);
Suppl. 7,65 (1987)
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J
Jacobine
Jet fuel
Joinery (see Carpntry and joinery)

K

Kaempferol
Kepone (see Chlordecone)

L

Laiocine
Lauroyl peroxide

Lead acetate (see Lead and lead compounds)
Lead and lead compounds

Lead arenate (see Arenic and arsenic compounds)
Lead cabonate (see Lead and lead compounds)
Lead chloride (see Lead and lead compounds)
Lead chromate (see Chromium and chromium compounds)
Lead chromate oxide (see Chromium and chromium compounds)
Lead naphthenate (see Lead and lead compounds)
Lead nitrate (see Lead and lead compounds)
Lead oxide (see Lead and lead compounds)
Lead phosphate (see Lead and lead compounds)
Lead subacetate (see Lead and lead compounds)
Lead tetroxide (see Lead and lead compounds)
Leather goos manufacture

Leather industries
Leather tanning and procssing
Ledate (see also Lead and lead compounds)
Light Green SF
Lindane (see Hexachlorocclohexanes)
The lumber and sawmil industries (including logging)
Luteoskyin
Lynoetrenol (see also Progestins; Combined oral contraceptives)

M

Magenta
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10, 275 (1976); Suppl. 7,65 (1987)
45, 203 (1989)

31, 171 (1983); Suppl. 7,65 (1987)

10, 281 (1976); Suppl. 7, 65 (1987)
36, 315 (1985); Suppl. 7, 65 (1987)

1, 40 (1972) (con: 42, 251); 2, 52,
150 (1973); 12, 131 (1976);

23,40,208,209,325 (1980);
Suppl. 7,230 (1987)

25,279 (1981); Suppl. 7,235 (1987)
25,199 (1981); Suppl. 7,232 (1987)
25,201 (1981); Suppl. 7,236 (1987)
12, 131 (1976)

16, 20 (1978); Suppl. 7, 65 (1987)

25,49 (1981); Suppl. 7,383 (1987)
10, 163 (1976); Suppl. 7, 65 (1987)
21,407 (1979)

4, 57 (1974) (con: 42, 252);

Suppl. 7,238 (1987)
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Magenta, manufacture of (see also Magenta)
Malathion
Maleic hydrazde

Malonaldehyde
Maneb
Man-made mineraI fibres
Mannomustine
MCPA (see also Chlorophenoxy herbicides; Chlorophenoxy

herbicides, ocl'ational expsures to)
MeA-~-C
Medphalan
Medroxyrogesterone acetate

Megestrol acetate (see also Progestins; Combined oral
contraceptives)

MelQ
MelQx
Melamine
Melphalan
6- Mercaptopurine
Merphalan
Mestranol (see also Steroidal oestrogens)

Methanearsonic acid, disodium salt (see Arsenic and arsnic
compounds)

Methanearsonic acid, monosodium salt (see Arenic and arsenic
compounds

Methotrexate
Methoxsalen (see 8-Methoxysoralen)
Methoxychlor

Methoxyurane (see Anaesthetics, volatile)
5-Methoxysoralen
8-Methoxysoralen (see also 8-Methoxysoralen plus ultraviolet

radiation)
8-Methoxysoralen plus ultraviolet radiation
Methyl acrylate

5-Methylangelicin plus ultraviolet radiation (see also Angelicin
and sorne synthetic derivatives)

2- Methylazridine
Methylazoxyethanol acetate

Suppl. 7, 238 (1987)
30, 103 (1983); Suppl. 7, 65 (1987)
4, 173 (1974) (con: 42, 253);

Suppl. 7,65 (1987)

36, 163 (1985); Suppl. 7, 65 (1987)
12, 137 (1976); Suppl. 7, 65 (1987)
43, 39 (1988)

9, 157 (1975); Suppl. 7, 65 (1987)

30, 255 (1983)

40,253 (1986); Suppl. 7,65 (1987)
9, 168 (1975); Suppl. 7,65 (1987)
6, 157 (1974); 21,417 (1979)

(con: 42, 259); Suppl. 7,289 (1987)

40, 275 (1986); Suppl. 7, 65 (1987)
40,283 (1986); Suppl. 7,65 (1987)
39,333 (1986); Suppl. 7,65 (1987)
9, 167 (1975); Suppl. 7, 239 (1987)
26,249 (1981); Suppl. 7,24(1987)
9, 169 (1975); Suppl. 7, 65 (1987)
6, 87 (1974); 21, 257 (1979)

(con: 42, 259)

26,267 (1981); Suppl. 7,241 (1987)

5, 193 (1974); 20, 259 (1979);

Suppl. 7, 66 (1987)

40,327 (1986); Suppl. 7,242 (1987)
24, 101 (1980)

Suppl. 7, 243 (1987)
19,52 (1979); 39, 99 (1986);

Suppl. 7, 66 (1987)

Suppl. 7, 57 (1987)

9, 61 (1975); Suppl. 7, 66 (1987)
1, 164 (1972); 10, 131 (1976);

Suppl. 7, 66 (1987)
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Methyl bromide

Methyl carbamate
Methyl-CCNU (see 1-(2-Chloroethyl)-3-( 4-methylcyclohexyl)-

I-nitrosourea)
Methyl chloride
1-,2-,3-,4-,5- and 6-Methylchrynes

N- Methyl-N,4-dinitrosoanilne
4,4' -Methylene bis(2-chloroaniline)

4,4' -Methylene bis(N;N-dimethyl)benzenamine

4,4' -Methylene bis(2-methylanilne)

4,4' -Methylenedianilne

4,4' -Methylenediphenyl diisocanate
2- Methylfluoranthene
3- Methylfluoranthene
Methyl iodide

Methyl methacrylate
Methyl methanesulphonate
2-Methyl-l-nitroanthraquinone
N-Methyl-N' -nitro-N-nitrosoguanidine
3-Methylnitrosaminopropionaldehyde (see 3-(N-Nitroso-

methylamino )propionaldehyde)

3-Methylnitrosaminopropionitrile (see 3-(N-Nitrosomethyl-
amino )propionitrile)

4-(Methylnitrosamino )-4-3-pyrdyl)-l-butanal (see 4-N-Nitroso-

methylamino )-3-pyrdyl)-l-butanal)

4-ethylnitrosamino )-1-(3-pyrdyl)-l-butanone (see 4-(N-Nitroso-

methylamino )-1-(3-pyrdyl)-l-butanone)

N-Methyl-N-nitrosourea

N-Methyl-N-nitrosourethane
Methyl parathion

I-Methylphenanthrene
7-Methylpyrdo(3,4- )psoralen
Methyl red
Methyl selenac (see a/sa Selenium arid selenium compbunds)
Methylthiouracil
Metronidazole
Mineral oils
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41, 187 (1986) (con: 45,283);
Suppl. 7, 245 (1987)
12, 151 (1976); Suppl. 7, 66 (1987)

41, 161 (1986); Suppl. 7,24(1987)
32, 379 (1983); Suppl. 7, 66 (1987)
1, 141 (1972); Suppl. 7,66(1987)

4, 65 (1974) (con: 42, 252);

Suppl. 7, 246 (1987)

27, 119 (1982); Suppl. 7, 66 (1987)

4, 73 (1974); Suppl. 7, 248 (19.87)

4, 79 (1974) (con: 42, 252);

39,347 (1986); Suppl. 7,66(1987)

19, 314 (1979); Suppl. 7,66(1987)
32, 399 (1983); Suppl. 7, 66 (1987)
32, 399 (1983); Suppl. 7, 66 (1987)
15,245 (1977); 41, 213 (1986);

Suppl. 7, 66 (1987)

19, 187 (1979); Suppl. 7,66(1987)
7, 253 (1974); Suppl. 7, 66 (1987)
27, 205 (1982); Suppl. 7, 66 (1987)

4, 183 (1974); Suppl. 7,24(1987)

1, 125 (1972); 17, 227 (1978);

Suppl. 7,66(1987)
4, 211 (1974); Suppl. 7, 66 (1987)

30,131 (1983); Suppl. 7,392 (1987)
32, 405 (1983); Suppl. 7, 66 (1987)
40, 349 (1986); Suppl. 7, 71 (1987)

8, 161 (1975); Suppl. 7,66 (1987)
12, 161 (1976); Suppl. 7,66(1987)

7,53 (1974); Suppl. 7,66(1987)
13,113 (1977); Suppl. 7,250 (1987)

3,30 (1973); 33,87 (1984) (con: 42,

262); Suppl. 7, 252 (1987)
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Mirex

Mitomycin C
MNG (see N-Methyl-N' -nitro-N-nitrosguanidine)
MOCA (see 4,4' -Methylene bis(2-chloroanilne))
Modacrylic fibres
Monocrotaline
Monuron
MOPP and other combined chemotherapy including

alkylating agents
Morpholine
5-(orpholinomethyl)-3-((5-nitrofurfrylidene )amino )-2-

oxazolidinone
Mustard gas

Myleran (see 1,4-Butanediol dimethanesulphonate)

N

Nafenopin
1,5-Naphthalenediamine
1,5-Naphthalene diisocanate

1-Naphthylamine

2-Naphthylamine
1-NaphthyIthiourea
Nickel acetate (see Nickel and nickel compounds)
Nickel ammonium sulphate (see Nickel and nickel compounds)
Nickel and nickel compounds

Nickel carbonate (see Nickel and nickel compounds)
Nickel cabonyl (see Nickel and nickel compounds)
Nickel chloride (see Nickel and nickel compounds)
Nickel-gallum alloy (see Nickel and nickel compounds)
Nickel hydroxide (see Nickel and nickel compounds)
Nickelocne (see Nickel and nickel compounds)
Nickel oxide (see Nickel and nickel compounds)
Nickel subsulphide (see Nickel and nickel compounds)
Nickel sulphate (see Nickel and nickel compounds)
Niridazole
Nithiazde
Nitrilotriacetic acid and its salts
5-Nitroacenaphthene
5-Nitro-rtho-anisidine

5, 203 (1974); 20, 283 (1979) (con:
42,258); Suppl. 7,66(1987)
10, 171 (1976); Suppl. 7,67 (1987)

19,86 (1979); Suppl. 7,67 (1987)
10,291 (1976); Suppl. 7,67 (1987)
12, 167 (1976); Suppl. 7, 67 (1987)
Suppl. 7,254 (1987)

47, 199 (1989)

7, 161 (1974); Suppl. 7, 67 (1987)

9, 181 (1975) (con: 42, 254);

Suppl. 7, 259 (1987)

24, 125 (1980); Suppl. 7, 67 (1987)
27, 127 (1982); Suppl. 7, 67 (1987)
19,311 (1979); Suppl. 7,67 (1987)
4, 87 (1974) (con: 42, 253);

Suppl. 7, 26 (1987)
4, 97 (1974); Suppl. 7, 261 (1987)
30,347 (1983); Suppl. 7,263 (1987)

2, 126 (1973) (con: 42, 252); 11, 75

(1976); Suppl. 7, 26 (1987) (con:
45, 283); 49, 257 (199)

13, 123 (1977); Suppl. 7,67 (1987)
31, 179 (1983); Suppl. 7,67 (1987)
48, 181 (199)
16,319 (1978); Suppl. 7, 67 (1987)
27, 133 (1982); SuppL 7, 67 (1987)
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9-Nitroanthracene
7-Nitrobenz( a )anthracene
6-Nitrobenzo( a )pyrene

33, 179 (1984); Suppi. 7,67 (1987)
46, 247 (1989)

33, 187 (1984); Suppl. 7,67 (1987);
46, 255 (1989)

4, 113 (1974); Suppl. 7, 67 (1987)
33, 195 (1984); Suppl. 7,67 (1987);

46, 267 (1989)

30, 271 (1983); Suppl. 7, 67 (1987)
33,201 (1984); Suppi. 7,67 (1987)
46,277 (1989)

7, 171 (1974); Suppl. 7,67 (1987)
7, 181 (1974); Suppl. 7,67 (1987)
1, 181 (1972); 7, 185 (1974);

Suppl. 7, 67 (1987)

9, 193 (1975); Suppl. 7, 269 (1987)
9,20 (1975); Suppl. 7,67 (1987)

46, 291 (1989)

46,303 (1989)

46, 313 (1989)

29,331 (1982); Suppl. 7,67 (1987)
33,20 (1984); Suppl. 7,67 (1987);
46, 321 (1989)

46, 359 (1989)

46,367 (1989)

24,297 (1980) (con: 42,26)
30, 359 (1983)

37,225 (1985); Suppl. 7,67 (1987)

37,233 (1985); Suppl. 7,67 (1987)
4, 197 (1974); 17, 51 (1978);

Suppl. 7, 67 (1987)

17, 77 (1978); Suppl. 7, 67 (1987)
l, 107 (1972) (con: 42,251);

17, 83 (1978) (con: 42,257);
Suppl. 7, 67 (1987)

1, 95 (1972); 17, 125 (1978) (con:
42,257); Suppl. 7,67 (1987)

27, 213 (1982); Suppl. 7, 67 (1987)
27, 227 (1982) (con: 42, 261);
Suppl. 7, 68 (1987)

17, 177 (1978); Suppl. 7,68(1987)

4-Nitrobiphenyl
6-Nitrochrysene

Nitrofen (technical-grade)
3-Nitrofluoranthene
2-Nitrofluorene
5-Nitro-2-furaldehyde semicarbazone
1-( (5-Nitrofurfrylidene )amino )-2-im idazolidinone
N-( 4-5-Nitro- 2-furyl)-2-thiazolyl)acetamide

Nitrogen mustard
Nitrogen mustard N-oxide
I-Nitronaphthalene
2-Nitronaphthalene
3-Nitroperylcne
2-Nitropropane
I-Nitropyrene

2-Nitropyrene
4-Nitropyrene
N-Nitrosatable drugs

N-Nitrosatable pesticides
N' -Nitrosoanabasine
N' -Nitrosoanatabine
N-Nitrosodi-n-butylamine

N-NitrosiethanoJamine
N-Nitrosodiethylamine

N-Nitrosodimethylamine

N-NitrosodiphenyJamine

pa-NitrosodiphenyJamine

N-Nitrosodi-n-propyJamine
N-Nitroso-N-ethylurea (see N-Ethyl-N-nitrosourea)
N-NitrosofoJic acid
N-Nitrosoguvacine
N-NitrosguvacoJine
N-NitroshydroxyroJine

17,217 (1978); Suppl. 7,68(1987)
37,263 (1985); Suppl. 7,68(1987)
37,263 (1985); Suppl. 7,68(1987)
17, 304 (1978); Suppl. 7, 68 (1987)
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3-(N-Nitrosomethylamino )propionaldehyde
3-(N-Nitrosomethylaniino )propionitrile

4-N-Nitrosomethylamino )43-pyrdyl)-l-butanal

4-N-Nitrosomethylamino )-1-(3-pyridyl)-l-butanone
N-Nitrosomethylethylamine
N-Nitroso-N-methylurea (see N-Methyl-N-nitrosourea)
N-Nitroso-N-methylurethane (see N-Methyl-N-methylurethane)
N-Nitrosomethylvinylamine 17,257 (1978); Suppl. 7,68(1987)
N-Nitrosomorpholine 17, 263 (1978); Suppl. 7, 68 (1987)
N'-Nitrosonomicotine 17,281 (1978); 37,241 (1985);

Suppl. 7, 68 (1987)
17,287 (1978); Suppl. 7,68(1987)
17,303 (1978); Suppl. 7,68(1987)
17,313 (1978); Suppl. 7,68(1987)
17, 327 (1978); Suppl. 7, 68 (1987)

N-Nitrosopiperidine
N-Nitrosproline
N-Nitrosopyrolidine
N-Nitrososarcoine
Nitrosoureas, chloroethyl (see Chloroethyl nitrosureas)
5-Nitro-ortho-toluidine
Nitrous oxide (see Anaesthetics, volatile)
Nitrovin
NNA (see 4-(N-Nitrosomethylamino )43-pyrdyl)-l-butanal)

NN (see 4-(N-Nitrosomethylamino )-1-(3-pyndyl)-l-butanone)
Nonsteroidal oestrogens (see also Oestrogens, progestins and Suppl. 7, 272 (1987)

combinations)
Norethisterone (see also Progestins; Combined oral

contraceptives)
Norethynodrel (see also Progestins; Combined oral

contraceptives
Norgestrel (see also Progestins, Combined oral contraceptives)
Nylon 6

o
Ochratoxin A

Oestradiol-17ß (see also Steroidal oestrogens)
Oestradiol 3-benzoate (see Oestradiol-17ß)
Oestradiol dipropionate (see Oestradiol-17ß)
Oestradiol mus tard
Oestradiol-17ß-valerate (see Oestradiol-17ß)
Oestriol (see also Steroidal oestrogens)
Oestrogen-progestin combinations (see Oestrogens, progestins

and combinations)
Oestrogen-progestin replacement therapy (see also Oestrogens,

progestins and combinations)

37,263 (1985); Suppl. 7,68(1987)
37,263 (1985); Suppl. 7,68(1987)
37,205 (1985); Suppl. 7,68(1987)
37, 20 (1985); Suppl. 7, 68 (1987)

17,221 (1978); Suppl. 7,68(1987)

48, 169 (199)

31, 185 (1983); Suppl. 7,68(1987)

6, 179 (1974); 21,461 (1979)

6, 191 (1974); 21, 461 (1979) (con:
42, 259)
6,201 (1974); 21,479 (1979)
19, 120 (1979); Suppl. 7,68(1987)

10,191(1976);31,191(1983)(con:
42, 262); Suppl. 7, 271 (1987)

6, 99 (1974); 21, 279 (1979)

9, 217 (1975)

6, 117(1974); 21,327 (1979)

Suppl. 7, 308 (1987)
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Oestrogen replacement therapy (see also Oestrogens, progestins
and combinations)

Oestrogens (see Oestrogens, progestins and combinations)
Oestrogens, conjugated (see Conjugated oestrogens)
Oestrogens, nonsteroidal (see Nonsteroidal oestrogens)
Oestrogens, progestins and combinations

Oestrogens, steroidal (see Steroidal oestrogens)
Oestrone (see also Steroidal oestrogens)
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Suppl. 7, 280 (1987)

6 (1974); 21 (1979);
Suppl. 7, 272 (1987)

6, 123 (1974); 21, 343 (1979) (con:
42,259)

Oestrone benzoate (see Oestrone)
Oil Orange SS 8, 165 (1975); Suppl. 7, 69 (1987)
Oral contraceptives, combined (see Combined oral contraceptives)
Oral contraceptives, investigation al (see Combined oral

contraceptives)
Oral contraceptives, sequential (see Sequential oral contraceptives)Orange 1 8, 173 (1975); Suppl. 7,69 (1987)
Orange G 8, 181 (1975); Suppl. 7,69 (1987)
Organolead compounds (see also Lead and lead compounds) Suppl. 7, 230 (1987)
Oxazepam 13, 58 (1977); Suppl. 7, 69 (1987)
Oxetholone (see also Androgenic (anabolic) steroids) 13, 131 (1977)

Oxhenbutazone 13, 185 (1977); Suppl. 7,69 (1987)

p
Paint manufacture and painting (ocpational expures in)

Panfuran S (see also Dihydroxyethylfuratrizine)
Paper manufacture (see Pulp and paper manufacture)
Parasorbic acid

Parathion
Patulin

Penicillc acid

Pentachloroethane
Pentachloronitrobenzene (see Quintozene)
Pentachlorophenol (see also Chlorophenols; Chlorophenols,

ocpation al expsures to)
Perylene
Petasitenine
Petasites japonicus (see Pyrolizidine alkaloids)
Petroleum refining (ocpation al expures in)
Sorne petroleum solvents
Phenacetin

47, 329 (1989)

24, 77 (1980); Suppl. 7,69 (1987)

10, 199 (1976) (con: 42,255);
Suppl. 7, 69 (1987)
30, 153 (1983); Suppl. 7, 69 (1987)
10,205 (1976); 40, 83 (1986);

Suppl. 7, 69 (1987)
10,211 (1976); Suppl. 7,69 (1987)
41,99 (1986); Suppl. 7,69 (1987)

20, 303 (1979)

32, 411 (1983); Suppl. 7, 69 (1987)
31,207 (1983); Suppl. 7,69 (1987)

45,39 (1989)

47, 43 (1989)

13, 141 (1977); 24, 135 (1980);

Suppl. 7,310 (1987)
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Phenanthrene
Phenazpyrdine hydrochloride

Phenelzine sulphate
Phenicarbazde
Phenobarbital
Phenol
Phenoxyacetic acid nerbicides (see Chlorophenoxy herbicides)
Phenoxybenzamine hydrochloride

Phenylbu tazone

meta- Phenylenediamine

paa- Phenylenediamine

N-Phenyl-2-naphthylamine

orlho-Phenylphenol
Phenytoin
Piperazne oestrone sulphate (see Conjugated oestrogens)
Piperonyl butoxide
Pitches, coal-tar (see Coal-tar pitches)
Polyacrylic acid
Polybrominated biphenyls

Polychlorinated biphenyls

Polychlorinated camphenes (see Toxaphene)
Polychloroprene
Polyethylene
Polymethylene polyphenyl isocyanate
Polymethyl methacrylate
Polyoestradiol phosphate (see Oestradiol-17ß) .
Polypropylene
Polystyene
Polytetrafuoroethylene
Polyurethane foams
Polyvnyl acetate
Polyvnyl alcohol
Polyvnyl chloride

Polyvnyl pyrolidone
Ponceau MX
Ponceau 3R
Ponceau SX
Potassium arsenate (see Arenic and arsenic compounds)

32,419 (1983); Suppl. 7,69 (1987)
8, 117 (1975); 24, 163 (1980) (con:
42,26); Suppl. 7,312 (1987)

24,175 (1980); Suppl. 7,312 (1987)
12, 177 (1976); Suppl. 7, 70 (1987)
13, 157 (1977); Suppl. 7,313 (1987)
47, 263 (1989)

9, 223 (1975); 24, 185 (1980);
Suppl. 7, 70 (1987)

13,183 (1977); Suppl. 7,316 (1987)
16, 111 (1978); Suppl. 7, 70 (1987)
16, 125 (1978); Suppl. 7, 70 (1987)
16,325 (1978) (con: 42,257);
Suppl. 7,318 (1987)

30, 329 (1983); Suppl. 7, 70 (1987)
13,201 (1977); Suppl. 7,319 (1987)

30, 183 (1983); Suppl. 7, 70 (1987)

19,62 (1979); Suppl. 7, 70 (1987)
18, 107 (1978); 41,261 (1986);
Suppl. 7, 321 (1987)
7,261 (1974); 18, 43 (1978) (con:
42, 258);

Suppl. 7, 322 (1987)

19, 141 (1979); Suppl. 7, 70 (1987)
19, 164 (1979); Suppl. 7, 70 (1987)
19, 314 (1979); Suppl. 7, 70 (1987)
19, 195 (1979); Suppl. 7, 70 (1987)

19, 218 (1979); Suppl. 7, 70 (1987)
19,245 (1979); Suppl. 7, 70 (1987)
19, 288 (1979); Suppl. 7, 70 (1987)
19, 320 (1979); Suppl. 7, 70 (1987)
19, 346 (1979); Suppl. 7, 70 (1987)
19,351 (1979); Suppl. 7, 70 (1987)
7,306 (1974); 19, 402 (1979);
Suppl. 7, 70 (1987)

19,463 (1979); Suppl. 7, 70 (1987)
8, 189 (1975); Suppl. 7, 70 (1987)
8, 199 (1975); Suppl. 7, 70 (1987)
8, 207 (1975); Suppl. 7, 70 (1987)



Potassium arsenite (see Arnic and arenic compounds)
Potasium bis(2-hydroxyethyl)dithiocarbamate
Potassium bromate
Potasium chromate (see Chromium and chromium compounds)
Potassium dichromate (see Chromium and chromium compounds)
Prednisone 26,293 (1981); Suppl. 7,326 (1987)
Procrbazne hydrochloride 26,311 (1981); Suppl. 7,327 (1987)
Proflavine salts 24, 195 (1980); Suppl. 7, 70 (1987)
Progesterone (see a/so Progestins; Combined oral contraceptives) 6, 135 (1974); 21, 491 (1979) (con:

42, 259)

Suppl. 7, 289 (1987)
13, 227 (1977) (con: 42, 256);
Suppl. 7, 70 (1987)
4,253 (1974) (con: 42, 253);
Suppl. 7, 70 (1987)
12, 189 (1976); Suppl. 7, 70 (1987)

4, 259 (1974) (con: 42, 253);
Suppl. 7, 70 (1987)
12, 201 (1976); Suppl. 7, 70 (1987)
19, 213 (1979); Suppl. 7, 71 (1987)
11, 191 (1976); 36,227 (1985) (con:
42, 263); Suppl. 7, 328 (1987)
7, 67 (1974); Suppl. 7, 329 (1987)
40,55 (1986); Suppl. 7, 71 (1987)
25,157 (1981); Suppl. 7,385 (1987)
32, 431 (1983); Suppl. 7, 71 (1987)
40,349 (1986); Suppl. 7, 71 (1987)
13, 233 (1977); Suppl. 7, 71 (1987)
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Progestins (see a/so Oestrogens, progestins and combinations)
Pronetalol hydrochloride

1,3-Propane sultone

Propham
ß- Propiolactone

n-Propyl carbamate
Propylene
Propylene oxide

Propylthiouracil
Ptaquiloside (see a/so Bracken fem)
Pulp and paper manufacture
Pyrene
Pyrdo(3,4- )psoralen
Pyrmethamine
Pyrolizidine alkaloids (see a/so Hydroxysenkirkine; Isatidine;

Jacobine; Lasiocarpine; Monocrotaline; Retrorsine; Riddelline;
Seneciphyllne; Senkirkine)

Q

Quercetin (see a/so Bracken fem)
paa-Quinone
Quintozene

R

Radon
Reserpine

Resorcinol
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12, 183 (1976); Suppl. 7, 70 (1987)

40,207 (1986); Suppl. 7, 70 (1987)

31, 213 (1983); Suppl. 7, 71 (1987)
15,255 (1977); Suppl. 7, 71 (1987)
5,211 (1974); Suppl. 7,71(1987)

43, 173 (1988) (con: 45, 283)
10, 217 (1976); 24, 211 (1980)

(con: 42,26); Suppl. 7,330 (1987)

15, 155 (1977); Suppl. 7, 71 (1987)
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Retrorsine
Rhodamine B
Rhodamine 6G
RiddelIine
Rifampicin
Rockwl (see Man-made mineraI fibres)
The rubber industry

Rugulosin

s
Saccharated iron oxide
Saccharn

Safrole

The sawmil industry (including logging) (see The lumber and
sawmil industry (including logging))

Scarlet Red
Selenium and selenium compounds

Selenium dioxide (see Selenium and selenium compounds)
Selenium oxide (see Selenium and selenium compounds)
Semicabazide hydrochloride

Senecio jacobaea L. (see Pyrolizidine alkaloids)

Senecio longilobus (see Pyrolizidine alkaloids)

Seneciphy11ne

SenkIrkIne

Sepiolite
Sequential oral contraceptives (see aIso Oestrogens, progestins

and combinations)

Shale-oils
ShikImic acid (see also Bracken fem)
Shoe manufacture and repair (see Bot and shoe manufacture

and repair)
Silca (see also Amorphous silca; Crystallne silica)
Slagwool (see Man-made mineraI fibres)
Sodium arenate (see Arenic and arsenic compounds)
Sodium arnite (see Arnic and arsenic compounds)

Sodium cacoylate (see Arenic and arsenic compounds)
Sodium chromate (see Chromium and chromium compounds)

10,303 (1976); Suppl. 7,71(1987)
16,221 (1978); Suppl. 7,71(1987)
16,233 (1978); Suppl. 7, 71 (1987)
10, 313 (1976); Suppl. 7,71(1987)
24, 243 (1980); Suppl. 7, 71 (1987)

28 (1982) (con: 42, 261); Suppl. 7,
332 (1987)
40,99 (1986); Suppl. 7,71(1987)

2, 161 (1973); Suppl. 7, 71 (1987)
22, 111 (1980) (con: 42, 259);

Suppl. 7, 334 (1987)
1, 169 (1972); 10, 231 (1976);

Suppl. 7, 71 (1987)

8,217 (1975); Suppl. 7,71(1987)
9, 245 (1975) (con: 42, 255);
Suppl. 7, 71 (1987)

12, 20 (1976) (con: 42, 256);

Suppl. 7, 71 (1987)

10,319,335 (1976); Suppl. 7, 71

(1987)
10, 327 (1976); 31, 231 (1983);

Suppl. 7, 71 (1987)

42, 175 (1987); Suppl. 7,71(1987)
Suppl. 7, 296 (1987)

35,161 (1985); Suppl. 7,339 (1987)
40, 55 (1986); Suppl. 7, 71 (1987)

42, 39 (1987)
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Sodium cyclamate (see Cyclamates)
Sodium dichromate (see Chromium and chromium compounds)
Sodium diethyldithiocrbamate
Sodium equilin sulphate (see Conjugated oestrogens)
Sodium fluoride (see FIuorides)
Sodium monofluorophosphate (see FIuorides)
Sodium oestrone sulphate (see Conjugated oestrogens)
Sodium onho-phenylphenate (see also onho-Phenylphenol)
Sodium saccharin (see Saccharn)
Sodium selenate (see Selenium and selenium compounds)
Sodium selenite (see Selenium and selenium compounds)
Sodium silicofluoride (see FIuorides)
Soots

Spironolactone
Stannous fluoride (see FIuorides)
Steel founding (see Iron and steel founding)
Sterigmatocstin

Steroidal oestrogens (see also Oestrogens, progestins and
combinations)

Streptozotocin

Strobanel! (see Terpne polychlorinates)
Strontium chromate (see Chromium and chromium compounds)
Styene

Styene-acrylonitrile copolymers
Styene-butadiene copolymers

Styene oxide

Succinic anhydride
Sudan 1

Sudan II
Sudan III
Sud an Brown RR
Sudan Red 7B
Sulfafrazole
Sulfallate
Sulfamethoxazole
Sulphisoxazole (see Sulfafrazole)

Sulphur mus tard (see Mustard gas)
Sunst Yellow FCF
Symphytine
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12, 217 (1976); Suppl. 7, 71 (1987)

30,329 (1983); Suppl. 7,392 (1987)

3, 22 (1973); 35, 219 (1985);
Suppl. 7,343 (1987)

24, 259 (1980); Suppl. 7, 344 (1987)

1, 175 (1972); 10,245 (1976);
Suppl. 7, 72 (1987)
Suppl. 7, 280 (1987)

4, 221 (1974); 17, 337 (1978);

Suppl. 7, 72 (1987)

19, 231 (1979) (con: 42, 258);

Suppl. 7, 345 (1987)
19, 97 (1979); Suppl. 7, 72 (1987)
19, 252 (1979); Suppl. 7, 72 (1987)

11,201 (1976); 19, 275 (1979);
36,245 (1985); Suppl. 7, 72 (1987)
15,265 (1977); Suppl. 7, 72 (1987)

8, 225 (1975); Suppl. 7, 72 (1987)
8, 233 (1975); Suppl. 7, 72 (1987)
8, 241 (1975); Suppl. 7, 72 (1987)
8, 249 (1975); Suppl. 7, 72 (1987)
8, 253 (1975); Suppl. 7, 72 (1987)
24,275 (1980); Suppl. 7,347 (1987)

30, 283 (1983); Suppl. 7, 72 (1987)

24,285 (1980); Suppl. 7, 348 (1987)

8, 257 (1975); Suppl. 7, 72 (1987)
31,239 (1983); Suppl. 7, 72 (1987)



674 lARe MONOGRAHS VOLUME 49

T

2,4,5- T (see also Chlorophenoxy herbicides; Chlorophenoxy
herbicides, ocpationaI expsures to)

Talc
TannIc acid

Tannins (see also Tannic acid)
TCD D (see 2,3,7,8- Tetrachlorodibenzo-pa-dioxin)
TDE (see DDT)
Terpne polychlorinates
Testosterone (see also Androgenic (an abolie) steroids)
Testosterone oenanthate (see Testosterone)
Testosterone propionate (see Testosterone)
2,2' ,5,5' - Tetrachlorobenzidine
2,3,7,8- Tetrachlorodibenzo-paa-dioxin
1,1,1,2- Tetrachloroethane
1,1,2,2- Tetrachloroethane
Tetrachloroethylene
2,3,4,6- TetrachlorophenoI (see Chlorophenols; Chlorophenols,

ocpation al expures to)
Tetrachlorvnphos
Tetraethyllead (see Lead and lead compounds)
Tetrafuoroethylene
Tetraks(hydroxyethyl) phosphonium salts
Tetramethyllead (see Lead and lead compounds)
Textile manufacturing industry, expures in
Thioacetamide
4,4' - Thiodianilne

Thiotepa (see Tris(l-azridinyl)phosphine sulphide)
Thiouracil
Thiourea
Thiram
Titanium dioxide
Tobacc habits other than smoking (see Tobacc prüducts,

smokeles )
Tobacc products, smokeless

Tobacc smoke

Tobacc smoking (see Tobacc smoke)
oitho- Tolidine (see 3,3' - Dimethylbenzidine)
2,4- Toluene diisocanate (see also Toluene diisocanates)
2,6- Toluene diisoanate (see also Toluene düsocanates)

15,273 (1977)

42, 185 (1987); Suppl. 7, 349 (1987)
10,253 (1976) (con: 42,255);
Suppl. 7, 72 (1987)

10,254 (1976); Suppl. 7,72(1987)

5, 219 (1974); Suppl. 7, 72 (1987)
6,20 (1974); 21,519 (1979)

27, 141 (1982); Suppl. 7,72(1987)
15, 41 (1977); Suppl. 7, 350 (1987)
41,87 (1986); Suppl. 7,72(1987)
20, 477 (1979); Suppl. 7, 354 (1987)
20,491 (1979); Suppl. 7,355 (1987)

30, 197 (1983); Suppl. 7, 72 (1987)

19,285 (1979); Suppl. 7,72(1987)
48, 95 (199)

48, 215 (199)
7, 77 (1974); Suppl. 7, 72 (1987)

16, 343 (1978); 27, 147 (1982);

Suppl. 7, 72 (1987)

7,85 (1974); Suppl. 7, 72 (1987)

7, 95 (1974); Suppl. 7, 72 (1987)
12,225 (1976); Suppl. 7,72(1987)
47, 307 (1989)

37 (1985) (con: 42, 263); Suppl. 7,
357 (1987)
38 (1986) (con: 42, 263); Suppl. 7,
357 (1987)

19, 303 (1979); 39, 287 (1986)
19, 303 (1979); 39, 289 (1986)
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Toluene
Toluene diisocanates

Toluenes, a-chlorinated (see a-Chlorinated toluenes)
ortho- Toluenesulphonarnide (see Saccharin)
orto- Toluidine

Toxaphene
Trernolite (see Asbestos)
Treosulphan
Triazquone (see Tris( azridinyl)-paa-benzoquinone)
Trichlorfon
1,1,1- Trichloroethane
1,1,2- Trichloroethane
Trichloroethylene

2,4,5- Trichlorophenol (see also Chlorophenols; Chlorophenols
ocpational expsures to)

2,4,6- Trichlorophenol (see also Chlorophenols; Chlorophenols,
ocpation al expsures to)

(2,4,5- Trichlorophenoxy)acetic acid (see 2,4,5- T)
Trichlorotriethylarnine hydrochloride
T 2- Trichothecne
Triethylene glycol diglycidyl ether

4,4' ,6- Trirnethylangelicin plus ultraviolet radiation (see also
Angelicin and sorne synthetic derivatives)

2,4,5- Trirnethylanilne
2,4,6- Trirnethylanilne

4,5' ,8- Trirnethylpsoralen

Triphenylene
Tris( azridinyl)-pa-benzoquinone
Tris(1-azridinyl)phosphine oxide

Tris(l-azridinyl)phosphine sulphide

2,4,6- Tris(l-azridinyl)-s-triazne
Tris(2-chloroethyl) phosphate
1,2,3- Tris( chlorornethoxy )propane

Tri2,3-dibrornopropyl)phosphate
Tris(2-rnethyl-l-azridinyl)phosphine oxide

Trp-P-l
TrpP-2
Tiyan blue
Tusilago farara L (see Pyrrolizidine alkaloids)
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47, 79 (1989)

39, 2B7 (1986) (con: 42, 264);

Suppl. 7, 72 (1987)

16,349 (1978); 27, 155 (1982);

Suppl. 7, 362 (1987)

20, 327 (1979); Suppl. 7, 72 (1987)

26,341 (1981); Suppl. 7,363 (1987)

30, W7 (1983); Suppl. 7, 73 (1987)
20, 515 (1979); Suppl. 7, 73 (1987)

20, 533 (1979); Suppl. 7, 73 (1987)

11, 263 (1976); 20, 545 (1979);

Suppl. 7, 364 (1987)

20, 349 (1979)

20, 349 (1979)

9, 229 (1975); Suppl. 7, 73 (1987)
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Vinylidene chloride-vinyl chloride copolymers
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N- Vinyl-2-pyrolidone
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Welding
Wollastonite
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Yellow OB

z
Zearalenone
Zectran
Zinc beryllum silcate (see Beryllum and beryllum compounds)
Zinc chromate (see Chromium and chromium compounds)
Zinc chromate hydroxide (see Chromium and chromium

compounds)
Zinc potassium chromate (see Chromium and chromium

compounds)
Zinc yellow (see Chromium and chromium compounds)
Zineb
Ziram
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Sw. fr. 40.-fUS $32.00

Volume 28 The Rubber
Industry
1982; 486 pages;
Sw. fr. 70.-fUS $56.00

Volume 29 Some Industrial
Chemicals and Dyestuffs
1982; 416 pages;
Sw. fr. 60.-fUS $48.00



Volume 30 Miscellaneous
Pesticides
1983; 424 pages;
Sw. tf; 60.-/US $48.00

Volume 31 Some Foo
Additives Fee Additives and

Naturally Occurrng
Su bstances

1983; 314 pages;
Sw. tf. 60-/US $48.00

Volume 32 Polynuclear
Aromatic Compounds, Part 1:
Chemical, Environmental and
Experimental Data
1984; 477 pages;
Sw. tf. 60.-/US $48.00

Volume 33 Polymiclear
Aromatic Compounds, Part 2:
Carbon Blacks, Mineral Oils
and Some Nitroarenes
1984; 245 pages;
Sw. tf. 50.-/US $40.00

Volume 34 Polynuclear
Armatic Compounds, Part 3:
Industrial Expoures in
Aluminium Prou~tion, Coal

Gasifcation, Coke Production,
and Iron and Stel Founding

1984; 219 pages;
Sw. tf. 48.-/US $38.40

Volume 35 Polynuclear
Armatic Compounds:
Part 4: Bitumens, Coal-tars and
Derived Proucts, Shale-oils
and Sots
1985; 271 pages;
Sw. if. 70.-/US $56.00

Volume 37 Tobacco Habits
Other than Smoking: Betel-quid
and Ara-nut Chewing; and

some Relate Nitrosamines
1985; 291 pages;
Sw. tf. 70.-/US $56.00

Volume 38 Tobacco Smoking
1986; 421 pages;
Sw. tf. 75.-/US $60.00

Volume 39 Some Chemicals
Used in Plastics and Elastomers
1986; 403 pages;
Sw. tf. 60.-/US $48.00

List of lAC Publications

Volume 40 Sorn Naturally
Occurrng and Synthetic Foo
Components Furooumarins
and Ultraviolet Radiation
1986; 444 pages;
Sw. tf. 65.-/US $52.00

Volume 41 Some Halogenated
Hydroarbons and Pesticide
Expoures
1986; 434 pages;
Sw. if. 65.-/US $52.00

Volume 42 Silica and Some
Silcate
1987; 289 pages;
Sw. if. 65.-/US $52.00

Volume 43 Man-Made Mineral
Fibre and Radon

1988; 300 pages;
Sw. if. 65.-/US $52.00

Volume 44 Alcohol Drinking
1988; 416 pages;
Sw. if. 65.-/US $52.00

Volume 45 Occupational
Exposures in Petroleum
Refining; Cru de Oil and Major
Petroleum Fuels
1989; 322 pages;
Sw. if. 65.-/US $52.00

Volume 46 Diesl and Gasoline

Engine Exhausts and Some
Nitroarenes
1989; 458 pages;
Sw. if. 65.-/US $52.00

Volume 47 Some Organic

Solvents Resin Monomers and
Related Compounds, Pigments
and Occupational Exposures in
Paint Manufacture and
Painting
1990; 536 pages;
Sw. tf. 85.-/US $68.00

Volume 48 Some Flame
Retardants and Textile
Chemicals, and Expoure in
the Textile Manufacturing
Industry
1990; 345 pages;
Sw. if. 65.-/US $52.00

Volume 49 Chromium, Nickel
and Welding
1990; 677 pages;
Sw. if. 95.-/US$76.00

Supplement No. 1

Chemicals and Industrial
Proes Asiate with
Cancer in Humans (IAC
Monographs, Volumes Ito 20)

1979; 71 pages; (out ofprint)

Supplement No. 2
Long-tenn and Short-tenn
Screening Asays for
Carcinogens: A Critical
Appraisal
1980; 426 pages;
Sw. tf. 40.-/US $32.00

Supplement No. 3

Cro Index of Synonyms and

l'ade Names in Volumes 1 to

26
1982; 199 pages (out ofprint)

Supplement No. 4
Chemicals, Industrial Processes
and Industries Associated with
Cancer in Rumans (IARC
Monographs, Volumes 1 to 29)
1982; 292 pages (out ofprint)

Supplement No. 5

Cros Index of Synonyms and

l'ade Names in Volumes 1 to

36
1985; 259 pages;
Sw. tf. 46.-fUS $36.80

Supplement No. 6
Genetic and Related Effects: An
Updating of Selected IARC
Monographs from Volumes 1 to
42
1987; 729 pages;
Sw. tf. 80.-fUS $64.00

Supplement No. 7
Overall Evaluations of

Carcinogenicity: An Updating
of IARC Monographs Volumes
1-42
1987; 434 pages;
Sw. tf. 65.-fUS $52.00

Supplement No. 8
Cross Index of Synonyms and
l'ade Names in Volumes 1 to

46 of the IARC Monographs
PubL due 1990; 260 pages;
Sw. tf. 60.-fUS $48.00



IAC TECHNICAL
REPORTS 

*

No. 1 Cancer in Costa Rica
Edited by R. Sierra,
R. Barrantes, G. Muñoz Leiva,
D.M. Parkin, c.A. Bieber and
N. Muñoz Calero
1988; 124 pages;
Sw. fr. 30.-/US $24.00

No. 2 SEARCH: A Computer
Package to Asist the Statistical
Analysis of Caseontrol
Studies
Edited by G.J. Macfarlane,
P. Boyle and P. Maisonneuve (in
press)

No. 3 Cancer Registration in
the European Economie
Community
Edited by M.P. Coleman and
E. Démaret
1988; 188 pages;
Sw. fr. 30.-/US $24.00

No. 4 Diet, Hormones and
Cancer: Methodological Issues
for Prospetive Studies

Edited by E. Riboli and
R. SaraccI

1988; 156 pages;
Sw. fr. 30.-/US $24.00

No. 5 Cancer in the Philippines
Edited by A.Y. Laudico,

D. &teban and D.M. Parkin

1989; 186 pages;
Sw. fr. 30.-/US $24.00

No. 6 La genès du Centre
International de Recherche sur
le Cancer
Par R. Sohier et A.G.B.
Sutherland
1990; 104 pages

Sw. fr. 30.-/US $24.00

List of lAC Publications

No. 7 Epidémiologie du cancer

dans les pays de langue latine
1990; 310 pages

Sw. fr. 30.-/US $24.00

No. 8 Comparative Stucl of

Anti-smoking Leslation in

Countnes of the European
Economie Community
Edited by A. Sasco

1990; c. 80 pages
Sw. fr. 30.-/US $24.00
(English and French editions
available)

DIRECTORY OF
CHEMICALS BEING
TESTED FOR
CARCINOGENICITY
(Until Vol. 13 Information
Bulletin on the Survey of
Chemicals Being Tested for
Carcinogenicity)*

No. 8 Edited by M.-J. Ghess,

H. Bartsch and L Tomatis
1979; 604 pages; Sw. fr. 40.-

No. 9 Edited by M.-J. Ghess,

J.D. Wilboum, H. Bartsch and
L Tomatis

1981; 294 pages; Sw. fr. 41.-

No. 10 Edited by MA. Ghess,
J.D. Wilboum and H. Bartsch
1982; 362 pages; Sw. fr. 42.-

No. II Edited by M.-J. Ghess,

J.D. Wilboum, H. Vainio and
H. Bartsch

1984; 362 pages; Sw. fr. 50.-

No. 12 Edited by M.-J. Ghess,

J.D. Wilboum, A. Tosvainen
and H. Vainio

1986; 385 pages; Sw. fr. 50.-

No. 13 Edited by MA. Ghess,
J.D. Wilboum and A. Aitio
1988; 404 pages; Sw. fr. 43.-

No. 14 Edited by M.-J. Ghess,

J.D. Wilboum and H. Vainio
1990; c. 400 pages;

Sw. fr. 45.-

NON.SERI
PUBLICATIONS t

Alcool- et Cancer

By A. Thyns (in French only)
1978; 42 pages; Fr. fr. 35.-

Cancer Morbidity and Cause
of Deatb Among Danish
Breery Workers

By o.M. Jensen 1980;
143 pages; Fr. fr.75.-

Directory of Computer Systems
Use in Cancer Registnes
By H.R. Menck and D.M.
Parkin 1986; 236 pages;

Fr. fr. 50.-

* Available frOID boksllers through the netwrk of WHO sales agents.

t Available directly frOID IAC


