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Introduction and conference overview

Contamination in cold regions has only recently become a widely recognized problem. 
Extraction of oil and gas, mining, disposal of nuclear wastes, and pollution associated 
with military activities, settlement, tourism, shipping and even infrastructure support of 
scientifi c research have all been sources of contamination in the ground in cold regions. 
Once in the ground, contaminants typically become mobile in the summer months and 
are readily dispersed from their immediate sources, where they then cause environmental 
impacts or pose risks to human health.  However, the ways by which contaminants in 
freezing ground disperse and interact with associated ecosystems is a new and challenging 
fi eld of applied research.  Such research must underpin the design and optimisation of 
techniques for site management and assessment, particularly since remediation in cold 
regions is inherently more diffi cult and expensive than elsewhere. 

To facilitate the exchange of ideas and to promote a better understanding of the 
unique characteristics and problems that contaminants in freezing ground pose, the First 
International Conference on Contaminants in Freezing Ground was held in Cambridge in 
1997.  The meeting was attended by 33 people whose collective research culminated in the 
peer-reviewed publication of 9 research papers in Polar Record in 1999 (Polar Record, 35, 
CUP).  Research topics at the fi rst meeting covered a broad range of interests, including 
a synthesis of the Arctic environmental strategy as it stood in 1997, the fundamental 
physical, chemical and biological properties of contaminated frozen soils, experimental 
approaches to contaminant movement, and possibilities for in situ bioremediation of 
petroleum spills.

The Second International Conference on Contaminants in Freezing Ground was held in 
2000, also in Cambridge.  Sixty participants from 12 countries attended the 3-day meeting 
and workshops.  Much of the research was again dominated by discussion of Arctic issues 
and case studies, although scientists from Australia and New Zealand contributed a 
southern perspective from their work in Antarctica.  Formal papers from the meeting gave 
rise to a three-part collection, Contaminants in Freezing Ground: Collected Proceedings of 
the Second Conference, comprising special peer reviewed issues of Polar Record and Cold 
Region Science and Technology that were published in 2001 (Polar Record, 37, CUP; Cold 
Regions Science and Technology, 32, Elsevier), and a supplemental volume of papers that 
did not fi t neatly into the remit of the two peer review journals.  In total 26 papers were 
published that spanned a wide range of issues: fundamental properties of contaminated 
soil, factors affecting dispersal, use of remote sensing in assessment and management, 
microbial response to contamination, bioremediation, and site management.

Of the 26 papers that were published from the second conference, only 3 were directly 
concerned with Antarctica.  Given the extent of contamination in Antarctica, which 
is perhaps of the order of 1- to 10-million cubic metres of abandoned waste, with 
possibly a similar volume of petroleum-contaminated soil, surprisingly little research 
or remediation has been undertaken in a continent that is widely perceived as being 
of global environmental signifi cance and a symbol of good environmental stewardship.
Using bioremediation as an example of an emerging technology that is being modifi ed for 
cold regions use, the rate of technology transfer is quite different between the two polar 
regions.  In the Arctic, bioremediation of petroleum spills is accepted practice and several 
full-scale treatments have been successfully implemented, validated and documented.  The 
same is not true for the Antarctic.  There have been several experimental studies that 
appear to verify the utility of the general approach, but the Antarctic treaty nations have 
yet to endorse or embrace the possibility of such low-cost treatments – indeed there have 
been no comprehensive attempts at spill remediation in Antarctica.

One of the reasons for the apparent lag in Antarctic remediation is that site-specifi c R&D, 
for bioremediation for example, is not as advanced as it in the Arctic. This is clearly a 
key issue to develop and promote through this conference.  A factor that is perhaps not 
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appreciated concerns how the legal and policy forces that drive site remediation differ 
between the two regions.  Many Arctic polar regions have reasonably well-established 
guidelines and protocols for the assessment and subsequent management of contaminated 
sites, and generally the will to clean up contaminated sites is driven by legislature or 
litigation.  This is not the case for Antarctica, where there are no universally accepted 
guidelines and there is no binding process for assigning liability for environmental 
damage.  However the Protocol on Environmental Protection of the Antarctic Treaty, 
which was ratifi ed in 1998, does commit Treaty Parties to the comprehensive protection 
of the Antarctic environment and dependent and associated ecosystems, and designates 
Antarctica as a natural reserve devoted to peace and science.  Annex III to the protocol 
(Waste Disposal and Management) established that past and present work sites shall be 
cleaned up unless they are designated as a historic site or monument, or removal by any 
practical option would result in greater adverse environmental impact than leaving in its 
existing location or condition. 

At present it is too early to tell how different Antarctic Treaty Nations will respond to 
Annex III of the Protocol, or if they are fi nancially or technically capable of responding 
in a way that would satisfy the condition that clean-up should not lead to greater 
adverse environmental impacts.  Australia’s response has been to begin a process of site 
assessment and research, and Australia is currently embarking on a full-scale trial to 
clean-up our legacy of abandoned waste sites.  But before we go too far down the track, 
we are striving to establish what worlds best practices are for assessing, managing and 
monitoring contaminants in freezing ground.  It is for this reason that Australia offered 
to host the Third International Conference in Hobart – the home location of Australia’s 
Antarctic research efforts.

Our primary objective for hosting the Hobart meeting is to facilitate the exchange of 
scientifi c, technical and practical expertise in dealing with contaminants in freezing ground 
between northern and southern hemisphere scientists, environmental managers, industry 
stakeholders, and national Arctic and Antarctic operators; thereby strengthening and 
broadening the contaminants in freezing ground network to include Antarctic practitioners.  
Approximately 100 participants have registered for the Hobart conference, with about 70 
abstracts received from researchers from Australia, Canada, Estonia, Finland, France, 
Holland, Italy, Japan, New Zealand, Norway, Russia, Sweden, UK, and the US.  The Hobart 
conference website also had nearly 9000 visits (excluding internal visits) in the past 18 
months, indicating a very high level of public interest.  The conference has been structured 
into 11 plenary sessions, 2 poster and sponsor exhibitions, and 3 parallel workshops. There 
are 5 presentations that either compare or directly consider both Arctic and Antarctic 
issues; 40 presentations concern the Antarctic directly, 23 concern the Arctic directly, 
and 3 are of a more general experimental nature.  Day 1 focuses on Legal, Policy and 
Compliance issues and also covers aspects of assessment procedures.  Day 2 continues 
with site assessment but in the context of remote sensing and how fundamental properties 
and dispersal processes contribute to the management decision-making process.  Day 3 
focuses on strategies for site management and new techniques, with several presentations 
covering various aspects of bioremediation.  Day 4 begins with four talks that all link to 
the topics of the workshops.

There are three planned workshop sessions that address key issues identifi ed at the Second 
International Conference, and that refl ect the strengths and interests of the participants 
at this meeting.  Workshop 1 - Developing meaningful environmental guidelines for 
contaminants in freezing ground, aims to identify the potential sources of differences 
between contaminant concentrations thought to cause environmental harm in temperate 
ecosystems and cold regions.  The issue then is how do we determine how much is too much 
and how can we best co-ordinate international efforts to derive meaningful guidelines for 
polar regions.  Workshop 2 - Development of best practice for bioremediation in freezing 
ground, is also the topic of a major monograph that is being prepared for publication 
in the coming years. Key issues identifi ed at the last meeting focussed on the relative 
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contributions of the perceived rate-limiting factors to bioremediation.  The issues identifi ed 
for further discussion here concern what techniques, risks, costs and relative benefi ts 
are involved in heating, and adding nutrients, oxygen, and water.  The objective then 
is to establish the most cost-effective and environmentally safe techniques, based on 
suitable validation techniques.  The theme of validation and monitoring is also a feature 
of Workshop 3 - Principles of contaminant monitoring in freezing ground and associated 
ecosystems.  Because of the need to monitor for chemical contamination associated with two 
major operations planned for the 2002-2003 austral summer - clean-up of an abandoned 
waste disposal site at Casey Station, and establishment of an intercontinental air link to 
Antarctica, the Australian Antarctic Division has sponsored this workshop to encourage 
international feedback on how we should undertake monitoring.  The objective is to 
document recommendations for a protocol to monitor for contaminants entering the freezing 
ground environment from a proposed air transport system; and to discuss techniques and 
protocols for assessment, monitoring and compliance during site remediation.

The fi nal talk of the meeting is by the conference Chairman, Professor Peter Williams. 
This is a particularly important presentation concerning the fi nancial and political aspects 
of development of remediation technologies for contaminants in soils in cold regions.
The presentation will end with a synopsis of the workshop sessions from the session 
chairs, and a general discussion regarding the future of the conference series.
Your active participation will be most appreciated, as this will help shape the future of the 
contaminants in freezing ground network.

In many ways the Contaminants in Freezing Ground conference series provides a holistic 
approach to improve the way that we manage contamination in these precious ecosystems. 
The strength of the meetings comes from the range of specialists who participate in the 
various forums, and the long-lasting networks of contacts and collaborations that are 
formed. We are fortunate to have attracted delegates who are environmental managers, 
engineers, remote sensing specialists, and scientifi c researchers from a diverse range 
of disciplines. Participants come from a broad spectrum of organisations including 
universities, corporations, government, military, and non-government organisations.
The common interest that brings us all together is the shared desire to do something 
practical to improve the environment of the polar regions by reducing the presence of 
contaminants in freezing ground.

Ian Snape
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Contaminants in the Arctic and the Antarctic part I: a comparison of 
ecosystem management regimes

J. Jabour-Green

Institute of Antarctic & Southern Ocean Studies, University of Tasmania, Hobart, Tas, Australia.

The polar regions are so different that at one time commentators almost unanimously 
cautioned against drawing superfi cial comparisons between them.  Although both regions 
are high-latitude, remote geographical areas, they are the physical antithesis of each 
other.  It can be argued, however, that the Arctic and the Antarctic are of infi nite cultural, 
aesthetic, historic, strategic, economic, political and scientifi c importance to humankind and 
their vulnerability to be harmed by human actions is widely acknowledged.  Furthermore, 
polar politics - once diametrically opposed - is now drawing closer to being comparative 
as a result of the development of the Arctic Environmental Protection Strategy (1991) 
and the Madrid Protocol on Environmental Protection to the Antarctic Treaty (1991).
The similarities between these two environmental blueprints are both interesting and 
useful. 

Arctic ecosystem management is the province of the eight sovereign states, with the 
assistance of a high-level inter-governmental forum - the Arctic Council.  The eight Arctic 
states are Norway, Sweden, Finland, Denmark (for Greenland), Iceland, Russia, Canada 
and the United States.  The Arctic Council comprises permanent participants (the Arctic 
eight plus six indigenous peoples’ groups) and other non-Arctic parties and observers 
which are permitted to attend meetings.  Various experts may be called upon as required.  
The Council’s mandate is to foster regional and international cooperation in the areas of, 
among other things, environmental protection and sustainable development.  All decisions 
of the Council and its subsidiary bodies are taken by the consensus of all eight Arctic states 
(but excluding the indigenous peoples’ groups).

Because legal sovereignty has not been proven in the Antarctic, the administrative 
structure has always been a co-imperium (or co-supreme power) originally involving 
twelve states of equal status which took their mandate from the Antarctic Treaty of 1959. 
Today, the region is in the custody of forty fi ve parties to the Treaty, twenty seven of 
whom are Antarctic Treaty Consultative Parties (ATCPs) with decision-making status.  
This Consultative Party coalition reaches agreement by consensus. 

While the decisions of both the Arctic Council and the annual Meetings of the ATCPs 
are made by consensus and in a spirit of cooperation and shared concern, ultimate 
responsibility for implementing ecosystem management principles and practices for both 
polar regions rests with individual states. 

The 1991 Arctic Environment Protection Strategy (AEPS) - the initiative of Finland - was 
a signifi cant advance in circumpolar political cooperation based on, among other things, 
shared and serious concerns about transboundary pollution and sustainable development.  
The Arctic Council was formed in 1996 to politically advance the principles contained 
within the AEPS and it acts as facilitator of cooperation and coordination of circumpolar 
ecosystem management.  The objectives of the AEPS are achieved through Council 
programs, including:

• Sustainable Development and Utilisation (SDU)
• Arctic Monitoring and Assessment Program (AMAP)
• Conservation of Flora and Fauna (CAFF)
• Protection of the Arctic Marine Environment (PAME)
• Emergency Prevention, Preparedness and Response (EPPR)
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The Arctic is more a complicated region to administer than the Antarctic because of the 
presence of indigenous populations, heavy industry, land claim agreements and regional, 
national and international legal obligations.  The Arctic guidelines on environmental 
impact assessment, produced in 1997 by the Finnish Ministry of the environment, 
specifi cally focus on circumstances and issues of special importance to the Arctic, especially 
the maintenance of environmental integrity in the planning of development activities, 
cumulative impacts, transboundary issues, the participation of indigenous people and 
the use of their traditional knowledge.  The guidelines do not recommend any particular 
procedure for EIA and are therefore applicable across all jurisdictional boundaries and in 
different EIA processes. 

Without making it explicit, the Madrid Protocol on Environmental Protection to the 
Antarctic Treaty and its annexes contains the same philosophy.  A prerequisite for 
conducting authorised activities in the Antarctic is the completion of EIAs, as specifi ed 
through the Protocol’s Article 8 and Annex I.  However, key terminology is not formally 
defi ned and therefore requires that each party to the Treaty interpret and apply 
the principles and guidelines as appropriate within its own national context.  While 
both northern and southern states do, no doubt, understand the basic philosophy of 
environmental responsbility, it is fair to say that the EIA process, while serving a useful 
purpose, has not been applied uniformly in the past and will not be applied uniformly in 
the future. 

The only one of the Arctic eight not also an Antarctic Treaty Contracting Party is 
Greenland (although Denmark is).  Each state with dual polar interests has a ministry 
of the environment with responsibility for monitoring and environmental assessment in 
line with the philosophy of AMAP and the Antarctic Treaty and Protocol.  Importantly 
in the context of this conference, guidelines have been produced for environmental 
impact assessments because EIAs are considered a major tool in achieving sustainable 
development through a systematic planning approach to development (in the north) and a 
necessary precursor to responsible human activity (in the south). 

Before we reached this stage, however, we were left a legacy of contaminated sites.  Modern 
environmental law in both polar regions now addresses the monitoring, assessment, 
clean-up and restoration of environmentally compromised areas, but cannot assist in 
the development of technical remedies.  Acknowledging our responsibilities is one thing; 
making reparation is quite another.
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Contaminants in the Arctic and the Antarctic part II: a comparison of 
sources and remediation options

J.S. Poland 1,, M.J. Riddle 2 and B. Zeeb 3

1 Queens University, Kingston, Ontario, Canada K7L 3N6. 
2 Australian Antarctic Division, Channel Hwy, Kingston, 7050, Tasmania, Australia.
3 Royal Military College of Canada, Kingston, Ontario, Canada.

This paper is concerned specifi cally with contaminants introduced by human activity into 
the polar regions and focuses on the terrestrial environment.  While both polar regions are 
much less contaminated than other parts of the world, the Antarctic is almost certainly 
the least contaminated part of the planet and is often referred to, in scientifi c jargon, as a 
clean laboratory.  The Arctic has permanent communities which by themselves contribute 
to environmental contamination; the only permanent settlements in the Antarctic are 
the stations established by national programs to support their research.  The Arctic also 
contains military bases and has active mining operations which can be signifi cant point 
sources of contamination.  In contrast, neither military operations nor mining activities 
are permitted in the Antarctic Treaty area.  In addition, the Arctic is affected to a much 
greater extent than the Antarctica by long-range transport of contaminants due to its 
closer proximity to industrial activity and land masses.

Despite the differences in the types of establishments in the Arctic and Antarctic, the 
activities responsible for most of the contamination in the two regions are remarkably 
similar.  Neither the Arctic nor the Antarctic are on major shipping routes, however, both 
have the increased navigation hazards created by ice-bergs and sea-ice and both have 
seen large-scale maritime oil spills caused by the grounding of fuel carriers.  Disposal of 
domestic waste in dumps or tips and the practice of ‘sea-icing’, the dumping of waste on 
the sea-ice, have been widely practiced at Antarctic stations and at Arctic communities 
and have caused contamination of both land and the nearshore marine environment.  
The reliance on vehicles and heating for human survival in both polar regions has meant 
that large quantities of fuel have been used and stored wherever people have operated 
and inevitably there have been spills.  Abandonment of research stations in the Antarctic 
and military facilities in the Arctic and their subsequent deterioration, destruction and 
dispersion by wind has created some large-scale degraded sites with debris strewn down-
wind and localised pollution caused by the failure of containers holding chemicals such as 
fuel and electrical coolants.

There are as yet no agreed remediation guidelines for chemical contamination or 
clean-up protocols for the Antarctic, although all activities in the region are governed by 
international agreement under the Antarctic Treaty and this has led to the prohibition 
on sending some substances to Antarctica.  There are also no established international 
protocols across the Arctic.  The magnitude of contamination at Arctic sites is much 
larger than Antarctica and much more has been done with respect to remediation in some 
countries.  Greater advances in the development of cleanup, guidelines, protocols and 
methodology have, therefore, been made but this has been achieved through the initiatives 
of individual countries rather than as a result of international agreement.  There are no 
controls on substances going to the Arctic.

Environmental conditions in both high latitude regions and the challenges they present 
to the logistics of clean-up and remediation are remarkably similar.  The most obvious 
common factors are the low temperatures and the isolation of sites.  Freezing conditions 
and adverse weather reduce operational effi ciency and make every task more diffi cult 
than in temperate regions.  Snow cover can obscure sites and may require repeated 
removal during a season as wind and snowstorms continually recover areas previously 
cleared.  Extraction of frozen material requires specialist techniques and heavy machinery.  
Meltwater during the summer thaw can add to the problems by causing mobilisation of 
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contaminated material and attempts to control movement of meltwater using barriers 
are made very much more diffi cult because they must be designed to withstand very 
high winds and accumulation of snow and ice.  The isolation of sites adds to the cost 
of all aspects of the work in both polar regions.  Every piece of equipment and all fuel 
must be transported from lower latitudes and, in the Antarctic at least, all personnel 
must be brought to the site and provided with accommodation.  In the Arctic established 
communities may provide some of the labour-force for clean-up but many contaminated 
sites are still very remote from a ready supply of labour.  The cost of fi nal disposal 
of contaminated material is also infl uenced enormously by isolation.  International 
agreement requires that certain wastes be removed from the Antarctic Treaty area adding 
signifi cantly to clean-up costs.  In the Arctic remediation protocols and guidelines also have 
to take account of cultural sensitivities. 

The Arctic and the Antarctic are geographically very remote from each other, have 
developed very different political infrastructures and superfi cially support quite different 
types of human activity.  However, despite these differences, there are many environmental, 
cultural and practical similarities that suggest that efforts to clean-up and remediate 
contaminated sites would benefi t from greater exchange of information and expertise 
between the regions.
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Contaminants in the Arctic and the Antarctic part III: a comparison 
of environmental impacts and degraded values

M.J. Riddle 1, J.S. Poland 2 and B. Zeeb 3

1 Australian Antarctic Division, Channel Hwy, Kingston, 7050, Tasmania, Australia.
2 Queens University, Kingston, Ontario, Canada K7L 3N6.
3 Royal Military College of Canada, Kingston, Ontario, Canada.

Contaminants, in freezing ground or elsewhere in the world, are of concern not simply 
because of their presence but because of their potential for detrimental effects on human 
health, the biota, or some other valued aspects of the environment.  Understanding these 
effects is central to any attempt to manage or remediate contaminated land.  If the 
effects of contaminants are unknown what concentrations should trigger clean-up or be 
used to judge when remediation is complete?  The Arctic and the Antarctic are very 
different from other parts of the World and it would be naïve to assume that the mass 
of information linking concentrations of contaminants to biological effects, that is the 
basis for environmental guidelines developed in temperate regions, can be applied without 
modifi cation to polar-regions.  It is not even certain whether the toxicological approach for 
establishing guidelines that has been used elsewhere is appropriate for these regions.  If 
the presence of contaminants, at levels below that known to cause a biological response, 
degrades some other valued aspect of the environment to an unacceptable extent then the 
toxicological information may become irrelevant.

Despite their obvious environmental similarities there are some important differences in 
the way that people have used the Arctic and the Antarctic in the past and how they 
are used now.  The Arctic has an indigenous population that has evolved a way of life 
which traditionally has a close dependence on the land and sea and their living resources.
As a consequence, there is a risk to human health from contamination and particularly 
from biomagnifi cation through the food-chain of persistent environmental pollutants.  
Concern about the potential for harm to human health and the impact on traditional 
lifestyles has driven much of the clean-up and remediation effort in the Arctic and has been 
a factor in moves to reduce global emissions of persistent pollutants shown to accumulate 
in northern latitudes.  No indigenous people ever evolved an Antarctic way of life, and, as 
a consequence, people are unlikely to be the victims of bioconcentration of contaminants 
through the Antarctic food chain and human health is unlikely to be the issue to drive 
remediation activities.

Localised changes to biological communities have been attributed to contamination in 
both the Arctic and Antarctic.  In general these changes are consistent with those seen 
elsewhere and typically include reduction in diversity and increased dominance by a few 
hardy or opportunistic species.  There have not been suffi cient studies to judge whether, 
as a general rule, these changes occur at environmental concentrations known to cause 
similar responses in temperate regions.  Because of the variety of contaminants involved, 
the varying mixtures of contaminants occurring at polluted sites and the natural variation 
inherent in biological systems, it is likely to be some considerable time before community 
level studies such as these are able to indicate whether biological communities from 
polar regions are more or less sensitive than those from temperate areas.  The controlled 
ecotoxicological approach of exposing individual species to a gradient of concentrations 
of single contaminants offers the promise of more quickly providing insights on the 
relative sensitivities of polar species.  A suite of toxicity tests using species from high 
latitudes, carefully selected as analogues to temperate species widely used in tests, should 
indicate if there are fundamental reasons for applying different environmental standards.  
Surprisingly few data from toxicity tests using high latitude species are available and, 
less surprisingly, the little data that are available tell an inconsistent story.  Some of the 
fi rst studies indicated that Arctic amphipods are tolerant of zinc and lead.  More recently, 
a sub-lethal test using a common Antarctic sea-urchin suggests that the slow larval 
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development of many high latitude/cold climate invertebrates may make them susceptible 
to contaminants at lower concentrations than similar temperate species.

Although risks to human health and impacts to biota are the most widely accepted drivers 
for environmental guidelines it may be that other criteria, designed to protect specifi c 
values of the region, are more appropriate for either the Arctic or the Antarctic.  The 
starting point for such guidelines should be identifi cation of the uses and values of the 
regions and the potential for contaminants to degrade them.  Historic differences in use 
of the two areas have a major infl uence on perceptions of environmental values of the 
two polar regions.  It is also important to recognise the complexity and variability within 
the Arctic with respect to climate, population, permafrost, jurisdiction and environmental 
sensitivity.  Whereas activities in some areas are similar to those in temperate areas, such 
as the McKenzie Delta in Canada and Norilsk in Russia, other areas such as Ellesmere 
Island in the Canadian high Arctic are more akin to Antarctica.

The Arctic, with its indigenous population and generally undisputed territorial claims, has 
long been the subject of resource utilisation, including harvesting of living resources and 
mineral extraction.  It has also been the site for dumping of waste from local activities 
and, because of its position between the United States and Russia during the Cold War, 
the construction of military infrastructure.  The activities which occur in the Arctic are not 
dissimilar to those occurring elsewhere in the World and it is probably appropriate that 
the principles underlying environmental standards for the Arctic be consistent with those 
used in other localities.  This has been, to some extent, borne out by the environmental 
assessment investigations in Canada leading to the establishment of the DEW Line 
Cleanup (DLCU) Criteria and Protocol.  The basis of the DLCU criteria was the analysis 
of several thousand soil samples and plants growing in them.  It was found that the level 
of contaminants in the plants reached signifi cant levels at soil contaminant values similar 
to those in temperate climates.  Two lower level guidelines for PCBs and lead form part 
of the DLCU criteria in recognition of the ecological sensitivity of the Canadian Arctic 
and because both could be measured in plants several kilometres from point sources.
The situation is different in Antarctica.

The history of human activity in Antarctica is relatively brief, little more than two hundred 
years, however, in this time there has been a series of quite distinct phases culminating 
in the Antarctic now holding a unique position in World affairs.  The fi rst visitors to 
Antarctica were there to exploit its wildlife and very quickly the sealers brought a few 
species close to extinction.  The next phase, at the start of the twentieth century, was 
driven by the opportunity to claim territory.  The eventual consequence of this was a series 
of claims, some of which are disputed and all are unrecognised by some countries.  In 1959, 
at the height of the Cold War, the Antarctic Treaty was established to reduce the risk 
of confl ict over territory, to prevent military build-up and to ensure the continued value 
of Antarctica to science.  Over the next three decades geological research indicated the 
potential value of the mineral resources of Antarctica and there were several reviews of the 
possible use of the continent for disposal of nuclear waste.  However, just as a convention 
to regulate mineral resource activities was ready for signing the international community 
had a change of heart and instead accepted a call for comprehensive protection of the 
Antarctic environment that effectively put mineral exploitation off limits for a minimum 
of fi fty years.  The environmental protocol, signed by all countries involved in Antarctic 
activities, designates Antarctica as a natural reserve, devoted to peace and science and 
includes protection of the environment and ecosystems of Antarctica, its wilderness and 
aesthetic values and its value as an area for science.

Thus, despite an early history of excessive exploitation of local wildlife, Antarctica has 
assumed the role of global symbol of surviving wilderness in which activities are judged 
not only by their effects on the natural system but also by the attitude demonstrated.  
In such a system it is likely that the signifi cance of contaminants will be assessed not 
on their known effects on people, plants or animals but by perceptions of impacts to less 
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tangible values.  This occurred in the early 1990s when there was a push to clean-up 
abandoned waste dumps without any attempt to identify whether they were causing 
ecological damage and without monitoring to ensure removal did not cause greater harm.  
It is now known that contaminants have caused changes to the structure of biological 
communities at several sites in Antarctica.  Despite the enormous size of the continent, 
most Antarctic stations are clustered on the few coastal ice-free oases that are also the 
main habitat for the biota and a signifi cant proportion of these have been impacted.  
However, these changes alone may not be the deciding factor that ensures clean-up occurs.  
What may eventually initiate remediation of contaminated sites is the perceived role of 
Antarctica as an international symbol of good environmental stewardship.  While these 
sites remain they are a very visible reminder of less environmentally aware times and can 
undermine present day attempts to use the Antarctic as an example for the rest of the 
World.
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From compulsion to compliance: an Australian Antarctic perspective
on contamination

T. Maggs and N. Edgerton

Environmental Management and Audit Unit, Australian Antarctic Division, Tasmania, Australia.

How we deal with contaminated sites is determined by a web of agreements, laws and 
expectations at the international, national and state level, as well as by public awareness 
and attitudes.  While the requirement  to clean up abandoned sites is clear in the Madrid 
Protocol, there is no such clarity about what we should do with sites which may be, or are 
contaminated, regardless of whether they are abandoned.  The Antarctic Treaty System is 
silent on the standard to which contaminated or abandoned sites should be remediated, 
and the applicability of non-Antarctic – including Arctic - standards is arguable.

The Madrid Protocol judges environmental impacts against a “minor” or “transitory” 
yardstick.  In judging the environmental impact of site contamination, operators must 
consider the type and level of contamination, its geographic extent, the environmental 
values that are being effected, and the impacts of the contamination upon them.
The Protocol requires us to weigh against those impacts the likely impacts of the cleanup 
activity itself, and not to proceed if the cleanup impacts are higher.

The Commonwealth Heritage Act and procedures embodying the Burra Charter provide 
guidance on how we should address heritage issues at abandoned sites, and the Australian 
Antarctic Division has developed heritage conservation management plans for its stations, 
including Wilkes, and a policy for dealing with artefacts.  At their last Consultative 
Meeting, Antarctic Treaty Parties adopted guidelines for dealing with pre-1958 historic 
remains and assigning precautionary automatic protection.  This is the “trash or treasure” 
question, and heritage issues bring with them a different and possibly confl icting set of 
community interests to those that underlie public concerns about contaminant cleanup.

Australian Commonwealth law, expressed through the National Environment Protection 
Measures (NEPM), provides standards for site assessment in a temperate climate, but 
which have limited relevance to frozen ground.  The NEPM Transport of Hazardous 
Wastes between States and Territories, on the other hand has been implemented by the 
Tasmanian Government for the purposes of Antarctic waste through its Protocol for the 
acceptance of  wastes from the Antarctic to Tasmania.

A key goal of the Australian Antarctic Program is to protect the Antarctic environment.  
The AAD is taking a systematic approach to achieving this goal by implementing an 
Environmental Management System (EMS) to the ISO14001 standard.  The EMS in turn 
takes the organisations various legal and other compliance requirements – the Protocol, 
the Waste Management Regulations, the NEPMs and so on – and sets objectives, targets 
and accountabilities in environmental management programs.  Once environmentally 
signifi cant aspects such as contaminated sites and cleanup liabilities are identifi ed the 
AAD must show effective management of those issues if it is to gain and retain its ISO 
certifi cation.

The cleanup program, when fully developed under the EMS, will include a timetable for 
site assessment, establishing which sites require and are suitable for remediation, setting 
priorities, and ensuring the work is factored into the organisation’s strategic planning, just 
as the Thala Valley and Wilkes work have been for the last fi ve years.

As an adjunct to the EMS, the AAD will commence an audit program next summer that 
will examine the practical environmental performance of our station activities, as well 
as the effectiveness of the EMS as it is applied in Antarctica.  This will include our 
contaminated and abandoned sites, and our progress towards cleanup.
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To ensure compliance with Australian laws and practice and achievement of the program 
objectives the AAD is developing 3D modelling to plot contaminants, enhance site 
management and predict run-off.  It is developing in consultation with the Tasmanian 
Department of Primary Industries, Water and the Environment robust electronic and 
physical methods for identifying and tracking each unit of waste from its location in the 
ground, through analysis, storage and transport, to its acceptance in Hobart, treatment 
and fi nal disposal.  The 3D model and waste tracking system are key parts of an interactive 
GIS, to be accessible to all involved in the program.

Concentrating strategically on our cleanup responsibilities has proven to our staff, to 
NGOs, our Treaty partners and the public that we take our environmental stewardship role 
seriously.  Attitudes amongst station personnel now are frequently ahead of environmental 
issues, and ideas to improve our performance come increasingly from the south.  The 
aim has been to make running a clean operation a fundamental part of the AAD culture, 
to reduce or eliminate the need for the policeman role for our environmental and other 
managers.  Making the cleanup operation a strategic activity – “operationalising” it – has 
been a major step in that direction.

If we are successful at cleaning up the Thala Valley tip site, we will have not just 
remediated a blot on the landscape or achieved legislative compliance; we will have proven 
new techniques for analysis, mapping, site management, excavation, entrapment and 
monitoring.  We will have gone a long way to answering what “signifi cant contamination” 
means in the Antarctic context, and to providing a benchmark on the practicable extent of 
remediation for this kind of site.  By demonstrating and sharing these skills and knowledge 
with our Treaty partners through bodies such as the Committee for Environmental 
Protection and the Antarctic Environment Offi cers’ Network, we hope to promote cleanup 
efforts across the continent, and to achieve another key Government goal for the Program:  
enhancing Australia’s infl uence in the Antarctic Treaty System. 
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Determining the legal requirements for contaminated material entering 
Tasmania from the Antarctic and sub-antarctic territories

S. Brown and C.M. Cole

Department of Primary Industries, Water and Environment, Hobart, Tasmania.

Tasmania is in a unique position to receive contaminated material arising from waste 
disposal areas and abandoned work sites in the Antarctic and subantarctic. The port 
in Hobart is the berthing point for polar vessels travelling to and from Macquarie and 
Heard Islands in the subantarctic, and Australian bases and some foreign bases within 
the Antarctic.  Materials currently arriving at the port of Hobart from the Antarctic 
and subantarctic include general Return To Australia waste, and also waste which has 
been classifi ed as hazardous or controlled.  Material or waste arising from identifi ed 
contaminated sites in Antarctic and subantarctic is classifi ed as ‘hazardous waste*’ for the 
purposes of importation to Australia and ‘controlled waste**’ for any transport between 
Australian jurisdictions or within Tasmania.

Management of hazardous or controlled waste shipped to Tasmania includes compliance 
with legislative requirements administered by Environment Australia (EA), the Australian 
Quarantine Inspection Service (AQIS), The Australian Customs Service, the Australian 
Maritime Safety Authority, and the State Department of Primary Industries Water and 
Environment (DPIWE).  Requirements from the relevant authorities for management 
of contaminated material vary depending on the territory of origin.  Requirements 
may include application for approval and issuance of permits prior to importation.  
Consideration for these requirements may affect the planning and decision making 
involved with the clean-up of a site.  In-situ remediation or a ‘do nothing’ management 
approach to cleaning up contaminated sites would not involve the import approval process, 
yet off-site treatment and disposal requires compliance with the relevant authorities 
requirements to ensure that the material is managed to safeguard human health and the 
environment in the receiving jurisdiction.

In addition to the legal compliance issues and approvals to import as summarised above, 
other measures need to be implemented to ensure that the contaminated material can be 
approved to enter Australia. 

Several key issues have been identifi ed that may also be of interest to other nations who 
are currently considering the management of contaminants in freezing ground in a multi 
jurisdictional framework.

• QA/QC measures for contaminated site assessment must be ensured before material 
is removed from Antarctica and the subantarctic prior to acceptance into Tasmania. 
Adherence to state and national standards and guidelines may affect the processes 
involved with the on-site management of the sites, but it is also recognised that 
achieving some aspects of the guidelines may not be practical or possible when 
managing contaminants in freezing ground in remote areas.  Negotiations and full 
consultation between the relevant authorities and the people responsible for the 
various management actions are necessary to ensure compliance where possible and 
approval for acceptable alternatives where not.

• Applications to the relevant state and national authorities for approval to bring 
contaminated material into Tasmania must be submitted within the required 
time frames to allow for due process and assessment of the applications. The 
logistic pressures and specifi c environmental conditions associated with remote 
area operations place unique constraints on submitting to the relevant bodies 
within standard time frames and with standard application details.  As such we 
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are working towards establishing an administrative process to allow for remote 
submission of applications that will provide all the contaminant details within 
agreed timeframes.

• Nations managing contaminants in freezing ground may fi nd that some sites come 
under specifi c State or Territory legislation where there are clear guidelines for the 
assessment and management of site contamination.  However, such guidelines have 
largely been developed for non-frozen ground environments.

For example, the management of contamination on subantarctic Macquarie Island 
comes directly under Tasmanian State Legislation.  A working relationship between 
the Australian Antarctic Division and the DPIWE has been established such that any 
environmental issues may be dealt with in a collaborative manner and within the current 
legislative framework.  Guidelines for the initial assessment and eventual remediation of 
contaminated sites on Macquarie Island would be covered under State Legislation, but 
we recognize that some accepted procedures for site assessment may not be practicable
(e.g. the time period between sample collection and analysis of potentially sensitive 
chemical parameters).  Similarly, remediation techniques that are commonly used in 
Tasmania (e.g. bioremediation of petroleum spills) may not work as effectively at low 
temperatures on Macquarie Island.  In these cases, specialized research and consultation 
with the regulating authorities may be required.

• Another challenging issue that may need to be considered concerns the management 
of any restricted or prohibited wastes such as Polychlorinated Biphenyls (PCBs) and 
Ozone Depleting Substances which may be located at an Antarctic or subantarctic 
site.  Although none have been currently identifi ed at Thala Valley in the Australian 
Territory, it is possible that PCBs and other prohibited substances will be found at 
Wilkes or other abandoned sites.  The Australian Customs Service prohibits both the 
import of PCBs and Ozone Depleting Substances into Tasmania under the Customs 
Act 1901 and regulations thereunder.

In summary, the environmental complexity and logistic diffi culties of hazardous and 
controlled waste management of contaminants that are removed from frozen ground 
in the Antarctic and subantarctic, or that are remediated in situ, requires extensive 
collaboration and co-operation between State and Federal Government Departments 
to achieve successful management of contaminants in these challenging and unique 
environments.  We are currently working together on procedures for the fi rst large scale 
clean-up in Antarctica.  Clean-up of the Thala Valley Tip site near Casey Station has 
initiated the testing of compliance issues associated with the removal and treatment of 
contaminated material off-site.

* Hazardous waste

 A waste that is prescribed by the Hazardous Waste (Regulation of Exports and Imports) 
Act 1989 or listed in Annex I to the Basel Convention on the Control of Transboundary 
Movements of Hazardous Wastes and their disposal (Basel Convention) and has a hazardous 
characteristic listed in Annex III to the Basel Convention is a ‘hazardous waste’. 

 This classifi cation only applies to the import of hazardous waste from a foreign nation.
** Controlled waste

 A controlled waste is defi ned under the Tasmanian Environmental Management and 
Pollution Control Act 1994 as a substance that is prescribed under the regulations 
and is within List 1 of the National Environment Protection (Movement of Controlled 
Waste between States and Territories) Measure (NEPM) and has one or more hazardous 
characteristics stated within List 2 of the NEPM . 

 This defi nition applies to controlled wastes managed within Tasmania and also moved 
between Australian jurisdictions.
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Requirements Foreign Bases Australian 
Antarctic 
Bases

Sub-antarctic
Macquarie 
Island

An Import Permit issued by Environment Australia  
under the Hazardous Waste (Regulation of Exports and 
Imports) Act 1989.

A Permit to Import Quarantine Material issued by the 
Australian Quarantine Inspection Service under the 
Commonwealth Quarantine Act 1908, for any plant, 
animal or biological material or waste.

Compliance with the National Environment 
Protection (Movement of Controlled Waste Between 
States and Territories) Measure (NEPM), for any 
controlled wastes entering Tasmania.

Compliance with the National Environment 
Protection (Movement of Controlled Waste Between 
States and Territories) Measure (NEPM), for any 
movement of controlled waste to another Australian 
jurisdiction from the jurisdiction of entry. ¸

�

�

�

Compliance with the Environmental Management 
and Pollution Control Act 1994 (EMPCA) regulated by 
the Tasmanian State Department of Primary 
Industries, Water and Environment, for management 
and disposal within Tasmania. 

� � �

� �

�

�

Import requirements summary
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Distant Early Warning (DEW) Line Cleanup: legacy environmental issues 
and the development of an approach for Arctic site remediation

C. Booth, W. Ingham and K.J. Reimer

Environmental Sciences Group, Royal Military College, Kingston, Ontario, Canada.

This paper chronicles the history of the largest environmental cleanup in Canada – the 
Distant Early Warning (DEW) Line Cleanup (DLCU) Project. The DEW Line consisted 
of 63 radar sites (42 in Canada) located at approx. 650N across the breadth of North 
America.  The sites became operational in 1957 and provided surveillance of northern 
aircraft approaches to North America for over 35 years.  Due to advances in technology, half 
of the Canadian sites were decommissioned in 1963 and became the responsibility of the 
Department of Indian and Northern Affairs, Canada.  In the late 1980’s, the remaining 21 
sites were modernized and transferred to the Canadian Department of National Defence 
North Warning System Offi ce - the DEW Line then offi cially closed in 1993.

The North Warning System makes use of modern communications and is unmanned.
The new system requires considerably less infrastructure and bears the environmental 
legacy of historical waste disposal practices.  Although the extent of physical disturbance 
could be readily determined, there was no precedent for assessing problems associated with 
chemical input into the unique Arctic environment.  Furthermore, there was a requirement 
to develop remediation approaches that recognized the unique logistical challenges of 
these remote locations and harsh climate.  This paper documents the environmental 
investigations that identifi ed the remedial standards and methods, and the current status 
of the project.

Initial environmental investigations at the DEW Line indicated large quantities of debris 
at the sites, and, after broad screen analyses, identifi ed polychlorinated biphenyls (PCBs), 
and inorganic elements (particularly lead, copper and zinc) as the primary contaminants 
of concern.  Common waste disposal practices were also determined, greatly facilitating 
future sampling programs at the DEW Line.  Impact assessments were conducted to 
determine whether contaminants originating at the DEW Line were being introduced 
into terrestrial and marine food chains.  Plant data were used to identify pathways of 
contamination into terrestrial food chains and studies demonstrated that the DEW Line 
was contributing to low-level input of chemical contamination into the marine environment 
- indicating the need to isolate or remove contaminants at their source.  Evidence indicated 
atmospheric transport of lead and PCBs over 15 kilometers from the DEW Line sites, 
thereby creating a ‘halo’ of contamination around each location.  These studies formed 
the basis of a set of environmental criteria specifi c to the Canadian Arctic, the DEW Line 
Cleanup Criteria (DCC).

Results from the initial investigations led to the development of a general cleanup plan  
– the DEW Line Cleanup (DLCU) Protocol.  This approach was designed to restore the 
sites to an environmentally safe condition, and to prevent the migration of contaminants 
into the Arctic food chain.  Guidelines for the assessment of former DEW Line sites, and 
cleanup plans protective of the unique Arctic environment are included in the protocol. 
Recommendations for dealing with contamination in soil, landfi lls, and debris, and the 
demolition of physical structures that are not needed for the NWS are also included.

The DLCU protocol went through a rigorous review process and was accepted by the 
Canadian government and aboriginal groups during the period 1991-95; there are also 
mechanisms for continual review and improvement.  Since then the following additional 
elements were added: these include risk-based assessments of hydrocarbon-contaminated 
areas as well as landfi lls.  The later discovery of PCB amended paints (max 74,000 ppm) 
required scientifi c studies to assess the risks associated with the application of traditional 
disposal methods for demolition waste.

The project is currently underway, and several sites have already been remediated.  It 
is believed that the approaches to assessing environmental risk and developing requisite 
remediation solutions will fi nd application in other harsh climates and remote locations.
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Distant Early Warning (DEW) Line Cleanup: implementation of environmental 
cleanup in the Canadian Arctic 

C. Booth, W. Ingham, and K. Reimer

Environmental Sciences Group, Royal Military College, Kingston, Ontario, Canada.

This paper describes the unique challenges faced in conducting a large-scale environmental 
cleanup project in the Canadian Arctic: The Distant Early Warning (DEW) Line Cleanup 
Project.  This project is concerned with the remediation of 21 decommissioned military 
radar stations, which were built during the Cold War.  Signifi cant technical expertise and 
unique methodologies have been developed since 1996 when the cleanup of these sites 
began; much of this could be applied to other projects in similar climates.

Environmental challenges at the DEW Line include extensive debris areas; soil and 
water contaminated with polychlorinated biphenyls (PCBs), inorganic elements, and 
hydrocarbons; poorly constructed landfi lls in proximity to marine environments; and, 
buildings lined with asbestos and PCB paint.  Early in the project, scientifi c investigations 
led to the development of a set of environmental criteria specifi c to the Arctic ecosystem 
– the DEW Line Cleanup Criteria (DCC).  The DCC was suffi ciently stringent to mitigate 
entry of contaminants into the food chain.  A cleanup strategy was also developed to 
be applied to all Canadian Department of National Defence DEW Line sites (the DLCU 
Protocol), including engineering designs for the cleanups of individual sites.

Environmental fi eld sampling at remote areas in cold climates requires careful planning, 
and the ability to conduct detailed fi eld analyses.  Specifi c protocols for fi eld sampling 
at assessment, investigation, cleanup, and monitoring stages of the project are described.  
These have been developed to ensure that adequate information is acquired during 
each of these phases but without incurring excessive costs and duplication of effort.
A deterministic sampling approach was used during the assessment phase, concentrating 
on areas most likely to be contaminated.  The investigation program involves determining 
the lateral and vertical extent of contamination found in the assessment phase.   
Confi rmatory sampling takes place during the cleanup phase and involves sampling the 
edges and bottoms of excavations, where contaminated soil has been removed.

Field analyses, including the use of RaPID® Assay PCB in Soil Test Kits , PetroFLAG™ total 
petroleum hydrocarbon test kits, and Spectrace 9000 Field Portable X-Ray Fluorescence 
Analyzer for inorganic elements, are briefl y reviewed.

Engineering designs for the DEW Line cleanup include the demolition of facilities, removal 
of site debris, disposal of hazardous materials and contaminated soils, development and 
closure of landfi lls, site grading, construction of Tier II disposal facilities (TTDF), and 
the use of existing granular material sources.  A signifi cant cost-saving element was the 
development of NDFs, for soil that would otherwise need to be shipped to Southern Canada 
for disposal.  The designs and specifi cation requirements for NDFs, non-hazardous waste 
landfi lls, and landfi ll containment will also be described.

It was determined early in the project that there was a need to deal with the legacy 
of historical landfi lling practices in a manner that was protective of the environment 
but recognized the challenges of excavation in a permafrost environment.  Accordingly, 
a landfi ll evaluation matrix - a method for evaluating risk posed by landfi lls at the 
DEW Line sites – was developed.  The matrix weighs the risk factors associated with 
the contaminant source, pathways, and receptors at a particular landfi ll, and is used to 
determine remediation solutions.  Experience with the application of this matrix and with 
the excavation of various landfi lls will be described.

The DEW Line was constructed in Inuit and Inuvialuit territory, adding a further 
dimension of concern for contaminants entering the food chain.  Aboriginal input has 
contributed signifi cantly to the project, especially though the formation of  Environmental 
Working Groups – the benefi ts of this form of stakeholder consultation will be discussed.



18

An NGO perspective on contaminants in frozen ground: monitoring and 
remediation of hydrocarbon contamination at Greenpeace’s ex-base site 

at Cape Evans, Ross Island, Antarctica

R. Roura

The Antarctic and Southern Ocean Coalition (ASOC) Special Implementation Campaign-
European Coordinator.

Introduction

This paper discusses the theory and practice of monitoring and remediation of contaminants 
in frozen ground as seen from an NGO perspective.  It draws from the ten years process 
of base construction, operation, removal and environmental monitoring by ASOC-member 
Greenpeace.  

Overview

World Park Base (WPB) was located at Cape Evans (77o 38’S, 166o 24’E), the southernmost 
of the three ice-free coastal areas west of Mt. Erebus, Ross Island, Antarctica. 

The base was built at the site of the former Footsteps of Scott Expedition base camp 
(1984-1986), two hundred meters to the NE of Scott’s hut.  The four-person base operated 
year-round and was resupplied annually by Greenpeace ships.  All waste generated at the 
base or on fi eld trips, including human waste, was removed from Antarctica.  Kitchen and 
washing (grey) water was poured into the sea (100-200 lt/day).  Fuel was stored on 200 lt 
drums on a fuel rack (ca. 140m2) and on two day-tanks (1,500 lt and ca. 1,000 lt).  

Power was generated by one of two diesel engines with an 18kW output, and by an 
alternative energy system.  On the last year improvements to the alternative energy 
system allowed a reduction of approximately 36% in fuel consumption, from 35,000 lt to 
25,000 lt a year.

WPB was entirely removed in January/February 1992 and a baseline impact study carried 
out (Greenpeace, 1993).  Follow up monitoring was carried out in the 1992/93 and 1995/96 
seasons.  Greenpeace International provided funding and logistics for the monitoring 
program, except for the 1995/96 season in which logistic support was provided by the 
New Zealand Antarctic Program-NZAP.  Greenpeace Queen Mary College, University of 
London, United Kingdom (later Greenpeace Research Laboratories, University of Exeter) 
provided in-house scientifi c support and carried out most chemical analysis.  Advise, 
commentary and review was provided through all stages of the monitoring process by 
scientists in several institutions worldwide.

Footprint study-1991/92

WPB was located on a raised beach, at about fi ve meters above the sea level and about 
50m from the shoreline.  In this location the ground profi le is characterised by a pavement 
surface of subangular pebbles with some boulders, a 10cm layer of massive, poorly sorted 
sandy gravel, and a layer of well sorted sand, at times containing gravel lenses.  The 
active layer is 30-40cm thick.  The ground moisture content ranges from <1-20%, usually 
increasing with depth.

Hydrocarbon contaminated ground affecting about 110m2 were found in areas subject to 
fuel use or storage (e.g. engine room, fuel rack).  An additional contaminated site was 
found further downhill from spill sites.  No general widespread contamination was found.  
The highest hydrocarbon concentration was detected under the engine room (up to 65,000 
mg/kg).  However, in most other visibly contaminated sites hydrocarbon concentration was 
on the 1000-5000 mg/kg range.  Hydrocarbon concentration away from identifi ed spill sites 
was generally much lower or non detectable.
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Under 200 lt of fuel (130-180 lt) were estimated to be present in the ground when WPB 
was removed.  This represents about 0.1% of the approximately 160,000 liters of fuel used 
at WPB between 1986 and 1991.  Single, relatively large releases (>1 lt) account about for 
about two thirds of the fuel spills.  Minor cumulative leaks (range 0.01-1 lt) account for the 
remaining third.

Remedial action-1991/92

Remedial action undertaken throughout the operation of WPB to remove fuel as soon 
as it was split did appear to be effective in eliminating contamination.  This was 
confi rmed during the footprint study.  However, it did not totally eliminate the presence of 
contaminants in frozen ground.  Once the decision was made that WPB would be removed 
it was decided that some level of remedial action of contaminated ground would be carried 
out. 

The objectives of remediation were to prevent or minimise secondary impacts, specifi cally: 

1. To prevent further dispersal of hydrocarbons on the environment,
2. To prevent exposure of wildlife with hydrocarbons in the ground surface, and
3. To minimise the risk of permafrost degradation.

Remedial action was designed to cause low impact and to use low technology.  Contaminated 
ground was removed to a depth of 10-15cm in the most contaminated sites.  Remedial 
action removed about 75% of the fuel present in the ground, leaving approximately 50 lt 
in the ground at depths below 15cm.  The resulting excavations were fi lled back with clean 
beach sediments and levelled to enable the re-establishment of surface processes and to 
prevent permafrost degradation.  

Follow up-1992/93 & 1995/96

This paper explores three different issues resulting from the follow up studies of 1992/93 
and 1995/96: 

1. The hydrocarbon footprint over the ice-free area of Cape Evans, 
2. Vertical and horizontal migration of fuel residues at the ex-base site, and
3. The overall effectiveness of the remediation procedures.  

These issues are relevant for the monitoring and remediation of hydrocarbon spills in 
frozen ground.  The Greenpeace experience allows drawing some conclusions on the 
practical implications of power generation at small Antarctic stations (Greenpeace, 1994).

The impact of WPB was arguably less than minor-sensu Protocol-albeit all impacts 
contribute to the degradation of natural values.  The paper concludes discussing the 
obligations of Antarctic operators to minimize their footprint on the environment resulting 
both from the formal obligations of the Protocol on Environmental Protection to the 
Antarctic Treaty, and the ethical aspects of operating on a wilderness area with minimum 
impact.
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Environmental monitoring in Antarctica: assessment of contamination 
by heavy metals and petroleum hydrocarbons at Wasa station, Vestfjella, 

Dronning Maud Land

A. Modig and A. Swartling

Swedish Polar Research Secretariat, Stockholm, Sweden.

Introduction
Wasa station on the nunatak Basen in Vestfjella, Dronning Maud Land, Antarctica, was 
established 1988/89.  The station has been visited during the southern summer regularly 
since then.  The station is managed by the Swedish Polar Research Secretariat and has 
accommodation for 12-24 people.  In the season 1991/92 an environmental monitoring 
programme was established.  The programme included, among others, snow sampling, bird 
inventory, and lichen studies.  However, sampling for assessment of possible contamination 
of the ground has never been carried out prior to the 1999/2000 season.  During that period 
a pilot project was undertaken in preparation for a more comprehensive study to be carried 
out during the 2001/02 season.  This abstract will provide preliminary results only.  The 
fi nal paper will be written when all analysis are done.
Methodology
The ground at Wasa station is dominated by permafrost, and consists of stones and sand 
of different sizes.  About 30 sample sites were chosen based on results from the previous 
pilot study.  At each site samples were taken from 5 cm depth and 25 cm depth.  At areas 
suspected to show a higher degree of contamination, i.e. fuel storage, beneath the main 
station building, and close to the generator house, more samples were taken.  The whole 
”working area” at Wasa was sampled after the area was measured and divided into a 
number of squares.
Samples were collected following appropriate procedures for the sampling of metals and 
other substances, frozen, and sent to Sweden for chemical analysis.  Concentrations of 
11 heavy metal/metalloid elements will be determined, and aliphates, aromates, benzene, 
toluene, ethyl benzene, xylenes, PAH16, and some others.  Total carbon and nitrogen and 
phosphorous will also be determined.  In addition, the physical structure of the “soil” will 
be identifi ed.

An assessment of site contamination will be made with reference to specifi c background 
control levels.  The result will also be compared with other similar studies.

Results from the pilot study
Analysis from the pilot study gave the following brief results:

• PH value: 8.9-9.1
• Top soil content: 0.7-1.2%
• Organic carbon: 0.2-0.5%
• Total carbon: 0.4-1.1% DS
• Dry substance: 93-98%
• Total nitrogen: 0.02%
• Total phosphorous: 0.03-0.04%
• Available phosphorous: 13-110 ppm
• Non polar aliphatic hydrocarbons: 4 000 ppm (generator house)
• PAH: Exists, but in general in low concentrations
• Aromatics: < 5 ppm
• Metals: In general low concentrations

Discussion
Results from the pilot study show that whilst contaminants exist in the area around 
Wasa station concentrations are not very high.  The results from last season’s much more 
comprehensive study will be very interesting, and hopefully possible to include in the post-
conference documentation.  It looks like the Wasa area is not very contaminated, but it 
is still very important to perform this kind of monitoring, in order to study any possible 
change or incident (a larger fuel spill, etc.). Snow samples will also be analysed in the near 
future, in order to see if exhausts from vehicles are collected by snow and/or ice.
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From dig and ship to watch and wait? Fuel spill management in the 
New Zealand Antarctic programme

E.J Waterhouse and R. Roper-Gee

Antarctica New Zealand, Christchurch, New Zealand.

Historic records of fuel spills and other causes of contamination are scarce.  In the early 
years of New Zealand’s Antarctic activities there was little awareness of the need to handle 
fuel and fl uids carefully, let alone of the need to take action and keep good records.  In 
the last two decades, awareness of environmental impacts has increased, but the main 
response to spills has been to dig them out and ship the contaminated material home, with 
little regard of the context.

Antarctica New Zealand has been pleased to support a number of research projects in 
recent years which have aimed to increase understanding of how different substances 
actually behave in Antarctic soils - many of these researchers are presenting at this 
conference.  Over time, we hope to develop a more targeted approach to spill response, 
which is appropriate to the specifi c variables of a given incident. 

The current emphasis is on improving the records kept of fuel use and spills, including 
minor ones (in the hopes of assessing cumulative impact over time) and monitoring 
the movement of and changes in known spills.  The record keeping aspect is tied into 
Antarctica New Zealand’s Environmental Management System (EMS), contributing to 
environmental performance measures and helping to improve preventative procedures.  It 
is hoped to develop a GIS system for this information in time.
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Remediation of soils in cold climate and experiences from a Swedish 
perspective

I. Ask 1, S. Rostmark 2, S. Knutsson 2

1 COLDREM, Environmental Chemistry, Umeå University, SE-901 87 Umeå, Sweden.
2 Dept. of Civil and Mining Engineering, division of soil mechanics, Luleå University of 
 Technology, SE-971 87 Luleå, Sweden.

During the last 10 years, 26 000 contaminated sites have been identifi ed within Sweden. 
The estimated number is as high as 38 000.  The sites include mainly historical industrial 
areas, airports and sites for different fuel handling activities.  Further investigation is 
needed to estimate contaminant properties, leakage potential and exposure risks at each 
site.  In addition, an increasing knowledge is also needed when it comes to remediation of 
the sites.  About 4 000 areas are classifi ed as having a high exposure risk. 

38000

26000

4000

0

10000

20000

30000

40000

Estimated Identified Risk classified

Contaminated sites in Sweden

Fig 1. Number of contaminated sites in Sweden (Source: Swedish EPA February 2002)

Sweden has cold soils, the soil temperature is typically in average 0.5-6º Celsius only a few 
meters below surface.  Even if permafrost is not a big problem, seasonal freezing occurs in 
large parts of the country.  In the northern parts, the thawed season only lasts for a few 
months in the summer.

Two large research programs are in operation in the soil remediation fi eld. 

• COLDREM - soil remediation in a cold climate 

• The Soil Remediation Centre 

COLDREM was launched in order to develop and evaluate new cost-effi cient methods for 
remediation of soil and groundwater in the Nordic countries.  It is mainly funded by the 
Foundation for Strategic Environmental Research (MISTRA) in Sweden.

Biological and chemical degradation of contaminants is studied with the focus on polycyclic 
aromatic hydrocarbons, PAHs, dioxins and heavy metals.  Large efforts are put into 
research on degradation and monitoring the indigenous micro-fl ora, which is recognized 
as a key issue for optimization and prediction of bioremediation processes in situ. 
Psychrophiles/psychrotrophs play an important role since cold-adapted microorganisms 
have the ability to be catalytically effi cient at low temperatures.
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The Soil Remediation Centre, supported by the European Union, is based in the north of 
Sweden.  The research programme is focused on toxicology and degradation pathways in 
soil contaminated with organic pollutants and soil polluted with heavy metals.  The center 
started up in the summer of 2001.

Every year, Sweden suffers from acute spills, most often these include different types of 
oil products. There is a recognized need for increased knowledge of soil processes and 
transport mechanisms of contaminants in soils located in cold regions.

Polluted sediments are a large problem in 
Sweden.  It is not always possible to dredge 
these sediments in a way that avoids spreading 
pollutants widely through the water. At campus 
Kiruna, Luleå University of technology, a 
technique to freeze the polluted sediment is 
under development. When the sediment is 
frozen it can be lifted to the surface in one piece 
minimizing the spreading of polluted material 
in the water column.  The freezing can be 
performed artifi cially or through (natural) cold 
winter conditions.  Other applications for this 
method could be stabilization of contaminated 
soils and barrier containment.

A research program at Luleå University of 
Technology, focusing on the infi ltration and 
spreading of pollution in frozen and snow-
covered terrain, is under way. The work will 
probably start in the fall 2002. 

Figure 2. Freeze dredging in a lake in the north of Sweden.
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The contaminated site assessment process in Australia: implications 
for Antarctic investigations

R. Niven

School of Civil Engineering, The University of New South Wales at the Australian Defence Force 
Academy, Northcott Drive, Canberra, ACT, 2600, Australia.

Antarctic professionals may not be acquainted with the contaminated soil and groundwater 
investigation and remediation regime applied in Australia, developed by the evolution of 
technical, regulatory and legal practices over the past two decades.  A synopsis of these 
practices and procedures, and their relevance to Antarctica, is provided.

The contaminated land regulatory framework in Australia was driven largely by the 
realisation by government and industry, in the mid-1980s, that the existing legal regime 
did not protect humans and ecosystems, and transferred all liabilities for contaminated 
land to the current landholder.  The policy failure was demonstrated by several high-
publicity soil contamination incidents throughout Australia.  Environment Protection 
Authorities or similar bodies were set up in most states, and Victoria developed the 
contaminated land auditor scheme, a radical regulatory model later adopted by most 
states.  Federal involvement in contamination issues commenced with the publication of 
Federal guidelines (ANZECC/NHMRC, 1992), later followed by cooperative state-Federal 
development of soil contamination criteria (Imray and Langley, 1998).  The separate 
state-based approaches were brought together by enactment of the National Environment 
Protection (Assessment of Site Contamination) Measure (“NEPM”) in 1999 (NEPC, 1999). 
This now forms the basis of contaminated land regulation in Australia.

Under the NEPM, contaminated land investigations commence with a preliminary 
investigation, involving the collection and analysis of samples, and assessment of the 
results against contamination criteria (NEPC, 1999).  Such criteria may constitute generic 
national guidelines, or site-specifi c criteria developed by a health risk assessment process 
as detailed in the NEPM.  If there is evidence of contamination above the chosen 
criteria, a detailed site investigation is required, which is similarly assessed.  Evidence 
of contamination then leads into a risk assessment process, and the development of a 
remediation or management strategy.  In most states, a deregulated regulatory framework 
has been adopted in which the reports produced at each stage of investigation and 
remediation are reviewed by an independent contaminated site auditor, who has sole 
authority over contamination at the site.  The auditor approves the site activities, and has 
the authority to require additional investigations and/or remediation at the site owner’s 
expense until he/she is satisfi ed that the contamination has been remediated.  At this 
point, the auditor issues a site audit statement (or similar document) for the site, which 
may be used to indicate that the site is now legally “clean”.

The NEPM establishes very strict requirements for the site description, sampling 
design, and sample collection, handling and analysis stages of preliminary and detailed 
contamination investigations (NEPC, 1999), of relevance to Antarctic investigations.
In the fi rst instance, a comprehensive site description is required, with specifi cation of the 
property details, land-use history, topography, geology, hydrogeology and any evidence of 
contamination, all in considerable detail.  The Data Quality Objectives of the investigation, 
as described in AS 4482.1 (Standards Australia, 1997), must be established.  Prior to 
sampling, it is necessary to develop a sampling plan, in which the number, type and 
location of samples are determined, taking account of potential exposure pathways and 
routes.  It must be made clear whether the sampling will be site-history based, i.e. targeted 
towards suspected contaminated areas and thus biased - or based on a grid or systematic 
sampling pattern.  Specifi ed sampling densities must also be met, based on statistical 
considerations (Standards Australia, 1997).
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For sampling, discrete samples must be collected from well-defi ned depth intervals no 
greater than 300 mm thick, which do not cross strata boundaries.  Lesser depth intervals 
are specifi ed near the ground surface.  Details of the observed geology, hydrogeology and 
evidence of contamination must be recorded in geological logs.  The NEPM provides limited 
guidance on sampling techniques, sample containers and equipment decontamination 
between samples, but there are detailed specifi cations in AS 4482.1 and AS 2031.1 
(Standards Australia, 1997; 2001).  Both AS 4482.1 and the NEPM provide strict rules 
for sample storage, transport and holding times - including the need to observe chain of 
custody procedures - and the analytical methods used.  To protect the integrity of the 
analyses, there are exacting requirements for fi eld and laboratory quality assurance and 
quality control (QA/QC), including the need for blind replicates, split samples, rinsate 
blanks, reagent blanks, matrix duplicates, matrix spikes and other QC samples.  Such 
QA/QC requirements are generally strictly policed by site auditors, often at great expense, 
and for this reason are of paramount importance.  The NEPM and other documents 
(e.g. NSWEPA, 1997) also give detailed instructions for presentation of the data, including 
the layout of tables, maps, borelogs and the actual report.

In the Antarctic context, contamination investigations are generally hampered by isolation 
of the sampling location (and the continent) - which prevents specifi ed sample holding 
times from being met - and by the diffi culty of implementing the NEPM sampling protocol.  
To overcome the holding time problem, it is necessary either to establish laboratory 
facilities in Antarctica, or to modify the storage method to minimise its effect on the 
samples.  For example, it should be acceptable to store soil samples containing higher 
molecular weight organics (such as diesel or heavier oils) by freezing, although this is 
against the NEPM protocol.  This will not be appropriate for lighter organics such as 
gasoline, or for groundwater samples.  Furthermore, the diffi culty of site mobilisation in 
Antarctica, the lack of available water or solvents for equipment decontamination, and the 
problems associated with waste disposal (such as spent solvents or gloves) present unique 
challenges which may force modifi cations to accepted investigation practice.  Finally, it 
is not clear under Australian law whether Antarctic investigations can be self-managed 
by the relevant government agencies, or must be conducted under the contaminated 
site auditor system.  The latter has the advantage that it protects the integrity of the 
investigations and remediation, and is truly independent, but it will involve higher costs, 
and may insist on the observance of standards of investigation not easily achievable in the 
Antarctic.
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A preliminary soil contamination investigation was conducted off Mirror Peninsula, 
Larsemann Hills, East Antarctica.  Human occupation only commenced in this area in 
1986, with the establishment of four scientifi c bases by Australia (Law Base), Russia 
(Progress I and II) and China (Zhong Shan).  The aim of the study was to gain a preliminary 
understanding of the maximum levels of total petroleum hydrocarbon (TPH) contaminants 
at each base, in the form of diesel-range organics (DROs, C10-C28 hydrocarbons), due 
to the use of hydrocarbon fuels.  An important basis of the study was to follow, as 
much as possible, the sample collection, sample handling and analysis protocols used for 
contamination investigations in Australia.  The study revealed the presence of TPH (DRO) 
hotspots at Progress II (up to 2738 mg/kg) and Zhong Shan (up to 1775 mg/kg) stations, 
in excess of the adopted contamination criterion.  Lower TPH (DRO) levels were also 
identifi ed at all four bases.

The Larsemann Hills, 69º24’S, 76º13’E, is situated on the eastern margin of Antarctica in 
Princess Elizabeth Land on the Ingrid Christensen Coast (AAD, 1991).  The Larsemann 
Hills is unusual in that it is situated within an ice-free zone of Antarctica.  The area of 
human occupation is confi ned chiefl y to the Mirror Peninsula, extending for approximately 
10 km2. Interest in the Larsemann Hills occurred only in the 1980s, after which the four 
scientifi c stations were established.  Early waste management practices at several bases 
led to the on-site disposal of human and other wastes, and the uncontrolled incineration 
of combustible wastes, practices which have now been discontinued (Riddle, 2001).  In 
addition, there have been a number of small-scale spills and leaks of hydrocarbon fuels 
(predominantly diesel and unleaded petrol) throughout the peninsula, associated with 
vehicle maintenance activities, fuel storage and vehicle breakdowns.  Such activities had 
the potential to produce localised soil contamination, the impact of which had not been 
previously investigated.

It was decided to conduct a preliminary contamination investigation of the four bases 
in conjunction with site visits by two of the authors in the 2000-2001 summer.  To 
this end, a comprehensive sampling protocol was developed, based on standard quality 
assurance / quality control (QA/QC) procedures used for the sampling of contaminated 
sites in Australia (NSWEPA, 1994, 1995, 1997; Standards Australia, 1997; NEPC, 1999).  
These were modifi ed where necessary due to the limitations of sampling in Antarctica.  In 
particular, it was necessary to deviate from specifi ed storage requirements (frozen rather 
than refrigerated) and holding times (< 14 days was not achievable), in a manner did 
not compromise the integrity of the investigation.  Soil samples were then collected from 
shallow depth from the four bases in accordance with the protocol.  As the primary 
project objective was to establish maximum concentrations, the sampling strategy was 
biased towards the collection of samples which were more likely to be contaminated.  A 
“judgmental” sampling pattern was therefore used, in which samples were collected from 
locations for which there was evidence (visual, olfactory or based on site history) of human 
contamination impact.  Detailed documentation was recorded of each sampling location, 
including fi eld notes, fi eld maps, borehole logs and photographs.
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The samples were frozen and transported under chain of custody procedures to Canberra, 
Australia, and thence to the University of New South Wales, Sydney, Australia.  The 
samples were then analysed for TPH (DRO) by GC/MS, using US EPA SW-846 methods 
for guidance on sample preparation and analytical use. After initial diffi culties with the 
purge-and-trap method, the Solid Phase Micro Extraction (SPME) technique was used 
for volatiles extraction.  Comprehensive laboratory QA/QC controls were implemented, 
including daily four-point calibrations, matrix recoveries, method blanks, and the analysis 
of fi eld duplicates, the results of which were all satisfactory.  A dual contamination 
assessment criterion was adopted, based on the National Environmental Health Forum 
Exposure Setting A of 5600 mg/kg (C16-C35 aliphatic hydrocarbons) for residential land use 
in Australia (Imray & Langley, 1998), and the former Dutch B investigation levels of 100 
mg/kg for “fuel oils” (taken as C10-C15) and 1000 mg/kg for “mineral oils” (taken as C16-C35) 
(Netherlands, 1994).  Such criteria were adopted in the absence of established criteria for 
the Antarctic environment.

The results revealed C16-C28 hydrocarbon levels in excess of adopted criteria at two 
locations at Progress II and two locations at Zhong Shan.  In addition, C10-C15 levels 
exceeded the adopted criterion at fi ve locations at Progress II and four locations at Zhong 
Shan.  The range of levels detected at each base are summarised in Table 1.

 Law Base Progress I Progress II Zhong Shan

C10-C15 range (mg/kg) <0.3 – 7.3 <0.3 – 62 <0.3 – 1344 <0.3 – 589

C16-C28 range (mg/kg) 0.3 – 74 0.2 – 101 0.8 – 1393 2.7 – 1186

Table 1: Range of Hydrocarbon Levels Detected at Each Base.

In each case, high detected levels were associated with diesel or other fuel spills.  Whilst 
most reported TPH levels would be considered acceptable for residential land use in 
Australia, an understanding of the transport and fate of such compounds in the Antarctic 
environment is important to determine the full implications of their presence in the 
Larsemann Hills. 
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35 Years of Ross Sea region soil studies on-line

R.G. Gibb 1, I.B. Campbell 2 and G.G.C. Claridge 3

1 Landcare Research, Private Bag 11052, Palmerston North, New Zealand.
2 23 View Mount, Stoke, Nelson.
3 33 Kotari Rd, Days Bay, Lower Hutt.

Introduction

Since Environmental Impact Assessments were introduced into Ross Sea region in 
1995 the concepts of environmental impact have been evolving rapidly.  At present, the 
guidelines for assessing impact emphasize fauna and fl ora and waste management (SCAR, 
2000).  There is a growing awareness that other forms of environmental impact should 
also be included, e.g. impact on wilderness and aesthetic values in the landscape and 
mechanical impact in ice-free regions.  Approximately half Antarctica’s ice-free area 
occurs in the Ross Sea Region, and signifi cant knowledge about these ice-free regions 
has been acquired by Campbell and Claridge since 1964.  Their studies show many of 
these areas are particularly fragile to mechanical impact and recover excruciatingly slowly 
(Waterhouse, 2001).  Wide dissemination of this information and the data on which it 
is based is a key component in the process of developing a wider understanding of the 
issues and procedures to mitigate future impact.  To aid environmental management and 
protection we have developed an on-line database and Geographic Information System 
containing Campbell & Claridge’s fi eld data.  This presentation demonstrates the fi rst 
version of the on-line system, describes the system, and the opportunities it offers.

Overview of the Ross Sea Region Soils Database and GIS

Over the years information recorded for each soil site has changed in response to 
changes in the reason for soil sampling, and evolving techniques.  Site records comprise 
fi eld descriptions and laboratory analytical data (Campbell and Claridge, 1987).  At 
each site studied, soil pits were dug, and site and soil horizons described in detail.
Site descriptions included observation of the surrounding geological, topographic and 
climatic contexts and local surface features, site moisture, parent material and biological 
activity.  Soil descriptions included observation of depth, colour, salinity, moisture, texture 
and permafrost properties.  Photographs were frequently taken to support the observations.  
Soil temperature was sometimes recorded in situ.  Laboratory analyses include physical 
properties, particle size distribution, solution chemistry, heavy metal and trace elements, 
clay mineralogy and soil water content.  The laboratory tests were mainly done by Soil 
Bureau, DSIR, and its successor, Landcare Research, who are responsible for soils testing 
for the NZ National Soils Database (NSD).  Where appropriate the structure of the RSR 
Soils Database parallels that of the NSD.  Recently, sites have been studied because of the 
presence of hydrocarbon contamination (Aislabie in prep).

The Ross Sea Region GIS contains the soils database and a number of other layers 
of information (Table 1) that provide landscape context.  There are over 900 soil pits 
described in the database.  Soil sites cluster round ice-free areas of interest, reaching as 
far south and east as 87ºS, 150ºE and as far north and west as 72ºS, 170ºE.

Implementation of the on-line System

The GIS is implemented with ESRI’s, Internet Map Server, ArcIMS v3.1, which offers two 
levels of service.  The fi rst is used to deliver simple GIS capability to traditional web-
browsers without java.  This is more than adequate for users who need to browse and query 
on-line maps as they are presented by the system.  The second is for more sophisticated 
users wanting additional control over the way the maps are presented or requiring a copy 
of (or part of) the data to analyse or to make changes to the data.  The service we currently 
provide is entirely of the fi rst type, though consideration will be given to applications from 
researchers wanting to make further use of the data.
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Future Possibilities

The implementation uses architecture compatible with that used by the USGS Antarctic 
Atlas and the Cybercartographic Atlas of Antarctica, proposed to the SCAR working 
group on Geodesy and Geographic Information by Taylor in mid-2001.  The author is in 
discussion with these and other interested parties active in GIS in the Ross Sea Region to 
progress the idea of a distributed collaborative on-line RSR GIS, and would be interested 
to talk to others interested in progressing the idea.

When these initiatives are combined with other developments, such as the 2001 publication 
of the State of the Environment Report for the Ross Sea Region (Waterhouse, 2001) 
and the release in 1998 of NZ Antarctic Institute’s Environmental Database (Roper-Gee, 
2000), we have an opportunity to make a major advance in our Antarctic environmental 
management and risk assessment.
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Layer Name

Topographic data, mainly from the 
1:250,000 USGS map series. e.g. elevations, 
contours, cliffs, moraines, ice-free areas, 
streams, glacier margins and flow lines, 
expedition tracks, stations and huts.

Description

Consolidated list of place names from 
SCAR countries.

Grey-scale ortho-image with a resolution of 
125m, created from a mosaic of side 
aperture radar (SAR) satellite images.

Byrd Polar 
Research Center, 
OSU, USA

PNRA, Italy

British Antarctic 
Survey, UK

Organization

Antarctic Digital 
Database (ADD 
v3, Level 0)

Composite 
Gazetteer of 
Antarctica

RADARSAT-1 
125m SAR 
Antarctic Mosaic

Table 1. Landscape context within the Ross Sea region GIS
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Geophysics as a tool for mapping and monitoring hydrocarbon spills on 
dry permafrost in McMurdo Sound, Antarctica

J. Pettersson 1 and D.C. Nobes 2
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Traditional methods for mapping hydrocarbon soil contamination can have further 
detrimental effects on the delicate dry permafrosts of Antarctica.  A non-destructive, non-
invasive method to map extent of hydrocarbon (JP5, JP8) spills on dry permafrost would 
provide a more environmentally sound contaminated site management tool.  This study 
aims to provide a base knowledge of how geophysics can be used to map and monitor 
hydrocarbon spills in an Antarctic permafrost setting, and to assess it’s suitability as a 
applicable tool for environmental monitoring in Antarctica.

Mapping the extent of hydrocarbon spills in Antarctica is commonly done by hand sampling 
of active layer soils as well as by small bores being sunk deeper into the frozen layer.  Hand 
sampling has very little associated environmental impact or risk, however drilling does 
have a much greater environmental risk and impact.  These may be acceptable in the direct 
vicinity of large bases such as McMurdo, but in more pristine, environmentally fragile 
areas such as the Dry Valleys, these risks and adverse effects may become unacceptable.  
Therefore a trade-off exists between the benefi t of gathering essential information about 
the spills and the cost of any further impact these investigations have.  Geophysics is 
a non-invasive, non-destructive tool that can detect contaminants in the subsurface due 
to the electrical changes in the subsurface caused by the introduction of contaminants.
As geophysics is virtually impact free, the environmental cost of such a survey is minimal 
and mostly associated with the human presence carrying out the survey. 

Over the two previous research seasons Ground Penetrating Radar (GPR) and 
electromagnetic conductivity (EM31) instruments were used to survey sites in the 
McMurdo Sound region where hydrocarbon spills were known to have occurred.  Utilizing 
both of these methods at a number of sites, information was gained on the lateral 
extent, the depth of contamination as well as on features that may control the subsurface 
transport of such contaminants.  Investigations were made on the difference in response, 
pre and post melt as well as from year to year.  As expected, resistive anomalies were found 
using the EM31 in areas that were obviously hydrocarbon contaminated (see Figure 1),  
seasonal variations were also observed.  GPR did not directly pick up the contamination, 
although it did provide valuable subsurface data on soil structure.  DC resistivity was also 
used to gain temporal data over a known spill during the summer thaw.  Due to the very 
high resistivity of the soil, results were not as conclusive as hoped, but still provided some 
interesting depth information.
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Figure 1. Raw and processed data from EM31™ survey over a hydrocarbon contaminated 
site at Marble Point, Antarctica.

Note: White contours overlain on image map represent approximate location of spills. 
This was from visual inspection and some areas were obscured by snow preventing 
comprehensive mapping.

Cooler colours such as blue (hatched) represent a more resistive area, and warmer 
colours like red (stippled) indicate the more conductive regions.  Addition of 
hydrocarbons alters the grounds electrical structure, making it more resistive.  
Therefore the blue areas suggest locations where the ground may be contaminated by 
hydrocarbons, and the lighter areas represent uncontaminated soils.
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Ground penetrating radar as a tool for road management and contaminated 
sites assessment in snow covered areas
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Snow cover is perhaps the most fundamental problem facing operational initiatives to 
manage human activities in order to reduce environmental impacts in polar regions. 
Snow obscures the underlying landform frustrating attempts to accurately design for 
a particular site, preventing accurate assessment of drainage and hiding contaminated 
ground.  Material left in areas prone to snow, whether waste or items to be stored for 
later use, can quickly be covered and lost.  The turnover of personnel, that is particularly 
characteristic of Antarctic stations, means that within a year all memory of material 
stored on ground and later covered with snow can be lost to an organisation. 

We identifi ed that a technology that allows imaging of material under layers of snow 
could greatly assist operational activities.  Ground Penetrating Radar (GPR) was selected 
because with the correct combination of antennae and frequency it has the ability to 
resolve items less than 1m in diameter through several meters of snow, can be used to 
pick-up discontinuities in snow and ice and can penetrate soils indicating disturbance of 
natural strata.  The utility of GPR to provide operationally useful information in support of 
road management and contaminated sites assessment was tested at Casey in the Antarctic 
summer of 2000-01.

Every year a considerable amount of work is needed to re-establish the road between 
Casey station and the wharf prior to re-supply of the station.  The road crosses a valley 
(Thala Valley) and a large trench, about 150m long and with sides at least 5m high, 
is excavated until stable ground is reached.  Large quantities of aggregate, obtained by 
blasting from a local quarry, are used each year to stabilise the base of the road.  The road 
is re-fi lled with blowing snow after every blizzard requiring additional work to re-open 
it.  The road is of environmental concern because its maintenance requires signifi cant 
additional quarrying and during the summer large volumes of melt water drain down the 
road picking-up several cubic metres of silt from the road-fi ll that are deposited in the 
adjacent bay.  Alternative paths for the road have been considered on several occasions 
however without information on the underlying landform there was no way of judging 
whether the situation could be improved.  GPR was used to create an image of the bed-
rock and indicated options for future management of the road to reduce environmental 
impacts. 

The Casey region has two abandoned waste sites associated with now disused stations 
in the area.  The largest waste dump is that associated with Wilkes station across the 
bay from Casey.  There is also a smaller dump in Thala Valley that was used during 
the occupation of Old Casey Station.  A major problem in planning for the removal and 
remediation of these sites is that the quantity of material is very diffi cult to estimate 
because they are covered with snow for most of the year and during the brief summer melt 
when they are exposed the depth, and hence volume, of waste is obscured.  Estimation 
of the volume of material is particularly important because suffi cient containers must be 
provided to handle the material and a ship with suffi cient cargo capacity must be available 
to remove them from the continent.  Both shipping and containers are very expensive 
commodities and must be estimated carefully to avoid unnecessary expenditure.  GPR was 
used to defi ne the lateral extent of the tip under snow and attempts to defi ne the depth 
and calculate the volume of material will be reported.
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Figure 1. Three dimensional surface elevation of Thala Valley showing GPR transects (thin 
lines), the line of the road (thick line) and Thala Valley waste dump (ellipse). Heights were 
calculated by surveying at each of the locations marked with a white square.

Figure 2. GPR trace indicating sub-surface discontinuities caused by material in the Thala 
Valley waste dump.
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Properties of the Transantarctic Mountains soils and relationships and 
signifi cance to soil contaminants
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Introduction

Soils of the Transantarctic Mountains region vary widely in their properties and hence in 
their relationships to accumulated soil contaminants and to the activity of contaminants 
within the soil.  Important soil properties relevant to contaminants are depth to permafrost, 
whether the permafrost is ice-cemented or dry frozen, the active layer depth, active layer 
moisture content and presence of liquid water, soil salinity characteristics, the geological 
composition of the soil materials, and the extent of natural regenerative processes.

Soil contamination in the McMurdo region has been investigated in a number of studies 
including site surveys, fi eld investigations and experiments.  Results of these studies are 
summarized and the signifi cance of contaminations outlined.

Soil physical properties

Soils of the Transantarctic Mountains region have been extensively studied and 
their properties summarized in numerous publications (Campbell & Claridge 1987, 
Campbell et al., 1998).  Common features are a gravely to bouldery surface pavement, 
coarse sandy bouldery gravel textures, an active layer that varies from <10cm to >70cm, 
permafrost below the active layer that may be either dry frozen or ice-cemented, active 
layer soil moisture content that ranges from exceedingly low (<1% gravimetric) to around 
10%, large variations in soil salinity with the presence of salt horizons in some soils and 
negligible organic matter levels except in very small patches where mosses may occur.

The coarse textures and absence of silt and clay materials means that liquid contaminants 
may pass easily through the soil and are not adsorbed due to low chemical reactivity.  Soils 
with a very shallow active layer occur mainly in higher elevation and colder areas that 
receive less thermal energy and may be unfrozen for very short periods, whereas those 
with a deeper active layer are typically found in the warmer coastal regions which have 
longer summer thaw periods.  The thaw period and depth of thaw strongly infl uences 
contaminant movement in the soils as they govern the rate and extent of movement of 
most contaminant solutions within the soil.

Soils with low moisture contents typically occur in inland valleys and higher altitude 
areas.  They receive very low accessions of moisture from snow thaw and moisture 
supplied from brief summer snow thaw may be lost from the soil within hours.  These 
soils, which commonly have salt horizons present, have a strongly negative moisture 
balance, hence have little capacity for leaching or transport of water based contaminants.  
Under warmer conditions and with the presence of liquid water fl ows, the capacity of 
transport of contaminants within the soils with high water contents is greatly increased.
The permafrost is an important feature that infl uences contaminant transport within 
the soil.  In dry frozen soils that lack ice cement, contaminants such as fuels or 
saline solutions with low freezing points may however penetrate deeply into the soil.
The permafrost of the more common ice-cemented soil, is typically dense with a negligible 
or very slow permeability and it generally acts as a barrier to the downward movement of 
solutions.  Contaminants such as hydrocarbons, however, may readily move laterally over 
the permafrost surface.  Soils with very high salinity are common in drier inland regions 
and on very old land surfaces.  The movement of water-based contaminants through these 
soils is likely to be limited owing to soil chemical reactivity.
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Soil contaminant investigations

The investigation of contaminant behaviour has been examined through a number of 
studies.  At Marble Point, a relatively warm coastal environment, contaminations from 
materials at an old campsite were studied where it was found that heavy metals from 
artefacts of site occupation 30 years previously had moved less than 50cm laterally and 
vertically (Claridge et al., 1995).  Old hydrocarbon spills from lubricating oils remained 
through the soil but with little evidence of infi ltration into the permafrost.  A recent fuel 
oil spill was also investigated where it was found that the hydrocarbon had pooled at the 
permafrost surface but had also fl owed across the permafrost surface several metres away 
from the spill site.

A detailed investigation of contaminants at Vanda Station in Wright Valley was carried 
out in 1992/93 by Sheppard et al. (1999) after 25 years of site occupation.  At this dry 
inland site immediately adjacent to Lake Vanda, liquid wastes had been disposed of locally 
and numerous spills and casual discarding had been reported with greywater being the 
most common.  The results of samplings and analyses showed elevated levels of a range of 
metals and elements at disposal sites and at some distance from the disposal sites where 
disposal waters had migrated.  At sites where no signifi cant amount of fl uid was involved, 
the contaminations were essentially local with migrations limited to a few metres.  With 
the absence of ice-cemented permafrost at this locality, fuel oil spills had penetrated deeply 
into the dry permafrost and into the bedrock.

A third contaminant investigation was reported by Sheppard et al., (2000) on the soils at 
coastal Scott Base.  The survey from excavated pits across the Base showed elevated levels 
of a range of metals after more than 40 years of occupation but there was evidence for 
differential movement of some metals, both vertically through the soil and laterally down 
slope, presumably due to mobilisation by water.  In addition, there were also indications of 
some redistribution of contaminants because of wind.  The presence of water and the saline 
environment appeared to have infl uenced the relative mobility of some 

Contaminants.

The infl uence of climate and soil moisture on the rate of movement of potential 
contaminants through the soil was investigated experimentally by Claridge et al., (1999).   
Using lithium chloride as a tracer, it was found after repeat samplings over several years 
that negligible movement of the irrigated lithium chloride occurred in the soil in the arid 
inland valley sites while greatest movement occurred in the wettest coastal site.

Conclusions from studies

The behaviour of contaminants at the sites investigated conforms to predictions based on 
knowledge of basic soil properties.  In the presence of summer liquid water or occasional 
moisture infl uxes, metal or salt contaminants may be transported downward or laterally 
depending on the amount of water available.  In the absence of water and with minimal 
thawing, transport rates are very slow or negligible.  Ice-cemented permafrost restricts the 
downward movement of most contaminants but aides the lateral distribution, especially 
hydrocarbons such as fuel oil.  In dry-frozen soils, low freezing point contaminants may 
penetrate deeply into the soil.  With respect to the metal contaminations investigated, 
the contamination levels were all relatively minor.  Solid materials within the soil, such 
as wood, plastics fi bres, etc. may be considered to represent a more pernicious form of 
environmental disturbance and soil contamination than most chemical contaminations 
since they are foreign to the environment and are non degradable.

Comparisons of contaminated sites with uncontaminated reference sites show that there 
are wide variations in the many metals or element values depending on the type of 
geological materials forming the soils and the type of salts present.  Natural variation 
in soil metals or salts may at times far exceed the levels found at contaminated sites.  
Consequently, decisions regarding remedial cleanup need to be made cautiously.
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Modifi cations of microstructure in hydrocarbon-contaminated freezing 
soils and a predictive model for remediation procedures

T.L. White and P.J. Williams
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 5B6 Canada.

The introduction of immiscible hydrocarbon contaminants from diesel fuel, gasoline, naphtha 
and aviation fuel into the Norman Wells Cryosols and sediments beneath the site of an 
old refi nery results in microstructural changes that take place as a function of cryogenic 
process and as a function of the concentration of the dissolved components of the contaminant.  
Micromorphological and scanning electron microscopic observations revealed evidence of 
reorganisation of silt and clay microfabric with changes in aggregation of particles and 
interaggregate porosity in the Regosolic Turbic Cryosols sampled at Norman Wells.  Marked 
differences in morphology have developed in the contaminated Cryosols observed in the active 
layer compared to those in discontinuous permafrost.  Thawed samples from the active layer 
showed a tighter packing of particles into aggregates and greater spacing between aggregates, 
when exposed to low dissolved hydrocarbon concentration (50 - 130 ppm).  When hydrocarbon 
concentration exceeded 4,000 ppm, however, decreases in interaggregate porosity (spacing) 
were observed in soils in the active layer.  The interparticle porosity within the aggregates 
of the soil fabric, however, decreased from 35% (uncontaminated) down to porosities ranging 
between 10 and15% in response to consolidation brought about by an increasing concentration 
of contaminants.
Scanning electron micrography indicates that the physical structure of the identifi ed clay 
mineral illite in the active layer is altered by the hydrocarbons.  Micrographs of this clay 
mineral lattice reveal how it has begun to slake (disintegrate).  The illite present in sediments 
in the permafrost (perennially frozen), however, does not show any evidence of this type 
of disintegration. It can be hypothesized that in the active layer, the illite is subjected to 
the additional effects of freeze-thaw cycles and chemical and biological alteration.  The 
interparticle porosity of the Regosolic Cryosols in the permafrost was observed to increase 
when hydrocarbon concentrations were between 4,000 and 18,000 ppm.  The absence of 
seasonal freeze-thaw cycles and weathering agents at depth in the permafrost has apparently 
also precluded the effects of consolidation associated with the cryogenic processes present in 
the active layer.  This however would apply only to epigenetic and not to syngenetic permafrost; 
the latter would have been subjected to many freeze-thaw cycles as it developed.
A signifi cant decrease (two orders of magnitude) in hydraulic conductivity, from 2.0 1x10 4cm s-1 
(uncontaminated) to 1.38 to 9.4x10-6 cm s-1 (contaminated) was observed to occur in the active 
layer, in a sample where hydrocarbon concentration exceeded 14,000 ppm.  The permafrost 
soils and sediments at depths of 1.2 m to 3.5 m below the surface, on the other hand, appear 
to have increased hydraulic conductivity when contaminated.  Extrapolated KF (frozen) values 
ranged from 4.28x10-11 cm s-1 (uncontaminated) to 4.86 to 6.95x10-10 cm s-1 (contaminated).
In the near surface “active” layer (<1.2m) where contaminated plumes in Cryosols and thawed 
permafrost sediments have been delineated by geophysical surveys and borehole investigations 
the utilization of phytoremediation combined with in situ bioventing could provide a long term 
cost effective remediation strategy for Norman Wells.
Bioventing will require the installation of vertical wells adjacent to the identifi ed contaminated 
zones.  Oxygen and nutrients can then be injected into the subsurface.  In addition to 
fuel vapour removal, bioventing will increase the rate of air diffusion providing oxygen 
to micro-organisms in Cryosol pores in water fi lm surrounding particles and aggregate of 
particles observed in the micrographs presented.  Optimum biodegradation will be achieved by 
maintaining Cryosol moisture levels between 30-50% of fi eld capacity.
At depths ranging from 1.2 to 3.5 m in the unfrozen sediments characterized by this study, 
in-situ bioventing combined with vapour extraction should be utilized after all free product has 
been removed using fl oating extraction method of remediation. Treatment of chlorine solvents, 
light hydrocarbon solvents, naphtha and gasoline is readily accomplished using this combined 
remediation approach. Recovery rates will be low given the sediments’ low permeabilities 
>10-5 cm s-1, which in turn impacts on the radius of infl uence over which recovery occurs.
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Understanding the mechanisms by which contaminants are dispersed from their source 
is fundamental to the design of technologies for minimizing the fl ux of contaminants 
into the environment during containment or clean-up procedures.  Considered holistically, 
contaminant dispersal incorporates both weathering (physicochemical decomposition and 
change) and erosion (transport) processes. 

For terrestrial sites contaminated with heavy metals (e.g. rubbish dumps) in perennially 
frozen environments such as coastal Antarctica, the magnitude and rate of weathering 
and erosion processes are greatest during the annual summer melt when liquid water is 
available.  Much of the physical and chemical weathering occurs within the active-layer 
of sediment that sits above the permafrost (Figure 1), although material directly exposed 
to the atmosphere or submerged in meltwater pools and streams is also subject to 
weathering.

Physical weathering results in the formation of fi ne particulates that are readily entrained 
in meltwater fl ow.  This process also increases the susceptibility of waste to chemical 
weathering owing to the correlation between particle size, surface area and reactivity. 
Chemical weathering is responsible for changing the chemical form of heavy metal 
contaminants.  In general, the fi rst stage of the chemical weathering process for metallic 
waste, typically involving oxidation-reduction reactions, results in the dissolution of heavy 
metals.  The very low ionic strength and weakly carbonic nature of meltwaters derived 
from terrestrial snow and ice enhances their effi ciency for metal dissolution.

Once in solution, metals are available to take part in further reactions that result in 
either retention within solution (e.g. via complexation) or return to the solid phase.
The latter may occur by precipitation of a stable phase or adsorption onto a surface, often 
of mineral origin (e.g. Fe or Mn oxyhydroxides).  Dissolution of a heavy metal contaminant 
will enhance its dispersal by water, even if it returns rapidly to a solid form, because 
precipitation/adsorption will more likely occur onto fi ne grains of material that are easily 
transported.

Because the humic content of the sediment is typically low, complexation of dissolved 
heavy metals by organic molecules (or indeed adsorption onto organic particulates) is 
unlikely to be signifi cant in the meltwaters, except where there is a signifi cant input of 
organic matter from the tip site.  Weak complexation by inorganic anions (e.g. Cl–, SO4

2–) 
derived from sea salt input either as aerosols or by direct inundation of the site is likely 
to be dominant and this favours thermodynamically and kinetically the re-precipitation or 
adsorption of dissolved metals.

Weathering and erosion of waste material in the Thala Valley tip at old Casey Station 
is evident from the increase in concentration of heavy metals observed for water moving 
through the site.  This is particularly marked for Cu, Pb, Zn, Fe and Mn.  Total metal 
concentrations in both surface and subsurface waters typically vary from µg l-1 levels prior 
to interaction with tip contaminants, to mg l-1 levels as waters pass through the tip, an 
increase of ca 1000-fold for some elements.  Evidence for the dissolution of heavy metal 
contaminants is provided by the development of concentration gradients of water-soluble 
metals in the active-layer over a period of less than 3 years.
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Analysis of waters from different locations within the tip site demonstrates that for 
most metals mobilized from waste and contaminated sediments, the concentration of the 
particulate phase is, in general, greater than the dissolved phase.  This is particularly 
evident in streams draining the tip, for which the proportion of contaminants present in 
the >0.45 µm fraction is 70-80% for Cr and Zn, and ≥90% for Mn, Ni, Cu, Pb, and Fe.
Thus contaminant dispersal via particle entrainment is the dominant mechanism 
responsible for the fl ux of heavy metal contaminants from the Thala Valley tip site. 
For some other samples of tip water, however, including groundwater, the dissolved 
concentrations of Cu, Cr and especially Ni, Zn and Mn are signifi cant or even represent the 
major proportion.

Theoretical constraints on the composition of the solid and aqueous phases over a range 
of Eh, pH, temperature and salinity conditions have been calculated for the Thala Valley 
tip site environment using a geochemical reaction model (GWB 3.0) and compared with 
experimental data.

Studies of water–contaminant–sediment interaction at Thala Valley tip (and the nearby 
Wilkes tip) show that lateral dispersal of water-borne heavy metal contaminants occurs 
by concerted surface and subsurface runoff.  Surface runoff through the tip occurs in 
ephemeral channels that develop in ice and sediments, usually at the ice–sediment or 
active-layer–permafrost interfaces.  Lateral channel migration is common.  Contaminated 
subsurface water movement occurs through pervasive fl ow and advection, but also via 
small channels (mm- to dm-scales) within the sediment profi le, usually at the base of the 
active-layer.  As the summer melt progresses, larger meltwater streams develop, increasing 
the overall fl ux of contaminants from the tip.  Because the tip site is located directly 
adjacent to the sea, signifi cant erosion of the tip at its marine face also occurs during high 
tides in the absence of sea ice.

The hydrology of the Casey station area has been characterised and the information 
incorporated into a geographic information system (GIS).  Combined with contaminant 
concentration data for tip waters, this enables the prediction of contaminant fl ux through 
the area of the Thala Valley tip during summer, which can be used for management 
purposes such as the construction of diversion trenches, settling ponds, and barriers, and 
the design of water treatment plants. 

Figure 1. Diagram of physical and chemical weathering processes within active layer.
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Sediments are a source of and sink for contaminants in the marine environment and 
their accumulation can have long term implications for marine benthic communities and 
ecosystems.  Geochemical monitoring of marine sediments can identify terrestrial sources 
of contamination, sites of potential impact on marine biota and aid in the monitoring of 
clean-up operations.

Sediment quality guidelines (SQGs) set target values using a weight-of-evidence approach 
combining matching sediment chemistry, biological fi eld data and laboratory toxicity 
experiments (CCME, 1999).  One disadvantage is that the sediment chemistry data are 
based on total digests which yield the concentrations of both labile and residual metals in 
the sediments and may not provide biologically meaningful data.  The proposed alternative 
is a dilute acid extraction using hydrochloric acid (HCl) (ANZECC & ARMCANZ 2000).  
An HCl extraction is non-selective and dissolves labile metals while it is unable to extract 
residual ones (NRCC 1988).  To fully interpret sediment chemistry an understanding of the 
physicochemical factors that affect bioavailability is also important.

Current ANZECC guidelines are founded on North American SQGs (based on data from 
temperate, northern hemisphere benthic organisms and sediments), and are unlikely to 
be directly applicable to Antarctic marine benthic ecosystems.  Therefore the Australian 
Antarctic Division has initiated an investigation into (1) methods for evaluating sediment 
chemistry and (2) the physicochemical factors infl uencing bioavailability, with the intention 
of developing a suitable effects database for the development of SQGs that are more 
appropriate for use in Antarctica.

Potential impacts of contaminants from two point sources, the Old Casey (Thala Valley) 
and Wilkes rubbish tips were investigated.  Pilot studies on both tips and adjacent 
marine environments demonstrated elevated levels of metals and hydrocarbons (Snape 
et al., 2001, Deprez et al., 1999).  Our project aims to (1) identify the impacts of heavy 
metal contaminants from Casey and Wilkes tips in near-by marine sediments and (2) 
determine which methods best distinguish between background sites and those with 
high concentrations of anthropogenic or bioavailable metals, with emphasis placed on the 
factors that infl uence chemical speciation and bioavailability.

Sediment samples, collected from impacted and control locations, were wet sieved to <2mm 
and <63 mm.  Aliquots were subjected to a 1 M HCl extraction and total digest and a 
suite of 13 metals was analysed using ICP-MS.  Grain size was measured using a Malvern 
particle size analyzer.  Total organic carbon and acid volatile sulfi des measurements 
were made on the <2mm fraction.  Further experiments with HCl were completed on 
Antarctic sediments and certifi ed reference materials; these experiments explored HCl 
reproducibility and extraction capabilities and examined the infl uence of extraction time, 
temperature and acid strength.

Preliminary results indicate that a 1 M HCl extraction on the <2mm fraction is best 
able to distinguish between anthropogenic/bioavailable metals and residual, background 
concentrations (Figure 1).  These results need to be corrected for environmental factors 
before they can be compared with the concurrent benthic community data. While the 
recommended one-hour extraction is suitable a four-hour extraction may provide clearer 
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data for environmental monitoring programs. As expected room temperature extractions 
were more effi cient than cold temperature ones and varying acid concentrations also have 
an effect on extraction potential.

Partial (HCL) extractions on nested marine sediments Total (HF) extractions on nested marine sediments

Stress 0.09 Stress 0.12

Total digests - <63 micron nested marine sediments

Stress 0.1

HCL partial extraction - <63 micron nested marine sediments

Stress 0.13

Impact Control

1 2

3 4

Control 1

Control 2

Sediment Chemistry Data 
(Multivariate Analysis Using MDS)

Figure 1. 1; partial extraction (1 M HCl) on <2mm sediment, 2: total digest (HF + HNO3) on 
<2mm sediment, 3: partial extraction (1 M HCl) on <63mm sediment, 4:  total digest (HF + 
HNO3) on <63mm sediment. Note that 1 shows the clearest distinction between locations.
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The Larsemann Hills comprise a series of ice-free rocky peninsulas, approximately 
50 km2 in total area, located along the Ingrid Christensen Coast of East Antarctica 
(69º30’S, 76º20’E).  The area is characterised by relatively mild weather conditions, and 
by the presence of more than 150 freshwater lakes.  Another remarkable characteristic 
of the Larsemann Hills is the absence of moraine deposits (Burgess et al., 1994).  The 
basement lithology is a sequence of Mesoproterozoic (1300-1600 Ma; Sheraton et al., 1984) 
metasedimentary rocks, intruded by several generations of peraluminous granitic and 
pegmatititc units of Pan-African age (500-550 Ma; Carson et al., 1995).  With the only 
exception of one granite unit, which shows elevated Pb, Th, and U concentrations (63, 
44, and 4 ppm, respectively), no signifi cant anomaly was observed in the trace metal 
concentrations of the other Larsemann Hills basement units.

Basement lithologies and lake sediments have the same mineralogical assemblages, as 
the lake sediments derive essentially from the mechanical weathering of rocks found in 
the lake catchment.  Sediments of the Larsemann Hills are composed of quartz, feldspars, 
biotite, and sillimanite, with or without garnet and cordierite.  Mafi c minerals (pyroxenes, 
amphiboles, and Fe-Ti oxides) are rare, and derived from metabasitic lenses within the 
metasedimentary rocks.  Kaolinite and amesite are common as a weathering product.

The gravel+sand fraction (2 mm to 0.063 mm) constitutes over 95% (by weight) of the 
sediments.  The silt fraction (0.062 to 0.0039 mm) ranges from 6% at Sarah Tarn to less 
than 0.1% at several locations, and the clay-size fraction (<0.0039 mm) is lower than 
0.01%.  Samples collected in the vicinity of research stations and along the main vehicular 
track have relatively fi ne grain size, with a substantial proportion of sand-size particles 
(>70%) and silt-size particles (>0.9%).

A positive correlation was observed between silt fraction in the sediment and Total 
Suspended Solid (TSS) content in the lake waters.  The TSS is mostly inorganic matter 
(>95% by volume in the majority of samples), and ranges from near 0 mg/l for the relatively 
pristine lakes, to over 15 mg/l.  It therefore appears that the TSS content is largely 
determined by the amount of anthropogenic fi ne material introduced into the lakes, as 
previously suggested by Burgess et al. (1992) and Gasparon and Burgess (2000).  Thus, one 
of the main consequences of human impact on the lakes is the introduction of substantial 
amounts of fi ne-grained (smaller than sand-size) sediments.

Prior to station development in the early eighties, the lakes of the Larsemann Hills had 
very low TSS content in their waters, and low silt and clay fractions in the sediments.  
These characteristics made them very vulnerable to metal pollution, as metals introduced 
in the water column would remain in solution due to the lack of fi ne grained material 
capable of adsorbing/absorbing them.

Although fi ne-grained particles, introduced into the lake waters as a result of human 
impact, can be very effective in adsorbing metals from the water column, their actual 
sorption capacity largely depends on their mineralogical composition.  In the Larsemann 
Hills, fi ne-grained particles are essentially quartz and feldspars, and minor amounts of 
kaolinite.  Unlike the common clay minerals (such as smectite and illite), these particles 
have low surface area (20-200 m2/g for silt, and 7-30 m2/g for kaolinite - see e.g. Siegel, 
2002), and therefore low metal sorption capacity.  Thus, the particles’ ability to decrease 
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metal bioavailability is considerably lower than what could be expected in warmer 
climates, where smectites and illites represent a large proportion of the sediment.  The 
presence of kaolinite in the Larsemann Hills is also rather unusual, as kaolinite is 
normally found in deeply weathered, “old” environments, especially in warm climates.  
According to Burgess et al. (1994), deglaciation in the Larsemann Hills might have begun 
as early as 25,000 years BP, and the presence of kaolinite in lake sediments further 
suggests that chemical weathering has been active for a considerably long time.

In summary, this study shows that a rigorous mineralogical and geochemical 
characterisation of basement lithologies and sediments must be carried out to assess the 
background level of metal contaminants in the system, and model the sediments’ ability to 
decrease metal solubility and bioavailability.
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The migration of oil into disturbed soils from several regions of Russia, differing in 
dispersivity, salinity, and cryogenic structure, was investigated.  The soils were exposed 
to oil at subzero temperatures (either –1.5, 7 or 20ºC) and the degree and density of oil 
penetration was measured over at least 7 days and up to 180 days.

The resulting oil complexes that penetrated into the ice fi lled pores (G=0.85-0.95) was 
highly infl uenced by dispersivity, salinity, cryogenic structure and the nature of ice 
spreading in the frozen soil.

This research showed that the infl uence of dispersivity on oil transfer into frozen soils is 
highly variable.  At -7ºC the intensity of oil migration in soils increased with increasing 
dispersivity (sand-loam-clay).  At –1.5ºC the density of the migrated oil, as well as the 
degree of penetration was higher in sand than in clay.

The introduction of NaCl caused oil migration to sharply decrease.  Samples of kaolinite 
clay with ice and water fi lled pores of 0.85-0.95 were amended with 3 – 10 g NaCl 
kg dry soil-1.  Salt amendments reduced the amount of oil accumulation compared to 
unamended soils.  The oil fl ow rate in soils amended with 3 g NaCl kg dry soil-1 was 
In=0.4*10-8 r/cm2*c, which was an order of magnitude less than the unamended soils.  
Increasing the amendment to 10 g NaCl kg dry soil-1 did not signifi cantly further reduce 
the oil fl ow rate (0.35*10-8 r/cm2*c).

The distribution of ice and cryogenic structure also infl uenced the migration of oil 
components in frozen soils.  Lenticular ice schlieren reduced oil migration compared to soils 
with massive texture.  The schlieren mode and orientation, relative to the oil migration 
pathway, determine the depth and density of oil penetration into the soil.  Oil fl ow is halted 
when schlieren are perpendicularly oriented to the direction of oil migration.

Based on these results the main determinant oil pollution migration in frozen soils is pore 
channels and microsplits that are partly fi lled with water and ice.  Oil pore saturation 
takes place at the expense of capillary transfer and surface diffusion.  It is important to 
note that the quantity of microsplits and other structural defects in frozen rocks, especially 
with high clay contents, increased with decreasing temperature as a consequence of 
becoming brittle.  Oil accumulation in clay rocks increased as the temperature decreased 
down to -7ºC.

Signifi cant transfer of hydrocarbons along water membranes was not found in frozen clay 
samples at –1.5ºC and 7ºC.  Despite higher free water concentrations at –1.5ºC there was 
a decrease in the oil accumulation.

Compositional component analysis of the soils showed that the pores contained both 
unfi lled spaces and free water.  Porosity was in excess of the aggregate of accumulated oil 
components, and thus was not limiting to oil migration.

The decrease in oil migration in salt amended soils was a result of a decrease in free 
porosity and the formation of specifi c microstructures.  In highly saline soils the free pore 
spaces are fi lled with a brine exudate formed as part of the freezing process.  Furthermore, 
this brine offers a measure of protection against embrittlement and the formation of 
microspilts during freezing.
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Background
Diesel contamination in soil surrounding a hole drilled in 1974 as part of the Dry Valley 
Drilling Project within the lacustrine area of Lake Vida, McMurdo Dry Valleys, has been 
the focus of remediation efforts over the last 5 years.  Due to diffi culties drilling through 
unconsolidated sediments cemented in permafrost at the time of the drilling project, Diesel 
Fuel Antarctica (DFA) was used as drilling fl uid and left in the borehole so it could be 
accessed for further down-hole studies.

The borehole is located in Victoria Valley approximately 125 km northwest of McMurdo in 
the McMurdo Dry Valleys, an area renowned for it’s scientifi c value.  A set of saline lakes 
in the dry valleys, including Lake Vida, are a unique subset of lakes on earth and there 
is great interest in preserving their pristine nature (Wharton et. al., 1999).  The area is 
considered an extreme cold, dry desert ecosystem and is subject to dramatic temperature 
and wind changes.  In the summer the lake ice melts creating a moat of fresh water 
surrounding the lake that freezes again in the winter.  The lake has encroached laterally 
over the borehole site at least once in 1993, and again as of the most recent site visit in 
January, 2002.  Large lateral fl uctuations of Lake Vida occur due to a combination of high 
seasonal melt water input from local glaciers, and the shallow gradient of the valley fl oor 
(Chin 1993; Cartwright et al., 1981).  

Drilling records from 1974 indicate that bedrock was reached at a depth of 10.5 meters, 
and the borehole was completed through bedrock to a reported depth of 305.8 meters. 
Bedrock included granite and gneiss, and all units of the core were fractured, containing 
ice (Kurawasa et al., 1974). A fault was recorded at 88 meters of depth (Mudrey, 1974).  The 
top 10.5 meters contained unconsolidated sediments, cemented by permafrost.  Before the 
hole was abandoned, it was (reportedly) cased with 3.2 cm inner diameter black iron pipe 
and fi lled with fuel to facilitate down-hole temperature measurements (Pruss et al., 1974), 
though a casing through permafrost did not exist at the site when the area was excavated 
in 1999. 

Limited Site Characterization and Observations 
Observations over the past four years, and results from a sub-surface investigation, 
demonstrate some mechanism is occurring at the site to cause fuel to rise to the surface 
and spread through the very top layer of permafrost (Table 1). Sampling from January 
1999 showed levels of up to 13,000 ppm total petroleum hydrocarbons (TPH) in surface 
soil, with the majority of contamination between 1,000 and 9,000 ppm, decreasing with 
distance from the borehole casing.

Unexplained resurgence of fuel from the borehole was observed in 1974 (DVDP Bulletin 
No. 5, 1975) and has been observed in recent years since the hole was re-aquired in 
November of 2000.  The estimated resurgance rate of 6.0 cm/day over extended periods 
is similar to that found between 1974 and 1975 (DVDP Bulletin No. 5, 1975).  Although 
a thorough recovery test has not been performed, fuel level measurements summarized 
in table 1 have been graphed and their distribution is similar to well-recovery data.   
This suggests groundwater interaction down hole.  Decker E.R. and G. L. Bucher (1982) 
also theorized that groundwater activity may be possible, based on unusual temperature 
gradients down-hole which suggest that groundwater fl ow could be occurring as deep as 
260 meters below the surface.  In addition to potential interaction from groundwater, it is 
likely that some water may have entered the borehole while it was beneath when the lake 
ice, displacing the fuel.

Sampling and observations summarized in Table 1 indicate that the lateral extent of fuel 
contamination at the surface is dynamic.  Contamination has been observed to extend 
approximately two meters from the borehole (1997), and recently as much as four meters 
from the borehole (2001).  According to a subsurface investigation to three meters depth 
below ground surface performed in October 2000, contamination does not exist below 
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the porous surface of permafrost.  Cores were collected in a grid pattern radiating out 
approximately four meters from the borehole.  Permafrost cores were sampled at intervals 
with depth, and analyzed for TPH by extraction with hexane and acetone, followed by gas 
chromatography.  Of the nine cores collected and analyzed, contamination was detected in 
only 2 samples near the surface, at 430 and 860 ppm.  This is the only site visit where 
surface contamination was not found, likely owing to the January 1999 restoration effort, 
where 28,000 lbs of contaminated soil was removed from the site.

Following the November 2000 subsurface investigation, an effort to contain the source, 
included bailing the fuel from the hole and establishing casing through the permafrost 
layer to bedrock.  Despite these efforts, fuel was released again, as samples collected the 
following year (December 2001) indicate contamination has again spread at the surface. 

Further characterization at this site, especially of the processes occurring at the surface, 
may be useful to improve understanding of the relationship between diesel transport 
and the chemical and physical properties of consolidated sediment within a cold desert 
ecosystem.

Source Removal and Site Restoration

The most effective, viable method of site restoration, given the limited data and 
observations to date, is to reclaim the hole and remove the fuel.  This could be accomplished 
by placing a brine solution downhole to displace the fuel, and decanting the fuel as it rises.  
Given the dynamic situation of the nearby lake, action should be taken immediately to 
prevent the potential spread of contamination.  Restoration efforts will be complicated, if 
not impossible, if the lake is covering the borehole.
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Table 1. Site Visit Summary to Lake Vida Borehole after 1975

1992-1993 Borehole discovered beneath lake ice  
1993 (Nov) Surface contamination evident, lake has receded n/a 30
1997-1998 Extent of plume estimated at ~2 m from borehole n/a 1440
1999 (Jan) Sampling and analysis of top permafrost layer indicates 
 plume extends ~ 4 m from borehole n/a 12600
2000 (Jan) Borehole is ~ 33 meters from Lake Vida n/a none removed
2000 (Nov) Borehole accessed.  Subsurface investigation to 3 m indicates 
 no subsurface contamination, minimum surface contamination. 10.54 720
2001 (Jan 12) Fuel level has risen since November 7.35 none removed
2001 (Jan 27) Bailed fuel from borehole 7.28, bailed to 31.1 none removed
2001 (Dec) Samples collected from surface, contamination extends ~ 4 m 
 from borehole; Lake is ~40 m from borehole 11.15, to 29.7 4860 
2002 (Jan) Lake encroaching on borehole 23.5, to 39.48 none removed

Date Observations, characterization and activity Depth to fuel 
(meters below 
top of casing

Contamination 
Removed from 
Surface (kg soil)
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Remediation by artifi cial cooling of soils contaminated by heavy metals

G. Gay and A. Azouni

Laboratoire des Matériaux et des Structures du Génie Civil, UMR 113 CNRS/LCPC,
Cité Descartes, 2 allée Kepler, 77420 Champs-sur-Marne, France.

Contaminated soils represent a big risk for environment and for human health.  Moreover, 
the inoccupancy of large surfaces costs a lot of money, as well as their remediation.  The 
case of soils contaminated by heavy metals is even more serious since these particular 
pollutants are non-destructible and may be present simultaneously in several chemical 
forms.

Remediation techniques already exist to treat metallic pollutions: containment, stabilisation, 
thermic treatments, washing, phytoremediation.  However, all these techniques have at 
least one main disadvantage: the process may be very tricky, the effi ciency may be limited 
by some physicochemical parameters, remediation may be long and/or expensive, the used 
technique may not concern all the chemical forms of the metallic pollutants. Therefore, 
it is of a great interest to investigate a new technique, which is able to extract the 
maximum of heavy metals whatever their speciations are, under satisfying environmental 
and economical conditions.

To explore such a process, our idea is to have recourse to the principle of separation 
by artifi cial cooling, which has been extensively used: in metallurgy, chemical analyses, 
materials sciences, food products, civil engineering, and more recently in cryobiology.  
Considering these industrial applications, it appears that freezing separation concerns 
both soluble and non-soluble chemical compounds.

Such a separation is based on fundamental mechanisms of solute segregation and particles 
repulsion during a liquid-solid phase change.  Regarding metallic salts, their solubility is 
generally higher in the liquid phase than in the solid one.  Accounting for the phenomenon 
of salts segregation, this leads to the purifi cation of the solid phase.  Second-phase particles 
may also be repelled ahead of a freezing front propagating slowly.  This is essentially due 
to the van der Waals interactions in the liquid fi lm separating the particle and the freezing 
front.

In a previous paper, we have already made evident that artifi cial cooling may be 
successfully applied at a small scale to the remediation of models of sludges consisting 
of dilute clayey suspensions charged with a heavy metal.  In this paper, we extend 
our experimental investigation to models of soils, which consist of porous beads packs 
saturated by aqueous solutions or dilute clayey suspensions charged with a heavy metal.  
It may be noticed that a sand beads pack containing few traces of clay is very similar to a 
real soil.

Our experiments are carried out in a parallelepipedic Plexiglas cell limited at the top and 
the bottom by two hollow brass plates, through which coolants can easily fl ow and thus 
impose preselected temperatures.

Two models of soils are used: one made of a glass beads pack and the other made of a sand 
beads pack.  For a given model of soil, the porosity remains unchanged: 39.8% in the case 
of glass beads pack, and 44.4% in the case of sand beads pack.  The same clay mineral 
(a Na-montmorillonite) is used for all the runs with the same concentration around 1.5 g 
per kg of suspension.  The two studied heavy metals, zinc and lead, are utilised with the 
same concentration, around 0.9 x 10-2 mol per kg of suspension, from one run to another.  
The pH of the suspension is modifi ed between 4.0 and 10.0.

The main result of our study is that the application of artifi cial cooling can be extended to 
the remediation of models of soils contaminated by heavy metals.  Indeed, we succeeded in 
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purifying the model of polluted soil in all the runs.

Moreover, we point out the infl uence of several parameters on the purifi cation rate.  
Depending on the pH, the nature of the porous pack and the nature of the heavy metal, 
the obtained purifi cation rates vary from 20% (i.e. only the fi fth of the metallic pollutants 
are extracted from the solidifi ed phase) to more than 95% (i.e. the solidifi ed phase only 
contains less than 5% of the initial metallic pollutants left).  The best purifi cation rates are 
attained in the case of a sand beads pack contaminated by lead, whatever the pH of the 
suspension is.

Some perspectives follow from these promising results.  For instance, remediation by 
artifi cial cooling can be applied to real contaminated soils.  This remediation technique can 
also be tested on soils containing other inorganic pollutants like nitrates and even on soils 
polluted by organic compounds like hydrocarbons or pesticides.  Further studies would 
lead to the design of an industrial prototype, which intends to reach the same effi ciency as 
obtained in the laboratory experiments for a competitive price.
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Technical procedures for recovery and evaluation of chemical spills on tundra

D.M. Filler 1 and D.L. Barnes 2

1 Sr. Engineer/Project Manager, Shannon & Wilson, Inc., 2055 Hill Road, Fairbanks, Alaska 
 99709-5244. Faculty Affi liate, Department of Civil & Environmental Engineering, University 
 of Alaska Fairbanks, P.O. Box 755900, Fairbanks, Alaska 99775-5900; (907) 479-0600.
2 Asst. Professor, Department of Civil & Environmental Engineering, University of Alaska 
 Fairbanks, P.O. Box 755900, Fairbanks, Alaska 99775-5900; (907) 474-6126.

Prior to the Exxon Valdez oil spill in 1989, arctic and subarctic spill response was in its 
infancy and documented research into the environmental consequences of terrestrial spills 
in cold regions was scant.  Spills to tundra most often result from oil exploration and 
pipeline transport of fuels. The preponderance of documented spills relate to crude oil, 
refi ned petroleum products, saline waters, and synthetic fl uids.  In their present state, 
North American tundra treatment guidelines generally describe response and cleanup 
methods applicable to petroleum-related spills.  Adequate recovery methods for acid-
mixture spills on tundra have not been developed.  This paper describes lessons learned 
from an acid/xylene spill that occurred in the central Arctic Coastal Plain of northern 
Alaska (North Slope) in October 2001.  Recovery (response and cleanup) methods are 
developed.  Site characterization is discussed with consideration for sampling and 
analysis plan design, potential problems with standard analytical testing methods, and an 
alternative approach to assessing contamination in frozen ground.



50

Environmental Monitoring Program in the area of the Italian Scientifi c 
Base in Antarctica, Terra Nova Bay

R. Caprioli, M. De Cassan, M. Pezza, S. Torcini and C. Ubaldi 

ENEA, PROT-CHIM, C.R.E. Casaccia, Via Anguillarese 301, 00060 S.M. di Galeria, Roma, Italy.

Introduction

Located on the coast of Terra Nova Bay, on a North oriented peninsula (Northern Foothills, 
Victoria Land, in the Ross Sea), Terra Nova Station has been designed as the permanent 
Italian Scientifi c Base in Antarctica.  Until now, it was decided to implement only summer 
activities, but the station could however be, in the future, used during the winter period, 
with minor modifi cations.

Terra Nova Station is a relatively large station where major and diversifi ed scientifi c 
programmes supported by a complex logistic are carried out.  It was built from 
the beginning in such a way as to keep the environmental impact to a minimum.
An environmental monitoring program was implemented to control any negative impact 
resulting from both scientifi c and/or logistic activities on the antarctic environment 
surrounding the Italian Scientifi c Base.

Wastewater treatment plant, incinerator and power plants can be considered as 
contamination point source and so their effl uents are directly or indirectly monitored.
A selection of data obtained on samples collected during 1997-2001 antarctic campaigns 
are reported and briefl y discussed.

Methodology

A preliminary data base on the Base activities (logistic and scientifi c) was used in defi ning 
the monitoring program and the related sampling plan for the main environmental 
compartments (air, water,, sediments, biota).  A brief summary of the monitoring plan is 
reported in table 1.

Analyzed 

DO, COD, BOD5, Al, 
NH4/NO3/NO2, PO4, 
Surfacants, Faecal Coliform

Waste water, and for some 
parameters, sea water in the 
proximity of the treatment plant

Atmospheric particulate, 
sediments, soils, biota

Atmospheric particulate, 
sediments, sea water, soils, 
snow, biota

Standard Control Analyses

Accelerate Solvent Extraction, 
extract fractionation and 
purification, GC/MS analyses

Acid digestion, or APDC/CHCL3 
extraction for liquid samples, 
ICP/MS analyses

PAHs

Heavy Metals

Matrices Methodology

Table 1. Analyzed Parameters, Matrices and Methodology utilized in the environmental 
monitoring program at Italian Scientifi c Base in Antarctica
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A selection of data on PAHs and “heavy metals” is presented.  Air sampling (atmospheric 
particulate matter, <10 µm aerodinamic diameter) was performed by high volume air 
samplers Sierra-Andersen Mod 1200, located at the four cardinal point in the area of the 
Base plus one, as reference, in a relatively undisturbed area (Campo Icaro).  Quartz fi ber 
fi lters (20x25 cm) were used as the best compromise for both PAHs and metals analyses.  
Samplers operated continuously, the fi lters were changed every 72 hours and the air fl ow 
was about 1100 l/min.

A portion of each fi lter (disc, f = 47 mm) was digested in closed tefl on vessel with 5-10 
ml of ARISTAR BDH HNO3 (1:2) using a microwave digestion oven, model MDS-81 D, 
and was analized by ICP/MS for the determination of the “heavy metals” concentrations.
The preliminarly control of the uniform deposition of particulate matter on the quartz 
microfi bre fi lters was carried out (Cremisini et al., 2000).

PAHs concentration levels were determined by Accelerated Solvent Extraction (ASE 200 - 
Dionex) of another portion of each fi lter (half) with dichloromethane, silica gel cleanup (3 g 
in a 0.6 x 20 cm column), fractionation with 10 ml of hexane (aliphatic hydrocarbons) and, 
successively, with 20 ml of hexane:dichloromethane 2:1 (PAHs); the extract was analysed 
by GC/MS. (Caricchia et al., 1995).

Results

Concentration levels of the selected “heavy metals” in the samples of atmospheric 
particulate matter collected during the XVI Italian Antarctic Expedition (2000-2001) are 
reported in Table 2. Filters collected from the air sampler at the different cardinal points 
for the same sampling time were extracted together in the microwave digestion oven so 
data obtained represent the average values for the monitored area.

   Pb Cd Cr Ni Cu Zn V
Base Area Max. 2 0.57 2.9 1.9 49 54 2

  Min. 0.2 <0.01 0.6 0.1 3 2 0.02

  Average 0.8 0.06 1.7 0.5 16 9 0.40

Icaro Camp Max. 0.53 0.05 5.0 1.1 32 8.9 4.5

  Min 0.01 <0.01 0.6 0.3 0.4 2.1 0.6

  Average 0.17 <0.01 2.3 0.5 10.4 4.6 1.5

Table 2 Concentration levels of metals in the atmospheric particulate matter, expressed as 
ng/m3.

The average values for Pb and Cd, in the area of the Base, are comparable with the 
levels in the atmospheric particulate collected from other remote sites in Antarctica 
(Cunningham et al., 1981; Artaxo et al., 1992). Cr, Zn, Ni, V show concentrations slightly 
higher than those reported in other remote areas while only Cu shows relatively higher 
levels.  Data are generally comparable with those of the previous years and confi rm the 
absence of signifi cant contamination produced by the activities in the scientifi c base also 
considering data from the relatively undisturbed sampling station (Icaro Camp).

A rough estimate, for metals, based on the emission factors from different sources, suggests 
that the human activities in the Italian Base are such as to potentially, very slightly, 
alter their concentrations in air (atmospheric particulate) only in a rather localized area 
and for a short period of time.  A partial contribution could derive from an incinerator, 
working on average three times a week and within a limited area around the Base.
A larger contribution could be expected from the two electric power generators, operating 
during the whole campaingn.  A direct impact on the Base area could be due to take-off, 
landing and refueling of helicopters.  Considering route and average distance, quite a large 
area could be infl uenced.
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Again, potential sources of PAHs in the Base are power plants, waste incinerator, vehicles 
(excavators, caterpillars), helicopters, spillage of fuels, etc.  In fi gure 1, as an example, the 
average levels of the PAHs, determined during three expeditions, are reported.  Literature 
data on PAHs levels in atmospheric particulate show concentrations range, generally, 
from 10 to 500 pg/ m3 for the single compounds.  The obtained data show levels for 
the individual PAHs for 95% in the range 1-50 pg/ m3 and are comparable to the low 
values reported in the literature for remote sites, confi rming the absence of signifi cant 
contamination produced up to now by the activities of the Italian base and the Antarctic 
environment as an uncontamined area.
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Figure 1. Concentration levels of PAHs in the atmospheric particulate matter, expressed 
as pg/mc. PHE: phenanthrene, FA: fl uoranthene, BNT: benzonaftotiophene, BaA: 
benzo(a)anthracene, BpF+BjF+BkF: benzo(b)-(j)-(k)-fl uoranthene,BaP: benzo(a)pirene, 
DbahA: dibenzo(a,h)anthranene,: TOT: total PAH

Conclusions

The monitoring program for the Italian Scientifi c Base in Antarctica, started at the end 
of ‘80s, has been continuosly optimised and implemented, according to the “Monitoring 
of Environmental Impacts from Science and Operations in Antarctica” (SCAR, 1996) and 
“Standard Techniques for Monitoring in Antarctica” (Council of Managers of National 
Antarctic Programs, 2000) documents.

A signifi cant data base of the results obtained in the analyses of samples from different 
environmental compartments (air, water, sediments, biota) is now available.  The analysis 
of these data permits, as a general consideration, evidence for the absence of any signifi cant 
contamination.  Moreover, up to now, a signifi cant improvement in the effi ciency of 
the wastewater treatment plant and the optimization of the operational parameters of 
incinerator and power plants was obtained on the basis of data produced by the monitoring 
program in the Base.

This suggests the necessity to continue monitoring activities in order to to keep under 
control any negative impact on the antarctic environment, surrounding the Italian 
Scientifi c Base.
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Natural gas and gas hydrate association within permafrost as a potential 
source of greenhouse gases
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Gas releases from permafrost and sub-permafrost depth intervals during production well 
drilling and exploration suggests that permafrost can potentially accumulate and store 
large volumes of greenhouse gases.  These releases are commonly experienced in the 
northern regions of West Siberia and in the Arctic regions of Canada and Alaska and 
are often associated with other drilling problems including mud blowouts and fi res.  Gas 
releases from blowouts can reach fl ow rates equal to industrial levels at well heads, e.g. 
Bovanenkovo gas fi eld (West Siberia). 

Recent studies have shown that some releases may be caused by the decomposition of 
relic intra-permafrost gas hydrates.  Various assessments suggest that the total reserve 
of methane and other hydrocarbon gases within these hydrates could reach 2 x 1013 m3.
If permafrost degradation (defrosting) occurs, shallow accumulations of natural gas and 
gas hydrates (30-200 m) may release greenhouse gases that can contribute to atmospheric 
warming.  Gradual increases in present day global atmospheric temperature could be the 
‘triggering’ mechanism for this phenomenon.  This is particularly prevalent in regions 
located near the southern boundary of permafrost spreading.
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infl uenced trace metals: Windmill Islands and Casey Station airstrip,

Wilkes Land, East Antarctica

L. Duck , E. Young and M. Gasparon
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Introduction:

The strategy of the Australian Antarctic Division (AAD) to construct and maintain a 
resupply airstrip on the ice plateau inland from Casey Station, beginning during the 
2002/03 summer season, has the potential to increase the amount of trace and heavy 
metals into this area and the surrounding region.  A relatively pristine environment, the 
implications for the added introduction and increased dispersal potential of contaminants 
into the nearby coastal environment of the Windmill Islands through atmospheric and 
runoff mechanisms is substantial.

However, in order for any study on introduced contamination to be accurate, a determination 
of the background levels for the potential contaminants and toxicants in an environment 
is essential.  With this need in mind, this study is being undertaken in order to provide 
the AAD with a baseline for the future assessment and monitoring of any suspected 
environmental changes in regard to anthropogenic introduction of trace metals within 
these environments.

Specifi c aims of this project include:

• Determining the baseline concentrations of several trace elements, including those 
of potential toxicity, in the rocks, waters, sediments, mosses, lichen and algal 
mats of the Windmill Islands and Casey Station regions of Wilkes Land, east 
Antarctica;

• Quantifi cation of the present-day concentration of these trace elements at impacted 
sites within the region;

• Identify the source of these metals in an attempt to distinguish between natural 
input or anthropogenic contamination;

• Characterize the metal/chemical speciation, transport mechanisms and 
biogeochemical behaviour in relation to the mobility and bioavailability of trace 
metals in complex natural systems;

• Evaluate and quantify the past and present environmental impact of research 
station activities within the Windmill Islands region with regard to current metal 
concentrations;

• Determine baseline metal levels within and downstream of the region designated for 
airstrip construction, with a view to future environmental monitoring strategies.

Proposed Procedures:

With the construction and operation of an Australian-Antarctic airlink, a number of 
activities have the potential to impact upon a wide range of variables in this environment, 
including airstrip construction, air operations, facility establishment and operations, 
access route construction and use, and fuel storage and handling (AAD, 1999).  Potentially, 
both biotic and abiotic variables may be affected by these and future activities, and it is 
important to determine, essentially prior to any major phases of operations, the current 
state of the environment in regards to trace and heavy metal background concentrations 
(Gasparon and Burgess, 2000).
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The sampling regime will be designed to provide the greatest possible information on 
baseline metal values within the Windmill Islands region. Samples will be drawn from a 
number of different environments in the region.

• Basement rock – where appropriate;
• Sediments – lake bottom and shorelines, traffi c routes;
• Water – from lakes and associated drainage basins;
• Biota – including vegetation, microbial and possible invertebrate communities;

In order to provide an accurate representation of the current metal concentrations 
(Gasparon & Matschullat, 2002), and to reduce the risk of contamination, sample collection 
will, where applicable, abide by those sampling techniques outlined in both Patterson & 
Settle (1976), and Gasparon (1998), which deal with methods for the acquisition of ultra-
clean water and biological samples for both Pb isotope and trace metal analysis.

Due to the complex nature of the metals, the environments in which they occur, the 
low concentrations, and the diverse nature of the samples, it is envisioned that several 
techniques will be used throughout the life of the project, including: Inductively Coupled 
Mass Spectrometer (ICP-MS); Thermal Ionisation Mass Spectrometer (TIMS); ICP-OES 
(Optical Emission Spectrometer), and Solid Source Graphite Furnace Atomic Absorption 
Spectroscopy (SS-GF-AAS).

Beyond their importance for the Casey Project, the outcomes from this project will result 
in:

• An increased state of knowledge into the occurrence and speciation of trace metals 
within the Antarctic environment;

• Quantitative information on the distribution of these metals in the lacustrine and 
sedimentary environments of the Antarctic continent;

• A contribution to the state of knowledge on human impacts within Antarctica;
• A signifi cant advance in understanding the behaviour of trace elements within 

complex natural environments, with specifi c regard to potentially toxic trace 
metals.

Results from this study will be directly applicable to the assessment of trace metal 
contamination from mining operations, burning of fossil fuels, and other industrial 
activities in a wide range of Australian and International situations.
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Logistics of removing hazardous wastes from a remote Arctic site 
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Cape Christian is located approximately 15 kilometres from the Nunavut community of 
Clyde River and is the former site of a United States Coast Guard communications facility 
established in 1954 and abandoned in 1974.

In the late 1980’s, it was discovered that the site contained a large quantity of 
hazardous materials, including PCB-containing electrical equipment, solvents, water-
reactive materials, four solid fuel (“JATO” or Jet Assisted Take Off) rockets, hazardous 
waste landfi lls and contaminated soils.  Between 1989 and 1991, environmental authorities 
collected 40 barrels of hazardous wastes that were put into secure storage on site until 
means could be found to transport them south for disposal.  The rockets were marshaled 
into a separate, secure area.

The major problem facing authorities was how to remove these materials off site to an 
approved disposal facility located in Swan Hills, Alberta; approximately 3000 thousand 
kilometres to the south west.  There are no road connections from southern Canada to 
Nunavut, nor are there any road connections within Nunavut.  With the exception of 
the short summer shipping season, all materials must be transported, at great cost, by 
air.  Furthermore, most communities, including nearby Clyde River, have short airstrips 
accessible only to small and medium-sized propeller-driven aircraft with limited cargo 
capacity.

In 1996, the environmental offi cials arranged to have the drums of hazardous wastes 
removed from the site and disposed.  An already elaborate operation was further 
complicated by the fact that the drums used to contain the hazardous materials were, 
due to a change in Canada’s Transportation of Dangerous Goods Regulations (TDGR), no 
longer legal for air transport.  Several options were considered to overcome this obstacle, 
however, time constraints dictated an expensive solution.  Forty TDGR-approved over-
pack drums were fl own into Iqaluit from Yellowknife via C-130 transport aircraft.  These 
were pre-labeled, then loaded onto a small turboprop aircraft – 15 drums per load – and 
then fl own onto to Clyde River.  The drums of hazardous wastes from Cape Christian, 
each of them weighing as much as 500 kilograms or more, were transported over land, via 
snowmobile and sled, to the Clyde River Airport, where they were placed into the over-
pack drums, loaded onto a small aircraft and then fl own back to Iqaluit which required 
three separate fl ights.  Once in Iqaluit, the drums were loaded onto a C-130, fl own to 
Yellowknife and then trucked to Swan Hills, Alberta, where the materials were destroyed 
in an approved PCB incinerator.

The JATO rockets presented a problem of a different sort as the manufacturer – 
Bristol Aerospace – had ceased production of these units in 1987.  Nevertheless, Bristol 
Aerospace contacted a retired former employee and ordinance expert who, through an 
examination of several e-mailed photographs, was able to positively verify that the rockets 
at Cape Christian were live.  Canada’s Department of National Defense was contacted for 
assistance and subsequently dispatched an ordinance disposal team, via Twin Otter, to 
Cape Christian to destroy the rockets.

Materials left on-site and currently requiring treatment/disposal, include contaminated 
soil, demolition debris coated with PCB-amended paint, barrels of waste fuel and oil, 
lead-acid batteries, asbestos, and as-yet unknown hazardous materials contained within 
several on-site landfi lls; which in themselves, may prove to be problematic.  In a 1998 
investigation, a leaking 14 liter capacitor was unearthed, quite by chance, in one of the 
landfi lls and later found to contain Arochlor 1250 at a concentration of 230,000 ppm 
(23%).

Further cleanup work is planned for Cape Christian; however, a fi nal schedule has not yet 
been established.
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Several procedures have been described for the sequential extraction of trace metals from 
sediments and soils (e.g. Siegel, 2002).  In general, such procedures were designed for 
the extraction of metals in impacted sediments and temperate climates, and may not be 
directly applicable to mineralogical assemblages and weathering conditions typical of cold 
regions.

Three different reagents and procedures were used to extract the exchangeable 
metal fraction in contaminated sediments from the Larsemann Hills, East Antarctica.  
These include extraction using 1M MgCl2 (Tessier et al., 1979), 1M CH3COONH4 
(Cosma et al., 1994), and 1M NH4NO3 (Kalbitz and Wennrich, 1998).  Extraction was 
carried out on the silt+clay-size sediment fraction (<63 mm).  This fraction contained 
signifi cant amounts of kaolinite and amesite (total up to 6% by weight) as weathering 
phases.

Bulk sediments were coarse grained (>95% gravel+sand fraction by weight), and made of 
varying proportions of quartz, feldspars, biotite, sillimanite, garnet, cordierite, pyroxenes, 
and amphiboles.  All the samples were free of carbonates, Mn oxides, and amorphous 
Fe oxides and hydroxides, and had only minor amounts of Ti-oxides (rutile and ilmenite, 
0-1.8% in the <63mm fraction) and organic matter (mostly cyanobacterial algal fragments, 
<0.1% in the <63 mm fraction).  All the metals were analysed by ICP-MS (Cr, Co, Ni, Cu, 
Zn, As, Mo, Cd, Pb), with the exception of Mn (ICP-AES).

Overall, concentrations of metals released during the leaching procedures were comparable 
with those measured in Antarctic marine sediments (e.g. Cosma et al., 1994).  Extractions 
by MgCl2 and NH4NO3 gave similar results, whereas extraction by CH3COONH4 gave 
considerably lower values (up to one order of magnitude) for all the metals analysed.  It 
was also noted that, although reproducibility was very good for sets of replicate samples, 
minor changes in extraction procedures (reaction time, temperature at which the leaching 
reaction takes place, grain size distribution of the sample analysed, etc.) resulted in 
substantial differences in the datasets.  This makes interlaboratory comparisons extremely 
diffi cult.

Extraction with cold 0.3 N HCl (Ravanelli et al., 1997) was also used to obtain the 
“leachable metal fraction” (exchangeable + carbonate-bond + Fe-Mn-oxide-bond + organic-
bond).  The metal fraction released using this procedure should have been similar to 
that obtained with the other procedures (exchangeable fraction), as all the samples were 
free of carbonates, Fe-Mn-oxides, and organic matter.  Instead, all metal concentrations 
were one to two orders of magnitude higher than in the other procedures.  This suggests 
that HCl leaching may be too aggressive, and may partially solubilise metals that are 
not exchangeable and not bioavailable under normal conditions.  HCl leaching may also 
solubilise metals that are naturally present in the sediment, and it should therefore not be 
assumed that HCl-leached trace metals are exclusively anthropogenic.

To test the actual solubility of anthropogenic trace metals in the environment specifi c 
to the Larsemann Hills, bulk sediments were leached with warm H2O (50°C).  Given 
the overall coarse grain-size of these sediments and their mineralogical composition, 
metals released using this procedure represent anthropogenic input and, at the same 
time, the exchangeable (and thus bioavailable) fraction.  Values obtained following this 
procedure are close to detection limits.  The same procedure applied to algal material 
yielded relatively high metal concentrations (in excess of 20 mg/g for some metals), 
thus suggesting that the metal sorption capacity of algal material is several orders of 
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magnitude higher than that of sediments.  Further leaching using NH4NO3 produced 
negligible metal concentrations in sediment samples, and only minor amounts of Co and 
Ni in algal samples.

These tests confi rm that extreme care must be exerted when dealing with the exchangeable 
metal fraction in sediments (and soils), as extraction procedures might be either too 
vigorous, and bring into solution metals that may not be bioavailable or exchangeable in 
normal conditions, or not suffi ciently powerful.  Although HCl leaching may provide a good 
indication of the total amount of metal potentially exchangeable, a rigorous mineralogical 
and sedimentological study of the sample is absolutely necessary to determine the nature 
(natural vs. anthropogenic provenance) of the leached metal.
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The Larsemann Hills are unusual because they have been occupied for only a few years 
but within that time they have become the site of four research facilities (three stations 
and a semi-permanent fi eld camp) run by three different nations.  The stations, Progress I 
and II (former USSR and Russia) and Zhong Shan (China), and the fi eld camp, Law Base 
(Australia) are all clustered within a small peninsula and are sited about 1-2 km apart.  
This provides a unique opportunity for studying the cumulative environmental impacts of 
overlapping activities in Antarctica as they develop.

Identifi cation of the nature and extent of local contamination was undertaken to provide 
an indication of the level of degradation during the ten years of occupation.  Soil and 
water samples were analysed for a variety of hydrocarbons, metals and nutrients and 
indicate that hydrocarbon contamination was the most common impact of the stations.  
Some sites contained total petroleum hydrocarbons (TPH) and hydrocarbon fractions at 
levels in excess of Australian domestic investigation limits.  Nutrient enrichment of soil 
was identifi ed within small areas of each station and water samples obtained from several 
local tarns and melt-pools revealed low level contamination by metals and polyaromatic 
hydrocarbons (PAH).  Recommendations for reducing human impacts in the area include 
more careful use of fuels, phase-out of open burning, and more effective disposal of human 
waste.

The highest levels of contamination were extremely localised and were all contained 
within the areas of greatest station activity.  High levels of petroleum hydrocarbons were 
only found at sites where fuel was frequently handled such as vehicle workshops and 
fuel storage tanks.  Although the infrastructure of the three countries operating in the 
Larsemann Hills are very close to each other, the ‘footprint’ of contamination arising from 
each of the facilities remains discrete from that of neighbouring stations (Figure 1).  There 
was no evidence that any single site was contaminated by material derived from more than 
one of the stations.  Thus to date, the cumulative impact of the four facilities is an increase 
in the number of sites contaminated and the total area effected rather than increased 
contamination at specifi c locations due to the additive effect of overlapping sources.

Since this study the Protocol on Environmental Protection to the Antarctic Treaty has been 
ratifi ed and signatories are required to comply with measures designed to reduce the 
environmental impacts of stations.  This data provides a baseline to compare environmental 
conditions at these locations in the Larsemann Hills before and after implementation 
of the environmental protocol.  In future the study could also be valuable for gauging 
the more general effectiveness of the protocol in reducing the impacts of other new 
stations.  Most of the locations in Antarctica at which contamination has previously been 
documented have a relatively long (decades) history of human activity.  Consequently, the 
contamination measured is the cumulative effects of multiple activities carried out over 
many years.  At the time of this study occupation of the Larsemann Hills dated back less 
than 10 years.  This study will make possible within ten years realistic comparison of 
contamination at stations established pre-environmental protocol with that at stations 
established after the protocol.  Without data from sites of relatively brief occupation such 
comparisons would be confounded by the length of time the sites had been used.
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Figure 1. Hydrocarbon contamination (TPH) around the four research facilities on Broknes 
Peninsula in the Larsemann Hills in 1996 was confi ned to the immediate vicinity of sites 
and buildings associated with fuel handling and vehicle storage. 
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contamination of the active layer in the Larsemann Hills, Antarctica

E. Kaup 1 and J.S. Burgess 2
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2 Department of Geography & Oceanography, ADFA, University of New South Wales, ACT, 
 Australia.

Four scientifi c stations with developed road network on the eastern Broknes (ca 5 km2 
in area) have since 1986 caused considerable human impact on the local environment.  
During the summer 1997-98 nutrients, conductivity and δ18O were monitored in surface 
and subsurface (using ceramic tipped piezometers at 20-65 cm depths in the active layer)  
meltwater fl ows in natural conditions and under direct impact of stations and of roads with 
tracked and wheeled traffi c.  The levels of dissolved inorganic nitrogen (DIN) in surface 
and subsurface waters were found up to 2000 µgN l-1 at and near the stations compared 
with up to 315 µgN l-1 in natural sites.  Particularly, much higher levels of NH4, NO2 and 
also NO3 were indicative of direct organic inputs (greywater, urine, etc.) from stations in 
several cases.  However, the subsurface levels of dissolved reactive phosphorus (DRP) were 
sometimes higher in natural sites, pointing also at decaying buried organic matter and soil 
brines as sources for DRP.  

A distinct feature of surface and subsurface waters under human impact were up to an 
order of magnitude higher conductivities compared to those in natural sites.  These higher 
conductivities were not a result of increased evaporation as the δ18O values were largely 
similar in surface and subsurface waters of both site types (Figure 1).  The origin of the 
salts is most likely in direct salt inputs from stations’ activities (wastewater & urine, 
building materials, chemicals etc.) and intensive rock crushing by tracked vehicles and 
subsequent increased weathering, indicated  by considerable silt increase in certain areas.  
The latter origin is, considering the location and the character of human impacts in 
Broknes, prevalently responsible for high conductivities of surface and subsurface waters 
close to Heart Lake.  Importantly, this indicates that not only direct inputs from the 
stations but also construction and exploitation of roads (and traffi c outside roads, as it has 
been unfortunately occurred in Broknes) are able to modify signifi cantly the chemistry of 
surface and subsurface waters in Antarctic ice-free areas.

In conclusion, nutrients and other dissolved salts (represented by conductivity) in 
surface and subsurface catchment waters appear to be relevant proxies of anthropogenic 
contamination of the active layer in Larsemann Hills.
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Figure 1. Conductivity and δ18O in waters of Broknes during December-February 1997-98:
a) Ancient lake bed 200 m southwest of Lake Cameron, a natural site;
b) Heart Lake SW infl ow;
c) Heart Lake piezometers (average of two piezometers, located 2 and 7 m from the infl ow). 
The Heart Lake site is impacted by the road between Zhong Shan and Progress 2 Stations.
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Comparative biogeochemical study of grounds from Karelian shore of 
the Kandalaksha Bay (White Sea, Russian Arctic)
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Kandalaksha Bay of the White Sea is a unique Arctic estuarine system, which contains 
a continuum of restricted exchange environments, ranging from separating basins where 
water exchange is severely restricted, through to estuaries of different types (fjords, 
skerries, etc) that have free exchange with shelf waters.  These environments are 
characterized by unique biota (the bay is the part of the famous Kandalaksha State 
Reserve).  In the meantime, these wilderness areas are often major sites of anthropogenic 
infl uence that put these systems to risk.

The objectives of the long-term complex ecological study of the White Sea are:

(1) development of an objective criteria to assess the current status and vulnerability of 
restricted exchange environments to natural and anthropogenic change and,

(2) investigation of the consequences of restricted exchange on internal biogeochemical 
cycling and interactions with the coastal zone.  Present study represents the fi rst part 
of the interdisciplinary international research project.

In the framework of the above-mentioned study, eighteen surface sediment samples were 
collected in June 2000 in restricted exchange environments of different types along the 
Karelian shore of Kandalaksha bay.  These include Ermolinskaya, Chernorechenskaya, 
Rugoziorskaya, Griaznaya bays, Poyakonda and Podvolochie.  At sites Ermolinskaya 
and Poyakonda which represent, respectively, pristine and anthropogenic environments, 
additional soil (June 2000) and snow samples (January and April 2001) were collected.  In 
the samples major (C, N, S, P, Al, Fe) and trace (Mn, Co, Cu, Ni, Cr, Cd, Li, Zn, Pb) element 
contents and enzymatic activity parameters were determined.  

The distribution of most elements in sediments is strongly infl uenced by the small-scale 
hydrodynamic processes specifi c for each study area.  Signifi cant positive correlation of 
most trace metals with nutrients (Corg, Norg, P and S) and insignifi cant correlation of 
trace metals with Al which is abundant in terrigenous clay minerals were found.  These 
relationships reveal a key role of organic matter sedimentation processes in trace metal 
accumulation in sediments.

The found geochemical composition of sediments from Karelian shore corresponds to the 
natural background.  However, the very high contents of organic carbon (4-5%) and Cr 
(200-260 mg/kg) in sediments from sites Rugozerskaya and Ermolinskaya can indicate a 
long-term pulp and paper industry impact.  The elevated content of Zn (110-190 mg/kg) in 
all sediments can be due to the great natural outfl ow from the drainage area.  

The comparative study of the pristine (Ermolinskaya bay) and anthropogenic (Poyakonda) 
environments showed the contrasting results.  Soil was enriched in organic carbon (25%), 
Cr (230 mg/kg) and Zn (120 mg/kg) at site Poyakonda, while for Ermolinskaya soil the 
respective values were almost twice as low.  For snow water and sediment samples an 
opposite trend was observed.  The snow from Ermolinskaya was signifi cantly enriched in 
organic carbon and Zn compared to Poyakonda.  Sediments from Ermolinskaya exhibited 
much higher organic carbon and Cr contents in relation to sediments from Poyakonda.  
The enzymatic activity, which characterize self-purifying ability of environment, was 
strongly depressed in sediments of Poyakonda comparing to Ermolinskaya.  Proteolytic and 
amiolytic enzymatic activities in Poyakonda soil were not detected, while Ermolinskaya 
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soil was characterized by high values of the corresponding parameters.  This confi rms 
preliminary classifi cation of these areas as anthropogenic and pristine, respectively.  In 
our opinion, such interesting distribution of geochemical and biochemical parameters in 
studied areas reveal signifi cance of small-scale hydrodynamic processes.  Ermolinskaya 
bay (in contrast to Poyakonda), being a separating basin, can be perceived as natural 
sediment trap due to restricted water exchange of this estuarine system with adjacent 
basins.

Results obtained in our study are interesting from both biogeochemical and ecological 
perspectives.  Thorough biogeochemical study of various types of grounds can serve as the 
basis of environmental assessment of the region.  Such studies are crucial in managing the 
impact of human activities in such critical area as White Sea.
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Can DGT devices be used in the Antarctic?
B. Larner

School of Chemistry, University of Tasmania, Australia.
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where M is the measured mass of metal in 
the resin after time, t, Dg is the thickness of 
the diffusive gel and A is the exposed surface 
area.

Once metals are bound in the resin, they can 
be eluted by a known volume of acid (1 or 2 
mol L-1 HNO3) and analysed by any suitable 
analytical technique.

DGT devices to date have been used for 
sampling trace metals in oceans4, lake water5, 
and river water6 and trace metals in pore 
waters at high spatial resolutions7,8.  Potential 
applications in the Antarctic include sampling 
pore waters in contaminated sediments and 
melt water from contaminated sites.  The 
use of DGT devices at subzero temperatures 
has not been assessed and work is currently 
underway to determine if DGT devices can be 
used in the Antarctic.

Diffusive gradients in thin fi lms (DGT) is a modern technique designed to sample in situ 
concentrations of labile trace metals in natural and pore waters1.  This technique combines 
an ion-exchange resin separated from the aqueous solution by a diffusive hydrogel layer.  If 
transport of free metal ions to the ion-exchange resin is purely by diffusion, Fick’s laws of 
diffusion can be applied to determine the concentration of a given metal ion in solution, C,
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Chemical monitoring and the interpretation of the biological signifi cance of 
heavy metals in marine sediments from the Casey region
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C.K. King4, S.Duquesne3 and D.B. Gore4
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Although chemical studies are included routinely in environmental monitoring programs, 
chemical data are often not absolute values with unambiguous ecological meaning.  
Nevertheless, most guidelines that govern permissible discharge concentrations or 
decisions about whether to remediate contaminated sites are based on the concentrations 
of contaminants in sediments or water rather than more involved and costly studies based 
on the identifi cation of biological impacts.

Controls

Sparkes Bay

1a) 1M HCL 1b) HF + HNO3

Figure 1. (a) nMDS ordination of heavy metals from potentially impacted (triangles) and 
non-impacted locations (squares) extracted using 1 M HCl. (b) nMDS ordination of heavy 
metals extracted using HF + HNO3

The example of heavy metal contamination leaching from an abandoned waste disposal 
site into the marine environment near Casey Station is used to explore the effects of 
extraction method (partial extraction using 1M HCl and a total digest with HF + HNO3) on 
the interpretation of heavy metal analyses.  Data from the partial extraction most clearly 
distinguished between control and impacted sites (Figure 1).

Multivariate analysis by nMDS of sites using the 1M HCl-extracted metal data clearly 
differentiates between control and impacted sites (Figure 1a). With the exception of 
samples from Sparkes Bay, all samples from control sites form a discrete cluster.  The 
impacted sites are arranged along the x-axis indicating that the dominant pattern is 
a gradient of metal concentrations across impacted sites.  Samples from Sparkes Bay 
form a discrete cluster mid-way along the gradient consistent with the naturally high 
concentrations of some metals found there.  It is notable that the characteristics of this 
natural metal enrichment are different from the anthropogenic enrichment associated 
with the waste disposal sites (e.g. higher cadmium, lower lead and iron).  In contrast to the 
partial extraction, the differences between control and impacted sites is much less distinct 
in the nMDS of sites based on the total digestion (Figure 1b). In this analysis it is apparent 
that differences in the metal characteristics of the sediment matrix mask the gradient of 
anthropogenic heavy metals.
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There was a close association between 1M HCl heavy metal data from sediments and 
heavy metals concentrations in tissues of the bivalve, Laternula elliptica (Figure 2a), and 
the heart urchins, Abatus nimrodi and A. ingens, collected at the same sites.  There was 
no such association between the HF + HNO3 data and the biota (fi gure 2b) because the 
concentration of total iron is greater than the enrichment by anthropogenic iron and it is 
this anthropogenic fraction that is weakly bound and hence available to be taken up by 
biota.

Figure 2. (a). Iron concentrations in marine sediments (1M HCl extraction) and in gills and 
kidney of L. elliptica. (b) Iron concentrations in marine sediments (HF + HNO3 extraction) 
and in gills and kidney of L. elliptica.
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Unless levels of chemicals in the environment are of concern per se, chemical monitoring 
must refl ect effects on the biota.  Analyses of heavy metals based on partial extraction using 
1M HCl provide biologically meaningful data.  When the dose/response characteristics of 
Antarctic biota are better understood, data from partial extractions may be a useful proxy 
for monitoring the biological effects of heavy metals.

For a regional survey where anthropogenic input and bioavailability are of concern we 
recommend a partial extraction by 1M HCl on the <2mm grain size fraction rather 
than total digestion.  For a more in-depth understanding of the chemical processes and 
pathways of metal transport between sediment and biota a more thorough investigation of 
selected samples is required.

Chemical monitoring alone is appropriate if the levels of chemicals in the environment are 
of concern irrespective of their effects on the biota.  However, under many circumstances 
chemical monitoring is undertaken as a proxy for measuring the effects that are of 
ecological importance, such as harm to human health or the biota.  Chemical monitoring 
is generally cheaper and easier than biological monitoring; to be useful as a proxy for 
identifying adverse impacts on biological systems in Antarctica the relationships between 
measured concentrations of chemicals in the environment and effects to biota must be 
better understood.  The clear message from the few data currently available from toxicity 
tests using Antarctic species is that we cannot assume that environmental guideline levels 
for contaminants derived using temperate species are appropriate for the Antarctic.
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For the remediation of contaminated sites there are two phases that involve analytical 
work, environmental assessment and remediation.  The assessment phase is often divided 
into two parts.  The fi rst is a preliminary site assessment during which the nature of any 
environmental problems are determined and the second is a more intensive investigation 
designed to determine the magnitude of the contamination.  During the actual cleanup of 
contamination, analyses are required to follow the progress of the work and to confi rm that 
fi nal cleanup criteria are met.  Clean up sites in cold climates present unique challenges 
for the analytical chemist primarily because of transportation constraints and limited 
infrastructure.

Three options are available for conducting analysis at remote polar sites.  These are off-
site determinations, the use of on-site test kits or simple procedures and the deployment 
of a mobile laboratory.  The decision to use on-site analytical techniques and equipment 
as opposed to sending samples to the laboratory is a diffi cult one.  Standard laboratory 
techniques often employ complex equipment that is not suitable for on-site use and 
frequently these techniques must be used to meet regulatory requirements.  Test kits may 
not be able to meet the required detection limits or may simply not be available for all 
the parameters that have to be determined.  Appropriate infrastructure at remote 
sites is often not available and it may not be economically viable to set up an on-site 
laboratory. In cold climates at remote Arctic sites other factors make the use of test kits 
or an on-site laboratory more attractive.  Transport to an off-site laboratory can be time 
consuming and unreliable due to adverse weather conditions which are common at Arctic 
sites.  In addition, weather delays may increase time constraints making quick turnaround 
of samples for analysis more critical. 

Logistics are nearly always a major challenge when working in remote polar regions and 
weather is a key contributor.  At many sites there are frequently periods of several days 
in every fi eld season during which no transportation can occur.  This translates to even 
longer times before an off-site laboratory receives the samples.  Alternatively an on-site 
laboratory could process the samples within 24 hours.  If the cleanup project is large 
and will take a number of seasons, the deployment of a mobile laboratory may be more 
economical than transportation of samples and resultant time delays.  On-site test kits 
may be useful for assessment work where it is sometimes desirable to attempt to carry 
out an environmental assessment on one visit only.  This is because transport costs 
are very high and opportunities to visit sites are limited by the short season, poor 
weather and limited transportation alternatives.  The strategy is often to take as many 
samples as possible, analyze a small portion fi rst and hope that one has suffi cient samples 
taken in contaminated areas so that the extent of contamination can be estimated with 
reasonable accuracy.  The use of on-site test kits can greatly assist this strategy.  Economic 
considerations always come into the equation when deciding on an analytical strategy.
The cost to mobilize to the site and to demobilize is often the major cost in any remediation 
in the Canadian Arctic.  The decision to use test kits, a mobile laboratory or off-site 
laboratory will be driven by economics, the type and amounts of contaminants present at 
the site and the on-site conditions.  This paper discusses the merits of each of the three 
options.

A mobile laboratory was designed and constructed for use at a major cleanup of PCB 
contaminated soil at Resolution Island, Nunavut, Canada.  The laboratory has been used 
to analyse PCBs at the site using a gas chromatograph equipped with electron capture 
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detector.  Gas generators rather than cylinders were used and extraction utilized a rotary 
evaporator in conjunction with a vacuum unit and water chiller.  All equipment except 
the hydrogen generator is left on site in the unheated laboratory for the nine months of 
winter.

There are many test kits or portable instruments available for the determination of various 
parameters in water and a lesser number for soil and petroleum products.  Polychlorinated 
biphenyls (PCBs) and metals are a common contaminant in the soil at former military 
bases in the Canadian Arctic. PCB immunoassay test kits and a portable XRF spectrometer 
have been used at various Arctic sites in support of environmental assessments and 
remediation work.  Analysis of their performances under various conditions are discussed 
in detail together with a more general discussion of methods and equipment that are 
available for a wide variety of analytes. 
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An assessment of contamination by heavy metals and petroleum 
hydrocarbons at Atlas Cove Station, Heard Island

S.C. Stark, D. Gardner, I. Snape and E. McIvor

Australian Antarctic Division, Channel Highway, Kingston, TAS 7050, Australia

Introduction

Located on the northwest coast of Heard Island, a World Heritage-listed sub-Antarctic 
territory of Australia, Atlas Cove served as the site of the fi rst permanently occupied 
Australian National Antarctic Research Expedition (ANARE) station (1947-55).  Subsequent 
to its closure Atlas Cove Station was abandoned and left largely to the mercy of the natural 
elements, although it has been visited and occupied on an infrequent basis by ANARE.
All activities on the island are now subject to the provisions of the Heard Island Wilderness 
Reserve Management Plan 1.  During 2000-01 a major clean-up of the site was undertaken, 
with most of the remaining structures demolished and material collected for return to 
Australia and disposal.

Methodology

To assess the extent and intensity of contamination by heavy metals and petroleum 
hydrocarbons (PHCs) within the station area, 28 soil and 6 water samples were collected 
and frozen following the fi rst stage of the clean-up program.  Site selection was guided 
by the obvious presence of PHCs (visual, odour) and historical knowledge.  In Australia 
soil samples were digested with concentrated nitric acid at room temperature and waters 
were fi ltered prior to the analysis of 13 heavy metals by ICP-MS 2.  The total petroleum 
hydrocarbon concentration (TPH) (C10-C21 aliphatics) of soils and waters was determined 
by GC after extraction with an organic solvent 3.

Assessment of site contamination was made with reference to specifi c background control 
limits calculated to be conservative in favour of the null hypothesis: ‘there is no statistically 
signifi cant geochemical enrichment at the site’ (a proxy for: ‘there is no potential impact on 
ecosystems at the site’), assessed at the 95% confi dence level.  Comparison was also made 
with Australian and New Zealand guidelines for the protection of aquatic and terrestrial 
ecosystems 4, 5.

Results

Heavy metals in station soils can be separated into two categories (Figure 1):

(1) No or marginal elevation (<2×) above background concentration, attributable to 
natural geochemical variability, for all sites.  This category includes As, Cr, Fe, Mn, 
Ni, and Ag. 

(2) Signifi cant elevation above background concentration (2-20×), attributable to 
anthropogenic contamination, for at least some sites.  Consideration of frequency 
distribution patterns allows the contaminants in this category to be ranked in the 
order: Pb > Hg ~ Sn ~ Zn > Sb ~ Cd > Cu.  Their sources are likely to include batteries 
(remnants identifi ed at the station), solder, paints, residues from welding, and spilt 
or burnt PHCs.

The majority of the sites were contaminated with at least one of the category 2 heavy 
metals. At half of the sites, Pb, Hg, Zn, Cd and Cu were also quantifi ed above Upper 
Background Values (UBVs) for Australian continental soils (UBVs were not available for Sb 
and Sn) 6.  However, no sites had metal concentrations above Australian contaminated sites 
Environmental Investigation Guideline Values (EIGVs) 7.  Multi-element contamination, 
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Figure 2. Petroleum contamination of Atlas Cove soils
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with one or more metals present at a concentration ≥5× background, was generally 
restricted to several ‘hotspots’ around the station; in particular, the large oil-affected area 
surrounding the site of the diesel-powered generator (the Powerhouse zone) and the ‘Bottle 
Dump’ rubbish tip. 

PHCs were the most signifi cant contaminant at the station with respect to both spatial 
extent and intensity (Figure 2).  TPH in soil was below the quantitation limit at only 
six of the 28 sites sampled, including three background.  Seven sites exhibited a TPH 
(2000-6000 mg kg-1) above the Australian EIGV for C10-C40 PHCs (1000 mg kg-1) 8, with four 
of these located in the Powerhouse zone.  Considering that much of the PHC contamination 
occurred many years ago, it is clear that natural degradation processes within soils at Atlas 
Cove proceed slowly.  An additional, more persistent reservoir of PHCs may be resident 
in the bedrock on which the station was built, extremely porous vesicular basalt that is 
probably capable of absorbing a signifi cant proportion of PHCs spilt onto it, especially at 
the many sites where soil cover is thin.

Some evidence was obtained for the dispersal by water of contaminants from the station. 
This included changes in dissolved metals (Cu, Pb and Zn) measured along the course 
of Ephemeral Creek, and elevated levels of Pb and Sn in a soil sample collected near its 
outfl ow.  A spatial gradient for both metal and PHC contaminants was also identifi ed in 
soils located within an area receiving drainage from the highly contaminated Powerhouse 
zone.

Conclusions

(1) Contamination by heavy metals is evident throughout the station but not at levels 
of suffi cient magnitude to infer a signifi cant potential impact on local ecosystems. 
Hence remedial action to reduce the concentration and mobility of heavy metals in 
soil and water is not a high priority, although monitoring of changes at the site over 
time is recommended.

(2) Contamination by PHCs is at a level that may cause a signifi cant impact on the 
environment and requires further investigation and possibly remedial action. Given 
the large quantity of PHC-contaminated soil present, remediation processes that can 
be carried out in situ are likely to be the preferable clean-up options.  The benefi ts of 
remediation, however, must be balanced against any negative effect this might exert 
on the plant and animal wildlife that have recolonised this historically important 
site.
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Assessing the salt content of Antarctic soils

D.S. Sheppard

Geochemical Solutions, P O Box 33 224, Petone, New Zealand.

The quantitative determination of the soluble salt concentrations in Antarctic soils is 
diffi cult as standard soil analysis methods signifi cantly underestimate the total soluble 
salt content when sparingly soluble salts are present in signifi cant amounts.  This has 
important implications for the activity of micro-organisms in soils.  While the presence 
of salts depresses the freezing point of the solution, so allowing the persistence of liquid 
water to very low temperatures, it also leads to high osmotic potentials and so inhibits 
microbial activity.  Chemical and physical processes are also affected by the presence of 
salts.

The Problem

In the course of studies on the effects of spilled hydrocarbons on the microbiological, 
physical and chemical properties of soils in the Ross Dependency, Antarctica, the effi ciency 
of the standard methods for assessing the salt content and composition of soils has been 
investigated and found wanting.  Antarctic soils generally have high salt contents due 
to a lack of liquid fresh water to fl ush them from the soils.  The salts present, and their 
solubilities, are listed in table 1.  Some salts, which exist at low temperatures, are not 
represented (e.g. NaCl.2H2O) as they do not survive the sampling transport process.

Table 1. Identifi ed salt minerals in Antarctic soils. The data is from Claridge and Campbell 
(1977), Campbell and Claridge (1987), Keys and Williams (1981) and Gore et al., (1996).
The cold water solubilities are listed (CRC 1974).

Climatic zone Major anion Salt Formula Solubility, g/l
Moist coastal zone sulphate thenardite Na2SO4 47.6
   mirabilite Na2SO4.10H2O 110
   gypsum CaSO4.2H2O 2.41
   fibroferrite Fe(SO4)(OH).5H2O 
   jarosite KFe3(SO4)2(OH)6 
  chloride  halite NaCl 357
   sylvite KCl 347
Arid Inland Valley floors sulphate thenardite Na2SO4 
   mirabilite Na2SO4.10H2O 47.6
   bloedite Na2Mg(SO4)2.4H2O 110
   burkeite (a solid solution 
    between thenardite 
    and sod. Carbonate) 
  chloride halite, sylvite NaCl, KCl as above
   antarcticite CaCl2.6H2O 2790
  nitrate soda nitre NaNO3 921
   darapskite Na3(NO3)(SO4).H2O 

The standard method for determining salt content of soils is generally to shake a 
1:5 soil: water mix (e.g. Blakemore et al., 1987) and measure conductivity and elemental 
concentrations on the resulting extract.  When salt concentrations are high, or where 
some salts are sparingly soluble, the method must be expected to be problematic.  This is 
illustrated in table 2 by some sequential extractions made on soils from both moist coastal 
and arid inland sites in Antarctica. 
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Extractions of salts from the soils using the 5:25 standard method and 1:1000 extraction 
(actually sequential 1:40 and 1:25) gave some odd results. While for Wright Valley soils 
(fi ve samples) the Ca, Cl and Mg extracted were more-or-less the same, the standard 
method extracted less K (50%) and SO4 (<10%) than the higher ratio extraction, and more 
Na (150 – 500%) and NO3 (120%) was extracted by the standard method.  These varied 
from site to site.  The standard method tended to extract less Na, Ca, Mg, Ca, much less 
Cl, and much more sulphate compared to the 1:1000 extract and the Wright Valley results. 
Comparison of extracted sulphate with total sulphur in the soils shows that the bulk of the 
sulphate remains undissolved even after the 1:1000 extractions (assuming that none of the 
sulphur is in the mineral phase, which is considered to be reasonable for the rock types at 
the locations).  This observation is not surprising given the low solubility of the sulphate 
salts.  The release of sodium is taken to indicate that the sulphate salts are recrystallising 
– in other words, the salt phases are not in equilibrium in the soils.  The compositional non-
homogeneity of individual salt “crystals” is illustrated in Mahaney et al. (2001) in which 
grains are shown with coatings of one phase over the other.  The stability of the phases 
with respect to changes in temperature and moisture regime needs to be considered and 
are the likely cause of the segregation of the phases.

Table 2. Compositions of mass of extracted salt components in different soil:water ratios, 
from 3 sites in the Ross Dependency.  Mass extracted is mg/g soil.  Ratio is of standard 1:5 
(5:25) to 1:1000 extract.  Total SO4 was analysed as S by XRF on dry soil, and recalculated 
as sulphate.

Sample Location Extraction Ratio Na K Mg Ca Cl NO3 SO4  Total SO4

and identifier g soil/g water mg/g mg/g mg/g mg/g mg/g mg/g mg/g mg/g

Marble Point 5:25 0.47 0.026 0.018 0.019 0.420 0.008 0.12 

 1:1000 0.55 0.12 0.05 0.17 0.59 0.00 0.18 1.17
ratio %  86 21 33 11 71  64

Scott Base 5:25 0.46 0.052 0.017 0.017 0.004 0.008 0.036 
 1:1000 0.59 0.18 0.09 0.06 0.43 0.03 0.30 1.32
ratio %  78 28 18 30 1 29 12

Wright Valley 5:25 0.71 0.041 0.14 0.45 1.70 0.23 0.07 
 1:1000 0.45 0.07 0.15 0.56 1.62 0.17 0.49 1.74
ratio %  158 57 93 80 105 134 14

Some Implications

The use of biological, chemical and physical techniques for the remediation of contaminated 
soils in Antarctica are all likely to be affected by the presence of salts.  For instance, the 
ability of the soil microorganisms to survive and metabolise is determined strictly by the 
presence of liquid water (Horowitz et al., 1972) rather than temperature.  The tension 
between the availability of liquid water and the osmotic effects of the salinity of the liquid 
phase (e.g. Klinger and Vishniac, 1988) must be expected to play a part in the biological 
activity and viability of organisms in the soils. Experimental studies have shown that 
signifi cant quantities of unfrozen water (~2% of the initial water remains unfrozen at 
temperatures as low as –70°C, Anderson and Tice, 1971, 1989) exist in Antarctic soils. This 
water has been shown to exist as thin (30 to 500 µm) fi lms on soil particles, but below –5°C, 
the fi lm thickness is almost invariant between 30 and 60 µm (Hoekstra 1966, Anderson 
1967, Anderson and Tice 1971). The composition and properties of this water is unknown.

The encapsulation of waste and contaminated soil, in cement, for instance, can be 
compromised by the presence of salts, and sulphates in particular, leading to increased 
porosity and loss of strength.

Some chemical treatments, such as fl occulation, are also affected by the salinity of aqueous 
solutions.  However, if most of the salts are sparingly soluble, this may not be an issue.
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Recommendations

It will be important to develop techniques to assess the total salt content of the soils.  Total 
determinations using XRF may be a simple way to determine some components (Cl, SO4), 
but this relies on there being no signifi cant chlorine or sulphur in the “insoluble” mineral 
matrix.  Other “instrumental” methods specifi c for total S and Cl exist but are expensive 
and/or interfere with each other, so their applicability may be compromised.
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An example of 3D-GIS modelling as a tool to assist with the assessment 
and management of the abandoned Wilkes station in Antarctica, 

Antarctica

I.Snape , M.J. Riddle , E. Papp , R. Davies   and T. Maggs 

Human Impacts Research, Australian Antarctic Division, Channel Highway, Kingston, Tasmania, 
7050, Australia.

The remote nature and environmental sensitivity of Antarctica demands considerable 
preplanning. Having the ability to model various aspects of sites that are typically buried 
under snow for much of the year can greatly enhance the management process.

The use of three-dimensional topographical models, derived hydrological pathways, 
coupled with remote sensing in the form ground penetrating radar (GPR), can provide 
valuable information that can help assess and manage on-site remediation activities when 
integrated within a geographical information system (GIS).

The site conditions at Wilkes Station in Antarctica are such that seasonal variations 
in melt extent and ice cover makes site assessment and preplanning diffi cult.  Current 
contour maps of Wilkes were derived from aerial photography and are still of relatively 
coarse resolution (~5m), but nonetheless provide a good large-scale overview of the 
topography as embodied in a digital elevation model.  This can be used to provide a fi rst 
approximation of catchments, drainage patterns and possible interactions with sites of 
suspected contamination.  Such models, however, defi ne a combined bedrock/sediment 
and snow surface interface that depends on the extent of snow melt when the aerial 
photographs were taken - this information does not necessarily help locate buried material 
or subsurface drainage.  Wilkes has only been exposed to any large extent in exceptional 
melt years, typically once every 10 years or so.  In one case, a fuel cache of 500 drums has 
not been seen since the summer it was buried shortly after the station was constructed.

Using a GPR, the location and extent of buried waste, drum caches, and buildings or 
machines of possible heritage value can be identifi ed and spatially referenced.  When 
integrated into a GIS with 3D-modelling capability, such data can be used to calculate 
the volumes of snow overburden and material designated for removal, which can then be 
incorporated into the detailed management plan for the site.  Defi nition of the bedrock/
sediment interface beneath the snow can also be easily distinguished from abandoned 
waste, buildings and snow/ice cover.  This allows us to predict where drainage will 
concentrate during the excavation of the site, and it is these areas that are important to 
manage to prevent runoff laden with contaminants migrating offsite without treatment.

Mapping the full extent of waste present beneath the snow and identifying the geological 
surface and subsequent drainage patterns before excavation begins provides a powerful 
tool to assist with effective preplanning site remediation activities.  Such pre-planning 
is particularly cost effective in areas as remote, diffi cult to manage and environmentally 
sensitive as Antarctica.
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The use of Pb isotope ratios determined by magnetic sector ICP-MS for 
tracing pollution near Casey Station, East Antarctica

A.T. Townsend 1 and I. Snape 2 

1 Central Science Laboratory, University of Tasmania, GPO Box 252C-74, Hobart, 
 Tasmania, 7001, Australia.
2 Human Impacts Research, Australian Antarctic Division, Channel Highway, Kingston, 
 Tasmania, 7050, Australia.

Lead concentrations and isotope ratios were measured in marine sediments collected from 
near the Australian Antarctic Research Station - Casey, using magnetic sector inductively 
coupled plasma mass spectrometry (ICP-SMS).  A permanent manned presence has been 
maintained in the area since 1957, fi rstly by the United States and later over a much 
longer period by Australia.  Unfortunately a considerable legacy of waste from past 
activities has accumulated in the area immediately surrounding the station and adjacent 
to the shoreline.

Evidence of simple two component mixing between anthropogenic and natural geogenic 
Pb was found from the analysis of twelve sections from four sediment cores taken from 
Brown Bay, near Casey Station.  Runoff from the Thala Valley tip site, adjacent to the 
bay, was identifi ed as a clear source of Pb pollution.  As expected, Pb contamination was 
highest with proximity to the tip, with impacted sediments displaying an isotopic signature 
approaching that of Australian Broken Hill lead.  The most contaminated samples had 
Pb isotope ratios of approximately 36.2, 15.4, 16.4, and 1.06 for 208Pb/204Pb, 207Pb/204Pb, 
206Pb/204Pb and 206Pb/207Pb respectively.

A number of non-impacted or natural sediments sampled from O’Brien Bay, a site 3 kms 
to the South of Casey Station, were also analysed.  However, due to the comparatively 
low Pb concentration in these samples, isotope ratios with 204Pb as the basis were limited 
by poor instrument counting statistics.  To overcome this problem the 206Pb/207Pb ratio 
was measured, with a value of 1.2-1.25 typically found for samples from this area, values 
similar to that found in some Antarctic Proterozoic basement rocks.  The fi gure below 
shows the 206Pb/207Pb ratio for samples from both Brown and O’Brien Bays, plotted against 
Pb concentration in the sediments.  A clear and defi ned mixing trend is observed.  In this 
environmental study, the use of Pb isotope data has proved to be a more sensitive method 
of assessing contamination levels at impacted sites, superior than simple elemental 
concentration data alone.

In terms of instrumental capability, isotopic precisions ranging from 0.1-0.5% for ratios 
involving 204Pb, and <0.25% for ratios with 206Pb or 207Pb as the basis, were found from 
the triplicate analysis of Antarctic sediments using ICP-SMS.  Improved precisions were 
obtained from the repetitive analysis of a standard Broken Hill Pb sample (<±0.2% for 
ratios involving 204Pb, and <±0.1% for those referenced to 206Pb or 207Pb, from 12 replicates 
over 2 days, at a Pb concentration of ~40 ng g-1).  Comparative measurements between 
ICP-SMS and TIMS for the Brown Bay samples (typical difference in values of <0.4%, 
irrespective of ratio), and the analysis of known standards ensured analytical accuracy in 
this work.
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Contaminant sources and dispersal at Casey Station & airstrip,
East Antarctica: atmospheric monitoring

E. Young, L. Duck and M. Gasparon

Department of Earth Sciences, The University of Queensland, St. Lucia QLD 4072, Australia.

Casey Station is situated on the rocky coast of Wilkes Land, East Antarctica, amongst 
the Windmill Islands (66º17’S, 110º32’E).  Casey Station was constructed in 1987 and is 
occupied year-round, nearby are 2 abandoned stations: Wilkes (1959) and Old Casey (1969) 
and 2 disused refuse tips.  The year 2002 will see the construction of an Airstrip 15 km 
inland from Casey Station.

In order to monitor the environmental impact of the new airstrip, it is essential to attain 
the background levels of key anthropogenic indicators (e.g. Pb & S) prior to construction, 
and monitor changes in trace elements over subsequent years.  Potential sources of 
contamination include air operations at the airstrip, the construction of the airstrip, 
related structures and transport network, maintenance of the airstrip and aircrafts, and 
transport between the station and airstrip.

Supplementary analysis on Law Dome Ice-cores (as per Hinkley and Matsumoto, 2001; 
Rosman et al., 1998) will be used to determine historical contaminant levels (e.g. SOx 
content, trace metals, particulate matter size & nature etc).  This will highlight past 
impacts (e.g. Station construction or refuse-tipping) and baselines for natural pollutants 
(e.g. Volcanic eruptions, quiescent degassing (Matsumoto and Hinkley, 2001)).  Data 
from Law Dome will be integrated with existing data from other sites in Antarctica 
(Rosman et al., 1998; Wolfe and Suttie, 1994; Barbante et al., 1998), including marine 
and lacustrine sediments (see Duck et al., 2002, this volume) and sites in Australia 
to investigate sources and pathways of atmospheric pollutants (both natural and 
anthropogenic) in the southern hemisphere.

Therefore the objectives of this project are to determine:

• an ongoing atmospheric sampling & monitoring strategy 

• current background levels of atmospheric trace elements

• historical levels of atmospheric trace elements

• sources and pathways of atmospheric contaminants in the Antarctic region

A critical component of this project is the sampling rationale and sampling protocol, and 
these will be outlined in this presentation. Environmental monitoring strategies adopted 
by other countries for air operations in Antarctica will also be reviewed.

The following items will be quantifi ed using ultra-clean collection, storage and processing 
techniques:

• trace elements in surface snow & ice (Rosman et al., 1994)

• particulates in the air (classifi cation, size, chemical content, dust, aerosols, 
seaspray)

• tropospheric gas composition including gaseous methylated-trace elements & 
potential bacteria sources
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The sampling methodology will include erecting 3x10 m masts in the following locations:

• upwind of the airstrip
• downwind of the airstrip & upwind of Casey Station
• downwind of Casey station

Each mast will use a datalogger to store meteorological data (wind speed, direction, 
temperature etc.) and will host aerosol samplers, different procedures for aerosol sampling 
will also be evaluated.

Ice core samples will be obtained from the Australian Antarctic Division repository, and 
from the drilling party at the site, and will be processed following procedures cultivated in 
the literature (e.g. Hong et al., 1998; Rosman et al., 1994)

Complementary mapping and sampling of moss (Ayras et al., 1997), lichen, snow algae and 
snow bacteria to identify the species and trace-metal content will supplement the dataset, 
potentially acting as natural indicators for atmospheric change.

Potential sources of contamination (e.g. Fuels, Cleaning chemicals, Anti-freeze, introduced 
materials, basement lithologies, etc) will be sampled and undergo isotopic analysis. 

Particular emphasis will be placed on to lead, cadmium and sulphur concentrations as 
potential anthropogenic indicators. Lead and possibly stable isotope analyses (sulphur, 
oxygen, hydrogen) will be used to defi ne contaminants provenance and pathways.
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Peel-Caribou staging area, Yukon Territory - assessment and remediation of 
DDT and other contaminants along a river bank 

M. Dodd 1, B. Hartshorne 2, M. Palmer 3 and M. Nahir 3

1 Royal Roads University, 2005 Sooke Road, Victoria, BC, V9B 5Y2. 
2 Indian and Northern Affairs Canada, Waste Management Program, Whitehorse.
3 Mark Palmer and Michael Nahir, PWGSC, Environmental Services, Edmonton, Alberta.

The Peel-Caribou staging area is located on the north side of the Peel River, 4 km upstream 
of its confl uence with the Caribou River.  It was used for exploratory drilling activities 
during the mid-1960’s.  Following abandonment of the project in 1975, waste materials 
were buried in a pit on-site.  The Peel River changed its course over the years and in 
1994, the northeast bank of the river encroached on the waste pit, exposing some of the 
waste materials.  The site is currently only accessible by small boats on Peel River or by 
helicopter as river conditions in some areas do not allow tug/barge access. 

Preliminary site investigations in 1998 and 1999 identifi ed DDT contamination in soil 
samples collected from locations near the Peel River shoreline.  An additional investigation 
to delineate the extent of the pit and contamination was conducted in April 2000 on 
behalf of the Peel River Working Group.  This included the drilling of 33 boreholes using a 
helicopter portable rig and sampling soil, water and sediments.  The results of contaminant 
analysis along with data from a geophysical investigation indicated contaminated soils 
and debris were located in a 2 metre thick layer along the riverbank, with an overburden 
of soil varying in depths from 3 to 4 metres.  The debris layer was exposed in the riverbank 
face.  The volume of contaminated materials was estimated to be 1000 cubic metres.
The distribution of DDT, hydrocarbons, dichloromethane and debris is indicated in 
Figure 1. The validation of various fi eld test kits including, immunoassay test kits, 
PetroFlag, and photoionization detector, as possible analytical tools for on-site testing was 
conducted during the site investigations in April 2000.

Various options for remediation including risk management, in-situ remediation and 
excavation and off-site disposal were considered.  An analysis suggested that the erosion 
forces of Peel River fl ood waters and the movement of ice during spring break-up would 
render a long-term, effective stabilization solution or in-situ remediation both challenging 
and cost-prohibitive to implement.  Removal of major source areas of the contaminants 
was considered as the most cost-effi cient mechanism for curtailing future entry into the 
Peel River ecosystem. 

Site remediation was conducted in January 2002.  Following the construction of a winter 
overland route to the site, DDT, hydrocarbon, metal and volatile organic contaminated 
soils and associated waste were excavated and transportation off-site for disposal.
Due to logistical constraints, and on the basis of validation exercise, immunoassay test kit 
and a PID were employed for the on-site delineation and confi rmatory testing during site 
remediation.
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Contaminated site remediation in Antarctica: characterisation of 
contamination and its infl uence on choice of water treatment technologies

K.A. Northcott 1, I. Snape 2, D. Murdoch 3, M.A. Connor 1 and G.W. Stevens 1

1 Department of Chemical Engineering, University of Melbourne, Parkville, VIC, 3010.
2 Australian Antarctic Division, Channel Highway, Kingston, TAS, 7050.
3 IntelEco, PO Box 169, Wyong, NSW, 2259.

One signifi cant problem for clean-up activities in Antarctica is contaminant entrainment 
by melt-water during extraction of wastes and contaminated sediments.  Chemical 
analyses of contaminants in tip waters have found that heavy metals are predominantly 
associated with particulates in the water, although there are substantial quantities of 
dissolved metals as well.

A practical and effective method for removal of heavy metals from contaminated water is 
to use a multistage treatment process.  Coagulation and fl occulation chemicals are used 
to produce a fast settling, fl occulated suspension.  The fl occulated particles settle out in 
an inclined settler, producing a clarifi ed effl uent and a concentrated sludge.  The clarifi ed 
effl uent then passes through a 1 or 5 micron fi lter to remove any residual particles.  Two 
treatment technologies will be trialed for the removal of dissolved heavy metals from the 
clarifi ed and fi ltered water.  These are ion exchange columns containing metal chelating 
ion exchange resins and a vacuum distillation unit.

An important requirement for the development of a water treatment system is careful 
physical and chemical characterisation of heavy metal-sediment interactions.  Sediment 

characteristion experiments 
have shown a very strong 
correlation between particle 
size and heavy metals 
concentration, with the 
smallest particle size 
fractions containing the 
highest concentrations of 
heavy metals.  Figure 2 
illustrates this point, 
showing the trend in lead 
concentration with regards 
to particle size range for 
an uncontaminated (CCA) 
sample and two composited 
tip sediment samples (TVA, 
TVB).  This trend is refl ected 
by a number of heavy metals 
species including copper, zinc, 

Figure 1. The ICEQUBE‘ distillation unit under construction

manganese and iron.  Scanning electron microscopy and energy dispersive x-ray methods 
have found evidence of surface active soil components in tip sediments.  These have been 
characterised as organic material, alumino silicate clays and iron oxide particles.

Particle F, pictured in fi gure 3, is an example of how the majority of heavy metals are 
deposited on particles in waste material.  The energy dispersive x-ray spectrum of the 
bright residue on the surface of this particle indicates the presence of lead with some zinc, 
antimony and iron.

The tip sediment characterisation is important for the optimisation of the water treatment 
system.  Particle mineralogy, morphology and size distributions can be used to predict 
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settling rates.  Detection of certain phases in suspension such as organics, clays and metal 
oxides will determine the most appropriate coagulation and fl occulation chemicals for 
treatment.  An understanding of the heavy metals-sediment interactions will highlight 
the most important particle size ranges that must be removed by settling and fi ltration.  
Finally a thorough understanding of the behaviour of dissolved heavy metals in tip waters 
will be important for the operation of ion exchange columns and the distillation unit.
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Development of a natural zeolite permeable reactive barrier for the 
treatment of contaminated waters in Antarctica

A.Z. Woinarski 1, I. Snape 2, G.W. Stevens 3 and C.E Morris 4

1 PhD Student, Faculty of Engineering, University of Wollongong, Wollongong, NSW 
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2 Human Impacts Research, Australian Antarctic Division, Channel Hwy, Kingston, 
 Tas 7050, Australia.
3 Department of Chemical Engineering, University of Melbourne, Melbourne, VIC 3010, Australia.
4 Raytheon Polar Logistics, Englewood, CO, USA.

Introduction

Contaminant dispersal from abandoned waste disposal sites in Antarctica occurs through 
particle entrainment and dissolution of heavy metals by surface and sub-surface melt 
water.  While the physical removal of particles from the wastewater can signifi cantly 
reduce the spread of pollutants during cleanup, dissolved and colloidal phases must also 
be managed and treated.

Permeable reactive barriers (PRBs) are an in situ passive treatment technology that 
removes dissolved contaminants from polluted waters through the subsurface emplacement 
of reactive materials such as zero-valent iron, activated carbon, calcium carbonate or 
zeolite.  Design of a permeable reactive barrier system suitable for use in Antarctica 
and possibly other cold regions initially involves characterisation of contaminants and 
an assessment of available technologies.  However, adaptations to these technologies for 
cold climates are required and can be accomplished by laboratory testing to determine 
hydraulic and reactive properties of barrier materials at low temperatures.

Barrier reactive materials

Based on previous work and information available in the literature, four reactive materials: 
zero-valent iron, granular activated carbon, calcium carbonate and zeolite, were considered 
for use in a PRB for heavy metal contaminated water management at Casey station, 
Antarctica (Snape et al., 2001a and 2001b).  Previous research and results from a series of 
laboratory batch screening tests enabled an evaluation of these materials based on factors 
such as potential contaminant sorption rates, reaction by-products, material unit costs, 
and engineering and handling factors.  The natural zeolite clinoptilolite was selected for 
further study.

Clinoptilolite is a naturally occurring zeolite of the general formula (Na,K,Ca)2-

3Al3(Al,Si)2Si13O36.12H2O that has only recently received attention for use in the wastewater 
treatment and site remediation fi elds.  Studies show that a large range of inorganic 
contaminants including Cd, Cu, Pb and Zn and can be removed from polluted waters 
by clinoptilolite predominantly through ion exchange, and to a lesser extent surface 
precipitation and molecular sieve processes (Ouki and Kavannagh, 1997 and 1999).

Hydraulic characteristics

The hydraulic characteristics of barrier systems in cold climates are a fundamental 
design component (Snape et al., 2001a).  Material particle size is a dominant factor 
determining hydraulic conductivity, drainage characteristics and the ability to cope with 
diurnal and seasonal freezing and thawing cycles (Snape et al., 2001a).  To supplement 
fi eld observations a series of laboratory tests were carried out using silica sand to estimate 
the minimum material particle size that could be used, enabling higher reactivity, while 
maintaining high hydraulic conductivity and minimising the potential detrimental effects 
from cyclic freezing and thawing.
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A range of particle size fractions were placed through successive freeze-thaw cycles and 
hydraulic conductivity was determined before and at the end of each cycle.  It was found 
that a minimum grain size fraction of 0.5-1.0 mm had acceptable hydraulic conductivity 
before and after freeze-thaw cycles, was free-draining and did not form a monolithic frozen 
water/sand matrix solid on freezing.  For this reason, a commercially available 0.5-2.0 mm 
clinoptilolite grain size fraction was chosen.

Contaminant Removal Properties

The quantifi cation of adsorption rates for clinoptilolite at cold temperatures is integral 
to the development of the proposed barrier system.  Temperature related adsorption 
characteristics for clinoptilolite in a natural and sodium form were investigated using 
copper in simple Na-Cu binary systems and a salt-water matrix.  Reaction kinetics 
were determined at 2ºC and 22ºC, and sorption isotherms were generated for a range of 
temperatures.

Preliminary results reveal that although equilibrium was reached within a reaction time 
of 48 hours (see US-EPA, 1992), the effect of temperature and zeolite pretreatment on 
sorption kinetics needs further exploration.  Mirroring results for other metals from 
similar studies (Curkovic et al., 1997), lower temperatures resulted in signifi cantly reduced 
copper sorption rates, while conversion to a sodium form of clinoptilolite by pretreatment 
with an NaCl solution increased sorption rates.  

Further Discussion

This research has indicated that a coarse reactive material particle size of at least 
0.5-1.0 mm is recommended for use in cold climate PRB systems for heavy metal 
contaminated water treatment.  Preliminary investigations into the adsorption rates for 
an Australian clinoptilolite, using copper as the contaminant, reveal that pretreatment 
with a NaCl solution increases sorption and lower temperatures signifi cantly reduce 
copper sorption rates.

Further research is required to quantify adsorption rates for clinoptilolite for additional 
metals of concern in Antarctic contaminated sites such as cadmium, lead and zinc.  
Multicomponent systems need to be considered to determine cation interferences, while 
breakthrough curves need to be established to accurately determine reaction kinetics.
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K.T. Järvinen 1 and J.A. Puhakka 2
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Introduction

Polychlorophenols are common soil and groundwater contaminants in saw-mill 
environments, where they have been used for impregantion and short-term preservation 
of timber and lumber.  In Finland, approximately 30 000 tons of chlorophenols were 
used mostly with the trade name Ky-5.  This preparation was used as 1 to 5% alkaline 
chlorophenol solution.  Nearly 800 former Finnish sawmill sites are contaminated 
with the Ky-5 and in several cases, the contaminants have reached the groundwater.  
Polychlorophenols are biodegradable by aerobic and anaerobic means.  However, they are 
persistent in the environment and especially so under boreal conditions (Järvinen and 
Puhakka, 1994). In Finland, by the year 1997, bioremediation of contaminated sawmill 
soils using composting has been used at approximately 60 sites, but not prior to this work, 
for groundwater remediation. 

The contaminated site is situated in Southern Finland in the municipality of Kärkölä.  
The local sawmill had used polychlorophenol preparation for decades. Due to accidental 
spills, large quantities of polychlorophenols had been released to the soil and the aquifer.
The contamination was discovered in 1987 and since then, various methods have been 
tested to groundwater remediation including activated carbon fi ltration, activated sludge 
in the municipal wastewater treatment plant.  At Tampere university of Technology, a 
fl uidized-bed bioremediation process operating at ambient temperature was developed 
(Järvinen and Puhakka, 1994; Järvinen et al., 1994; Mäkinen et al., 1993; Melin et al., 
1998a, b). This process was extended to full-scale in 1995.  In this paper, this fi rst full-scale 
polychlorophenol contaminated groundwater bioremediation demonstration in Finland is 
reported.

Field demonstration

The full-scale biological treatment system was designed and constructed for on-site 
remediation of polychlorophenol contaminated boreal groundwater.  The treatment plant 
consists of the fl uidized-bed bioreactor (5 m3) equipped with an equalization basin, 
nutrient tank, feed and recycle pumps, an aeration unit and an automatic monitoring 
system.  The process is placed in a container where the temperature of 5 oC or above is 
maintained. The treatment is based on aerobic mineralization of chlorophenols at ambient 
temperature of 5-9 oC.  The share of different chlorophenol congeners in the groundwater is 
as follows: 75% 2,3,4,6-tetrachlorophenol (TeCP), 20% 2,4,6-trichlorophenol (TCP) and 5% 
pentachlorophenol (PCP).

In the start-up phaseof six months, the feed polychlorophenol concentration was in the 
range of 15 to 23 mg/l and the treatment effl uent 0.1 to 13 mg/l with the resulting total 
chlorophenol removal of 52-99%.  The chlorophenol removal effi ciency improved over time 
(Figure 1).

During the stable operation period of 3.5 years, 57 000 m3 of groundwater was treated 
with an average fl ow of 45 m3/d or 2.6 hour hydraulic retention time.  Over this period, 
the mean removal of TCP, TeCP and PCP was 98.4%, 96.3% and 87.1%, respectively.  The 
mean total chlorophenol removal was 96.4% with 330 microg/l in the effl uent.  During 
4 years of operation, biological treatment resulted in the total removal of 630 kg of 
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chlorophenols.  The mean electricity consumption in the process was 140-200 kWh/d in 
winter and 50-60 kWh/d in the summer.  During the 3.5 years stable treatment period, 
the total operation costs were 0.7 Euro/m3 groundwater treated or 73 Euro/kg chlorophenol 
removed.  The share of operational costs was as follows: 20% for electricity, 39% for 
chlorophenol analyses, 36% for labour and 3% for other costs.  Operation costs of fl uidized-
bed treatment were 80% lower than in activated carbon fi ltration that was applied at the 
site prior to biological treatment.  To our knowledge, this is the fi rst successful high-rate 
polychlorophenol bioremediation system operated at low (5-9 oC) temperature.
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Potential bioremediation of diesel and crude oil contaminated Antarctic soil

D. Delille
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A fi eld study was initiated in January 1997 in 2 contaminated soils in the Terre Adélie 
land area with the objective of determining the long-term effects of some bioremediation 
agents on the biodegradation rate of oil residues under severe Antarctic conditions.
This study was conducted from January to July 1997 and from February to November 1999 
in the Géologie Archipelago (Adélie Land, 66°40’S; 140°01’E).  The changes in bacterial 
abundance were studied in situ after crude or diesel oil addition in 600 cm2 sectors 
(20 x 30 cm).  Four contaminated sectors were used for each station (Figure 1): diesel oil 
(10 ml), diesel oil (10 ml) + fertilizer (1 ml), “arabian light” crude oil (BAL; 10 ml) and crude 
oil (10 ml) + fertilizer (1ml).

20 cm

Diese BAL

30 cm

20 cm20 cm 40 cm

BAL +  F

20 cm40 cm40 cm

Diesel +F

Two different bioremediation agents were used: slow release fertilizer Inipol EAP-22 
(Elf Atochem) in 1997 and fi sh compost in 1999.  Plots were sampled on a regular 
basis over a three-year period.  All samples were analysed for total bacteria, saprophytic 
and hydrocarbon utilising bacteria (Figure 2).  A one order of magnitude increase of 
saprophytic and hydrocarbon utilising microorganisms occurred during the fi rst month of 
the experiment in most of the contaminated enclosures, but no clear differences appeared 
between fertilized and unfertilized plots. Diesel oil contamination induced a signifi cant 
increase of all bacterial parameters in all contaminated soils.  Crude oil contamination 
had a more contrasted effect.  As a conclusion, it is clear that the microbial response could 
be rapid and effi cient in spite of the severe weather conditions.  However, as indicated by 
the degradation index of aliphatic hydrocarbons within all plots, the rate of degradation 
remains incompleted even after 3 years of contamination and was not clearly improved in 
presence of bioremediation agents.

Figure 1: diagram showing the relative position of the four contaminated sectors used in 
each of the two studied soils.
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Figure 2: Changes of saprophytic and hydrocarbon degrading bacterial abundance in soil 
between February and November 1999. Bars indicate standard deviations.
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studied in liquid cultures and in soil microcosms
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Bioremediation, the use of microorganisms or microbial processes to degrade contaminants, 
has become an important method to clean up hydrocarbon-contaminated soil and ground-
water in temperate areas.  Biodegradation of hydrocarbons in the Arctic and the Antarctic 
has shown to be very slow, due to low tempe ratures combined with low contents of 
nutrients, organic matter and water.  Contaminants once introduced to the environment 
may persist for decades.

In this study, the degradation potential of diesel and hexadecane by indigenous micro-
organisms in soil at 5ºC was evaluated.  Soil samples were taken from a hydrocarbon-
contaminated site at Svalbard at depths of 0.5 m (active layer), 2.0 m (transition zone 
between active layer and permafrost) and 3.5 m (permafrost).  Two locations were sampled: 
the fi rst highly contaminated and the second lowly contaminated with petroleum hydro-
carbons.  Two different approaches were used to examine the degradation potential of the 
indigenous microorganisms: liquid cultures with optimised nutrient conditions and Arctic 
diesel as carbon source, followed by soil microcosms with untreated soil samples spiked 
with 14C labeled hexadecane.

In both degradation methods studied, biodegradation of hydrocarbons at low temperature 
was demon strated.  In liquid cultures 3 to 39% of initial diesel concentration was degraded 
after 32 days (Figure 1).  The degradation activity increased with sampling depth and 
reached maximum levels in the cultures with inoculum from the permafrost samples in 
both profi les.  In the soil microcosms, 0.4 to 12.5% of initial hexadecane concentrations 
were mineralised after 85 days (Figure 2).  Maximum mineralisation was demonstrated in 
soil samples from the fi rst sampling point.  The samples from the transition zone between 
active layer and permafrost showed highest degradation activity, followed by near surface 
and permafrost samples in both profi les.

Bioremediation of hydrocarbons in both liquid cultures and soil microcosms indicated 
positive results for the Arctic soils in question.  The use of microcosms spiked with 
radiolabeled compounds probably give the most realistic prediction of biodegradation rates 
in the soil.



94

0 1 0 20 30

0

10

20

30

40

0 20 40 60 80 100

0

4

8

12

16

Figure 1.  Degradation of diesel at 5ºC in liquid cultures, data corrected for abiotic 
loss (initial diesel concentration 1000 µl/l).  1-1, 1-2 and 1-3 indicate soil samples from 
sampling point 1 at 0.5, 2.0 and 3.5 m depths, respectively.  2-1, 2-2 and 2-3 indicate 
samples from point 2 at similar depths.  Each point represents the mean from duplicate 
cultures.

Figure 2.  Accumulated hexadecane mineralisation in soil samples (initial hexadecane 
concentration 5000 mg/kg).  1-1, 1-2 and 1-3 indicate soil samples from sampling point 1 
at 0.5, 2.0 and 3.5 m depths, respectively.  2-1, 2-2 and 2-3 indicate samples from point 2 at 
similar depths.  Each point represents the mean from duplicate microcosms.
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We have been investigating the impacts of hydrocarbon spills on soils of the Ross Sea 
region.  Accidental fuel spills in the region occur mainly near scientifi c stations, where 
storage and refuelling of aircraft and vehicles is performed.  Hydrocarbon contamination of 
soils has also resulted from drilling activities.  We have analysed control and hydrocarbon-
contaminated soils from a number of sites in the Ross Sea region including; Scott Base, 
Marble Point, the Wright Valley near Lake Vanda and Bull Pass, and Cape Evans.   These 
soils are typically cold, dry, low in nutrients and often alkaline.  Petroleum hydrocarbons 
were detected in the contaminated soil, and chemical characterisation of hydrocarbons 
identifi ed n-alkanes, aromatic compounds and unresolved complex material.

Fuel spills on these soils can result in shifts in bacterial populations.  Elevated numbers of 
hydrocarbon degraders and culturable heterotrophic bacteria at some spill sites indicate 
that hydrocarbons spilled on Antarctic soils can serve as substrates for bacterial growth.   
Furthermore, signifi cant rates of mineralisation of radiolabelled n-alkanes or naphthalene 
detected in microcosms containing contaminated soils but not control soils indicate that 
the hydrocarbon degraders can be active in the soils.

Hydrocarbon-degrading bacteria isolated from the contaminated soils were identifi ed as 
Pseudomonas, Sphingomonas and Rhodococcus species by 16S rDNA sequence analysis.  The 
Rhodococcus spp., isolated when provided with jet fuel as sole source of carbon, degrade 
n-alkanes with chain lengths from C6 to C20 and the branched alkane pristane, but 
not aromatic compounds.   In contrast the Pseudomonas and Sphingomonas spp.  were 
isolated when provided with aromatic substrates, including toluene and naphthalene.   
Phylogenetic analysis indicates that the Rhodococcus and Pseudomonas isolates cluster 
with other hydrocarbon degraders isolated from cold climates.  Sphingomonas contains a 
number of polyaromatic aromatic hydrocarbon (PAH) degraders.  Sphingomonas Ant 17, 
from Scott Base soil, was most similar to a PAH-degrader isolated from soil in Germany.  
More recently, we have isolated heterotrophic nitrogen fi xing bacteria from the same 
contaminated soils.  Their selection in situ was attributed to high soil carbon:nitrogen ratios 
resulting from hydrocarbon spills.  The nitrogen fi xers were identifi ed as Pseudomonas 
and Azospirillum spp.  In addition to fi xing nitrogen some of the isolates also degraded 
hydrocarbons though not concomitantly.

Comparison of the in situ bacterial diversity of hydrocarbon and control soil from Scott Base 
indicates a signifi cant decrease in diversity in response to hydrocarbon contamination.  
Analysis of clones from the hydrocarbon-contaminated sites confi rmed the prevalence of 
Sphingomonas and Pseudomonas species in hydrocarbon-contaminated soil from Scott Base.  

The presence of alkane and aromatic degrading bacteria in soils of the Ross Sea region 
provides support for the application of bioremediation for cleanup of hydrocarbon-
contaminated sites.

Those environmental conditions that promote degradative activity in situ still need to be 
defi ned.
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Environmental assessments carried out during a land transfer agreement in1996 indicated 
that there was 400 m3 hydrocarbon contaminated soil at the remote transmitter site 
located in Cambridge Bay, Nunavut.  This contamination was a result of poor fuelling 
practices at the site.

Conventional soil remediation techniques were cost prohibitive at this site due to climatic 
conditions and the high cost of transportation to and from this remote site.  Because of this, 
it was decided to treat the soil on site using bio-remediation techniques.

In 1999, an engineered bio-pile was constructed adjacent to an existing stockpile of 
contaminated soil.  The bio-pile was constructed on a base of Styrofoam and a waterproof 
HDPE liner.  A simple air induction system, consisting of 100mm slotted fl exible piping 
connected to a wind driven turbine (Venmar) was installed within the pile to provide 
venting for the system.  A nitrogen rich fertilizer (Urea) was added in controlled proportions 
to the soil and mixed in thoroughly.  Soil remaining from the adjacent stockpile of 
contaminated soil was placed on a HDPE liner to be maintained as a control pile.

Visits to the site for routine maintenance and sampling were made in the summer and 
fall of both 2000 and 2001.  In addition, soil temperatures were continuously recorded by 
means of thermocouples installed in the soil piles and connected to a data logger which 
was accessible through a modem for remote monitoring.  This paper discusses the results 
of site monitoring and the progress of the soil bio-degradation, which has occurred since 
the site construction in the fall of 1999.

During each of the four site visits following the initial bio-pile construction, soil samples 
were collected and analyzed for hydrocarbon concentrations.  In addition, the soil was 
analyzed for the total count of microbial colonies and the total count of petroleum degrading 
organisms.  The soil and ambient temperatures have been monitored continuously and 
recorded in the data logger over the two-year period in which the soil was being treated. 

The total petroleum hydrocarbon concentration in the soil during the initial stage of the 
process ranged from 4,000 mg/kg to 8,000 mg/kg and have been reduced to concentrations 
ranging from 2,300 mg/kg to 3,000 mg/kg.  Soil which was not treated with fertilizer, 
venting and mechanical mixing shows variable concentrations of hydrocarbons but on 
average no appreciable decline in the hydrocarbon concentration was noted.  This is 
further supported by the fact that the soil was originally stockpiled in 1996 and showed 
little or no decline in hydrocarbon concentrations to 1999 when this project started.

In addition to analyzing the soil samples for the concentration of hydrocarbons, each 
sample was also submitted to Dalhousie University where the total microbial colony count 
was determined for the samples.  Total microbial colonies and total petroleum degrading 
colonies were noted.  The total numbers of microbial colonies has been compared to the 
various activities carried out on the soil.  In general, it was found that the control soil 
maintained a lower number of colonies than that of the soil with fertilizer addition, venting 
and mixing.  Some inhibiting effect was also noted in the initial stage of the work due 
most likely to the fertilizer used, which contained excess nitrogen.  The latter stages of the 
work has indicated that the concentration of hydrocarbon degrading colonies is elevated to 
a point which compares to the concentration of microbes found in most soils in southern 
climates.



97

The ambient Temperature at the site varies from a winter low in January of minus 40º C to 
a summer high in late July of 25º C.  The temperature of the soil within the biocell ranges 
in temperature from a high of 20º C during the corresponding warm period at the site to a 
winter low of approximately minus 18º C in January.  The soil is frozen from October to late 
June.  The interesting fact, which the monitoring has noted, is that the soil in the control 
pile does not exhibit the same temperature fl uctuations, even though the soils are exposed 
to the same ambient temperatures.  The soil in the control pile freezes in October and 
remains frozen until late June but only reaches an internal temperature of approximately 
minus 12º C in the winter months.  In the warm periods during the summer the soil will 
only reach a maximum temperature of 8º C.  This effect is likely because the soil is compact 
and very dense as it is piled on the site.  The control soil does not benefi t from the “fl uffi ng” 
activity cause by mechanical mixing as it has remained virtually undisturbed since the 
project started.  As well, the control soil does not have the capacity to vent either warm 
ambient air in the summer or cold air in the winter, which appears to allow the soil in the 
bio cell to reach temperatures that optimize any potential microbial degradation during 
the warmer months.

The end result with this work is that the soil now contains concentrations of hydrocarbons, 
which are acceptable for disposal at the Hamlet Landfi ll.  The soil will be treated for one 
more season (summer 2002) and will be taken off site and used as much needed cover soil 
for the domestic waste site in Cambridge Bay.
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Biodegradation of hydrocarbons in frozen Artic soils

A.G. Rike, M. Børresen, B. Engene and P. Kolstad

Norwegian Geotechnical Institute, P.O. Box 3930 Ullevaal stadion, 0806 Oslo, Norway.

Despite low temperatures, Arctic soils have potential for degradation of oil-spills.  Several 
investigations have shown that soils from cold climate regions contain microorganisms 
able to degrade hydrocarbons and site remedial actions have demonstrated oil degradation.  
Still the impact of oil-spills in such ecosystems is not well understood compared to the 
present knowledge from warmer climate conditions.

It is a common belief that biodegradation of hydrocarbons in Arctic soils shows a hiatus 
during the winter season when the active layer is frozen.  Although it is well documented 
that biodegradation occurs at 5oC, there is lack of information about how the degradation 
ceases when the soil temperatures decreases below zero.  In this investigation, the 
biodegradation at an oil contaminated site at Longyearbyen (78oN), Spitsbergen, was 
followed as soil gas concentrations of oxygen (O

2
), carbon dioxide (CO2) and volatile organic 

compound (VOC) from October 2001 to the middle of January 2002.

The soil gas from the Prenart gas samplers, installed at 0.7 m (active layer), 2.0 m 
(permafrost table) and 3.5 m (permafrost) in the oil plume area (B) and a less contaminated 
area (R), was pumped to the sensor line for determination of CO2, O2 and VOC.  The soil 
temperatures at 0.05, 0.2, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 and 6.6 m depth were recorded and all 
the data were transferred to NGI through a GSM module.  At the B site the soil contained 
high concentrations of hydrocarbons (21,500 mg/kg), nutrients and enhanced number of 
heterotrophic bacteria, while at the R site low concentrations of hydrocarbons (430 mg/kg) 
were present but no nutrients.

The temperature fl uctuated in the monitoring period and decreased with depth in the 
profi le (Figure 1).  In the surface layer (0.05 m) the temperature variation was about 35oC, 
while in the permafrost layer at 3 m to 6.6 m the temperatures varied only 3.4oC, from 
-4.6oC to -1.2oC throughout the period.  The large difference in the temperature span in the 
surface of the active layer compared to the permafrost, shows that microbial populations 
inhabiting these layers are exposed to large thermal stress differences during the year. 

The low O2 and high CO2 tension in the soil gas from B-2 and B-3 showed that hydrocarbon 
respiration takes place in these soils in October when the surface layer was frozen, but the 
temperatures at 1 m still was at about 1oC (Figure 2).  No particular difference in the O2 
and CO2 tensions was seen when all the temperatures in the profi le were at or below zero 
degrees at day 289.  This shows that the freezing-up of the whole soil profi le is not refl ected 
in simultaneous reductions in the hydrocarbon respiration.  As the temperatures in the 
active layer continued to decrease, the O2 tension in the soil gas slowly increased while the 
CO2 tension slowly declined.  The main trend was that this continued throughout the rest 
of the monitoring period in the oil-contaminated soils. 

The respiration was reduced from the end of October to the middle of January (day 
298 to day 378).  At B-2 the O2 tension increased from 1.7% to 18.4% and at B-3 
from 0.3% to 18.3%, increments corresponding to relative oxygen increment rates of 
3.01 mg/day and 3.25 mg/day, respectively. In contrast, the increment rates were only 
between 0.26 mg/day and 0.35 mg/day in the soils at R site and at the permafrost at B.  
The corresponding reduction in the relative hydrocarbon respiration rates, calculated as 
hexadecane equivalents, were 0.83 mg/day at B-2 and 0.91 mg/day in B-3.
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Figure 1. Temperatures in the soil profi le from June to February.
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Figure 2. Oxygen tension in the soil gas measured from the beginning of October to the 
middle of January.

The results show that biodegradation of hydrocarbons in Arctic soils proceeds after the soil 
is frozen and that the relative hydrocarbon respiration rates are only slowly reduced in 
the following months. The season where cold adapted microorganisms are able to degrade 
hydrocarbons is not restricted to the short Arctic summer as earlier anticipated, but lasts 
into the winter months.
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The effect of nutrients and water availability on mineralisation of 
diesel-contaminated Antarctic sediments as determined by 14C-octadecane 

microcosm experiments

S.H. Ferguson 1, P.D. Franzmann 2, I. Snape 1 and A.T. Revill 3

1 Australian Antarctic Division, Channel Highway, Kingston 7050, Australia.
2 CSIRO Land & Water, Underwood Ave, Floreat 6014, Australia. 

3 CSIRO Marine Research, GPO Box 1538, Hobart 7001, Australia.

The ‘do nothing’ or natural attenuation approach to remediation of petroleum contaminated 
sediments in Antarctica is not effective, with a virtual absence of petroleum hydrocarbon 
degradation years after being contaminated

1
.  Bioremediation of petroleum-contaminated 

sediments requires an understanding of the processes that limit degradation.  Temperature 
is an important rate-limiting factor, with average summer air temperatures at Casey 
Station of only 3°C; however, high solar radiation means that sediments commonly 
reach much higher temperatures.  Microcosm experiments predict that temperatures are 
suffi cient for a degree of in situ mineralisation

2
.  An understanding of the other factors that 

limit biodegradation, such as nutrients and water availability are required to optimise 
biodegradation at this site.

Microbial degradation of petroleum hydrocarbons is often limited by the lack of nutrients 
such as nitrogen and phosphorus

3
.  Nutrients become increasingly toxic to sediment 

microfl ora with increasing osmotic potential
4
.  Free water is a scare resource in terrestrial 

Antarctica, with extremely low humidity and precipitation.  This paucity is exacerbated 
by poor water holding capacities of many Antarctic sediments.  Radiometric microcosm 
studies were undertaken to determine the requirement of nutrients and water additions 
for effective bioremediation of petroleum-contaminated sediments from Old Casey Station, 
Antarctica.

Two series of microcosm studies were used to investigate the effects of nutrient 
concentration and wetness on petroleum degradation.  One series of microcosms was 
incubated with four levels of nutrient concentrations.  The other series of microcosms had 
fi ve different levels of water amendments.  There were two sets of abiotic controls, one 
heat killed, the other chemically inhibited.  All microcosms were aerobic, amended with 
14C-octadecane and squalane and were incubated at 10ºC.

Figure 1 shows the recovery of 14CO2 over 95 days.  Panel A shows the effect of nutrient 
concentrations on biodegradation, while in panel B the effect of varying water content is 
shown.  All of the ‘wetness’ microcosms had about 210 mg N kg -1 sediment and the nutrient 
series all contained 10.5% water.  The results shown are averages of triplicates, with the 
standard deviation, except the high water (>20%) levels which were single microcosms.  
There was less than 0.1% recovery of the isotope in the controls and is thus not shown.

In the nutrient series of microcosms, the highest recovery of the isotope was found in 
the microcosms with only 70 mg N kg-1 sediment.  There was insignifi cant recovery of 
the isotope in microcosms with no added nutrients or in the highest level of nutrient 
concentration tested.  While it is not apparent at the scale shown in fi gure 1, exponential 
recovery of the isotope started after about 40 days in both these treatments.

The effect of water on biodegradation is shown in panel B of fi gure 1.  Increasing 
the amount of water from about 10% to above 20% resulted in an increase in the 
biodegradation potential.  While increasing the water to 28.5% resulted in a faster initial 
rate of degradation than the drier sediments, it did not result in an increase in the fi nal 
amount of 14C recovered, and thus octadecane degraded.
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The relationship between nutrients, water and biodegradation is complex and inter-
related.  The level of nutrients required for optimal biodegradation is dependant on 
adequate water availability.  Water is required for the transport of the nutrients, as well 
as a growth medium for hydrocarbon degrading microbes.  In sandy sediments with low 
water holding capacity it is especially important to correctly balance nutrients and water 
in such a way that the nutrients are not so dilute that they are limiting, or so concentrated 
that they become toxic.  One possible way of overcoming the problem of varying nutrient 
concentrations with a changing hydraulic regime is with the use of controlled released 
nutrients.  Further studies are planned to investigate the use of such nutrient pellets in 
cold regions.
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Figure 1 Effect of nutrient concentration: panel A; and soil water: panel B, on biodegradation.
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A hydrocarbon degrading bacterium from Signy Island, Antarctica

B. Stallwood 1, P. Williams 1 and J. Shears 2

1 University of Wales, Bangor.
2 British Antarctic Survey, Cambridge.

A previously uncharacterized, psychrophilic bacterium was isolated from oil contaminated 
soils from Signy Island, Antarctica.  The bacterium, known as ST41, was enriched at 4ºC 
on medium containing toluene as the sole carbon and energy source.  16S rRNA analysis 
showed that ST41 is 98% similar to Pseudomonas mandelii.

ST41 is able to degrade a variety of hydrocarbons, including a many aromatic compounds, 
at low temperatures.  A well charaterized pathway for aromatic biodegradation is the meta  
pathway, which takes benzoate through to acetyl CoA.  A crucial enzyme in this pathway is 
catechol 2,3-dioxygenase (C23O).  This enzyme is responsible for the cleavage of catechol, 
which forms 2-hydroxymuconic semialdehyde; breaking an aromatic ring to produce an 
aliphatic compound (Figure 1). 

Figure 1.  The meta pathway.  The conversion of catechol to 2-hydroxymuconic semialdehyde 
is shown inside the box. 

Biochemical tests showed that ST41 has catechol 2,3 dioxygenase activity, so the gene that 
encodes for this protein was targeted and cloned in E. coli on a 14 kilobase fragment.  The 
fragment was sequenced, and the data analysed.  The genes encoding for the entire meta 
pathway had been cloned along with the C23O gene.  All of the cloned genes showed very 
high homology to those from the meta pathway of the TOL plasmid, a catabolic plasmid 
fi rst found in the mesophile Pseudomonas putida pWW0.  This mesophile, however, cannot 
degrade hydrocarbons at low temperatures.

ST41 is able to degrade constituents of oil at low temperatures, an important attribute if 
it is to be of use in bioremediation in Antarctica, but its overall role is still unclear. Oil 
contaminated microcosms were set up and a group of microcosms was seeded with ST41, 
others had nutrients added to them, some were moistened with water and others had 
combinations of the above. The disappearance of hydrocarbons from the microcosms was 
also tracked over 6 months with gas chromatography/mass spectroscopy, and the results 
showed that the addition of nutrients caused the greatest increase in bioremediation rates. 
The seeding of the microcosms with ST41 had a marked effect initially, but after 3 months 
the difference was no longer apparent.
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Distribution and diversity of phenanthrene-degrading bacteria from 
soils of the Ross Sea region

J. Aislabie 1, C. Baraneicki 2 and J.M. Foght 2

1 Landcare Research, Private Bag 3127, Hamilton, New Zealand.
2 Department of Biological Sciences, University of Alberta, Edmonton, Canada T6G 2E9.

Polyaromatic hydrocarbons (PAHs) persist in soils of the Ross Sea region Antarctica when 
hydrocarbons are spilled.  PAH levels detected in these soils range from 41-8105 ng per 
gram of dried soil in samples from contaminated sites and were not detected in control 
site samples.  PAHs detected in the soils include naphthalene and its methyl derivatives, 
phenanthrene, fl uoranthene and pyene.  For bioremediation of these soils indigenous 
microbes that degrade PAH are required as the Antarctic Treaty prohibits the importation 
of foreign organisms.

In this study we report the distribution and prevalence of culturable bacteria that degrade 
the PAH phenanthrene.  To enumerate numbers of phenanthrene degraders in soils 
overlay plates were prepared with phenanthrene provided as sole carbon source.  Numbers 
of phenanthrene degraders were elevated in hydrocarbon-contaminated soils from around 
Scott Base, Marble Point and Lake Vanda with numbers ranging from 5.5 x 102 to 4.1 x 106 
per gram dried soil (Table 1).  Highest numbers of phenanthrene degraders were detected 
in soils from the coastal sites of Scott Base and Marble Point.  No phenanthrene degraders 
were detected in control soils from the same locations.

Phenanthrene degraders were purifi ed from the isolation plates and identifi ed as either 
Pseudomonas or Sphingomonas species.  In addition to phenanthrene some of the 
isolates degraded the PAHs naphthalene, 1-methylnaphthalene, 2 methylnaphthalene and 
fl uorene.  None of the isolates degraded fl uoranthene or pyrene.  Sphingomonas sp.  Strain 
Ant 17 from Scott Base soil degrades the aromatic fraction of several different crude 
oils, jet fuel and diesel fuel at low temperatures with and without nutrient amendment.
It utilises or transforms a broad range of pure aromatic substrates, including hydrocarbons, 
heterocycles and aromatic acids and alcohols.  Ant 17 grows at temperatures from 1oC to 
35oC and mineralises radiolabelled phenanthrene over a range of more than 24oC.

Phenanthrene degraders are readily isolated from hydrocarbon-contaminated soils of the 
Ross Sea region, Antarctica.  One of the isolates, Sphingomonas sp.  Ant 17 is a good model 
for studying cold climate bioremediation, due to its broad aromatic substrate range and 
tolerance of potentially growth-limiting conditions of low and fl uctuating temperature and 
low nutrients.

Table 1: Numbers and presumptive identifi cation of phenanthrene degraders in soil samples 
from three location in the Ross Sea region.

Location No. of 
Samples

No. of phenanthrene 
degraders (g-1 dried wgt)

Presumptive identification 
of representative isolates

Scott Base

surface (0-2 cm) 
subsurface (2-20 cm)

2 
3

<10 - 1.5 x 105 
<10 - 4.1 x 106

Sphingomonas 
Sphingomonas

Marble Point

surface (0-5 cm)

subsurface (3-15 cm)

3

3

1.9 x 103 - 8.3 x 105 

5.7 x 103 - 1.4 x 106

Sphingomonas 
Pseudomonas

Pseudomonas
Sphingomonas

Vanda Station

surface (0-2 cm) 
subsurface (10-20 cm)

3 
1

ND - 5.5 x 102 
5.0 x 102

Pseudomonas 
Pseudomonas
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The COLDREM programme: interdisciplinary research on soil remediation 
in a cold climate

I. Ask and B. Mattiasson
1 COLDREM, Environmental Chemistry, Umeå University, SE-901 87 Umeå, Sweden.

In order to develop and evaluate cost-effi cient methods for remediation of soil and 
groundwater in the Nordic countries, the interdisciplinary soil remediation research 
program COLDREM was launched under the support of the Foundation for Strategic 
Environmental Research (MISTRA).  The research is organized around two target sites, a 
chloro-alkali site outside Gothenburg and an old gasworks site in Stockholm.  Both sites 
are heavily polluted with organic compounds and heavy metals.  At the chloro-alkali site, 
a range of chloro aromatics and mercury are present while the gasworks site has rich 
sources of PAHs as well as of cyanide, copper and lead.

A major emphasis within COLDREM’s remediation projects is in situ stimulation of the 
indigenous micro fl ora in order to facilitate degradation.  One limiting factor in the soil 
will be oxygen.  Another limiting factor to successful bioremediation is our poor knowledge 
about cold-adapted microbes and studies on these organisms have been included in the 
program.  Such organisms have the advantages of being catalytically effi cient also at 
low temperatures.  Air sparging and bioventing of slurry reactors have been evaluated 
with soil from the gasworks site.  Air sparging shows encouraging results in terms of 
degradation of PAHs in the polluted soil, even at low temperatures (+ 1°C).

Natural organics and microbial metabolites are being examined with respect to their 
effects on the distribution of mercury in a soil system.  Chemical and biological processes 
are being combined to obtain a controlled release of mercury for the purpose of remediation 
of contaminated soil.  To test physico-chemical methods as a remediation process, mercury 
contaminated soil undergo experiments using electro reclamation.  A complexing agent is 
added, the metal moves towards one of the electrodes and the migration behaviours can be 
determined.

Soil from the chloro-alkali site, contaminated with organo-chlorine compounds from 
the industrial production is being tested considering extraction and fractionation of 
the contaminants.  Fenton’s reagents and Supercritical Water Extraction using high 
temperatures and pressure to extract non-polar pollutants are two of the promising 
methods.
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Bioremediation in the Canadian Arctic

M. Colden 1, P. Francis 1, J. Mauchan 1, B. Mohn 2 and K. Reimer 1

1 Environmental Sciences Group, Royal Military College of Canada, Kingston, Ontario K7K 7B4.
2 Dept of Immunology and Microbiology, University of British Columbia, Vancouver BC V6T 1Z3.

Hydrocarbon (HC) fuel use is heavy and widespread in Canada’s Arctic as it is required 
for virtually all electrical generation, transportation and heating needs.  Transportation of 
fuel is diffi cult and spills are common.  According to statistics collected by the Government 
of the Northwest Territories for that region, there were 1652 chemical spills involving 
fuel reported between 1971 and 1998.  The quantity of fuel spilled there in 1998 alone is 
estimated to be 156,000 L.

In the Arctic, low temperature, low microbial density, low nutrient availability and other 
unique ecological factors retard natural attenuation of HCs in soil.  In addition, due to 
the presence of shallow bedrock and/or permafrost, HC contamination is often in close 
proximity to human activity, fl ora and fauna.  Thus, there is an urgent need for effective, 
safe and economical technologies for cleaning up fuel spills in northern regions.

The key challenge to environmental remediation in northern regions is typically the 
remoteness of the sites.  At those few Arctic sites where transportation facilities are 
well developed, conventional environmental technologies, such as thermal desorption, soil 
washing, and soil-vapor extraction can be used.   However, at many contaminated sites 
in the north, remediation technologies involving heavy equipment, large energy input 
or transportation of contaminated soil are impractical, if not impossible.  The severe 
climate is another obvious factor affecting remediation.  Extreme cold or freeze-thaw may 
damage equipment or materials.  Capital costs of large, expensive equipment can be high, 
particularly if that equipment must sit idle for long periods when cold weather prevents 
use or transport of that equipment. 

Bioremediation, a technology in which organisms, or their products, are used to transform 
or degrade pollutants to a harmless form, has great potential to address the special 
needs for environmental remediation in cold climates.  Compared to alternative pollutant-
destroying technologies, bioremediation uses less energy and heavy equipment and is 
more economic on a smaller scale.  Recent evidence indicates that native Arctic soil 
microorganisms can degrade HCs 1-4. Other evidence indicates that existing bioremediation 
technology can be adapted to low temperature 3. 

We have applied bioremediation to hydrocarbon spills at Canadian Forces Station (CFS) 
Alert.  Located at 82030’N and 62020’W, Alert is the most northern permanently staffed 
station in the world.  The climate is very cold and dry with an average annual precipitation 
of 154.2 mm, only 14.4 mm of which is rain, and approximately 77 days with a daily 
maximum temperature above 00 C.  Originally constructed as a weather station in 1950, 
CFS Alert became a Canadian military communications facility in 1956.  As with most 
historically operated, remote northern installations, there have been numerous fuel spills. 
This site provided us with an excellent opportunity to evaluate two bioremediation 
approaches - landfarms and biopiles – and to evaluate the effectiveness of biostimulation 
versus bioaugmentation.

Biostimulation was carried out by fertilization with phosphorus and nitrogen. 
Bioaugmentation was with an enrichment culture, originating from the fi eld site. 
Interestingly, inoculation had no effect on hydrocarbon removal in biopiles.  The fate of 
the three phylotypes present in the inoculum was monitored using most-probable number-
PCR, targeting 16S rRNA genes.  Populations of all three phylotypes increased more than 
100-fold during incubation of both uninoculated and inoculated biopiles.  The inoculum 
increased the initial populations of the phylotypes but did not signifi cantly affect their 
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populations.  Thus, biostimulation on site enriched populations that were also selected in 
laboratory enrichment cultures.

Signifi cant hydrocarbon losses, measured as total petroleum hydrocarbon (TPH), were 
observed in landfarm experiments but volatilization was the primary mechanism for TPH 
loss in the fi rst short summer season.  Microbial degradation was more evident in the 
second summer of treatment, but is limited by the short season.  It was hypothesized that 
more effective treatment could be realized by warming air blown into an aerated biopile. 
Accordingly, heat transfer equations were used to develop the design requirements for a 
heated biopile system.  Several biopile systems have now been constructed (up to 50 m3 in 
size) and these have been successfully operated at 5-100 C over three successive years. 

These results have been verifi ed at several other Arctic sites. In general, the results 
demonstrate the effectiveness of landfarm treatments in locations where there is suffi cient 
space to spread contaminated soil, where the summer season is suffi ciently long and/or 
there is no urgency to realize effective treatment.  Heated biopiles offer an alternative in 
colder regions, where there are site restrictions on available space and where time is of the 
essence.

References:
1 Braddock, et. al. (1997) Environ. Sci. Technol. 31: 2078.
2 Mohn and Stewart (2000) Soil Biol. Biochem. 32: 1161.
3 Mohn, Tadziminski, Fortin and Reimer (2001) 57: 242.
4 Whyte et. al. (1999) Appl. Eviron. Microbiol. 65: 2961.
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Hall Beach in-situ bioremediation experiment 1994 - 1999

R. Eno

Envionmental Protection Service, Nunavut, Canada.

A shallow (1 metre) pond at Hall Beach, Nunavut, was contaminated with diesel fuel as a 
result of chronic spills – which took place over several decades – from a former tank farm.  
Given the site’s location, accessibility and the negligible off-site migration of contaminants, 
the Department of Renewable Resources (now known as the Department of Sustainable 
Development) viewed this as an ideal opportunity to determine the feasibility of employing 
in-situ bioremediation to clean up diesel fuel spills in the Arctic.

Following baseline sampling in 1994, a number of lab and pilot-scale bioremediation 
experiments were conducted by the Environmental Sciences Group (ESG) of the Royal 
Military College.  Initial attempts at stimulating anaerobic microbial biodegradation within 
the pond during the summer of 1995, proved to be unsuccessful.  Lab experiments conducted 
by ESG during the winter of 1996 indicated that aerobic microbial biodegradation would 
occur at low temperatures given the right amount of nutrients and oxygen.  In September 
1997, on-site testing was initiated by adding pre-calculated quantities of nutrients to the 
most contaminated section of the pond, after which a commercial fl oating aerator was 
installed and operated for three weeks.  The aerator was re-installed the following year  
(1998) and operated throughout the 12-week summer.  Water samples were collected at 
regular intervals over the 12-week operation in 1998.

The overall results of the study indicated that, over the four years of the project, total 
petroleum hydrocarbons (TPH) concentration in the water and sediment had decreased 
to acceptable levels, however, the decrease in TPH may have been partially attributed 
to natural attenuation as well as aerobic biodegradation.  While there is evidence 
that biodegradation was occurring in the pond, it was happening at a very slow rate.  
Furthermore, the microorganisms appeared to be preferentially degrading the natural 
organic matter within the pond.

Regrettably, the results of the experiment did not support the use of in-situ bioremediation 
as practical means of remediating hydrocarbon contaminated sediment in an Arctic 
environment, primarily because it was not as cost-effective as other methods such as 
thermal desorbtion and ex-situ bioremediation techniques, such as biopiles and land 
farming.
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In North American cold regions, crude oil and refi ned petroleum products comprise 
the majority of terrestrial spills.  Alaska has developed suitable response tactics as 
guidelines for cleanup of petroleum-based spills.  However, suitable tactics for responding 
to chemical spills are not developed due to limited experience with infrequent crude-
methanol, saline water (e.g. seawater, brine, and production water), synthetic fl uid (e.g. 
glycols and methanol), and acid-mixture spills.  Spill dynamics relative to season and 
ground conditions must be understood in developing adequate response tactics to combat 
terrestrial spills in cold regions.

Contaminant migration in the subsurface is affected by volume of contaminant released, 
impact area, time duration of spill, properties of the contaminant(s), and subsurface soil 
and fl ow properties (Feenstra and Cherry, 1988).  In the Arctic, frozen surface conditions 
can limit vertical migration of contaminants and timely response increases potential 
for successful tundra restoration.  However, decisions about recovery must consider 
containment; recovery methods must be weighed against their potential to damage tundra.
Where ground affords rapid infi ltration, properties of fl uids (contaminant and water) and 
media should be given in-depth consideration during spill evaluation.

Once in the subsurface, contaminant fl ow through vapor transport, dissolution in water, 
and as free product (three-phase fl ow) will develop rapidly, even in frozen media.  Accurate 
conceptualization or modelling of spill fl ow requires information about the degree of soil 
(water) saturation, soil retention (liquid and vapor interfacial tensions relative to capillary 
pressures and wettability), and residual saturation1.  Nevertheless, time or budgets often 
preclude measurement of subsurface hydraulic or physicochemical properties.  However, 
site characterization can incorporate limited soil investigation at little additional cost in 
delineating spill boundaries and answering investigative questions.

Tundra Mat
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Riverine Deposits (cobbles and rocks)

Figure 1. Dalton Highway spill site: soil profi le within river thaw zone.
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Soil profi ling, groundwater state, and analytical testing were evaluated in understanding 
subsurface interfl ow of diesel-contaminated groundwater within the thaw zone of a river 
crossing on the Dalton Highway, in northern Alaska (Figure 1).

Moisture contents, grain size distributions, analytical testing, and macro-photography 
were employed in assessing groundwater impact and in answering investigative questions 
about a residential fuel-oil release within the fl oodplain of the Tanana River, in interior 
Alaska.  A recent acid-xylenes spill at Prudhoe Bay, Alaska required grid mapping, 
photogrammetry, and evaluation of pH, conductivity, chlorides, and hydrocarbons for post-
recovery site characterization (Figure 2).  High acid and xylene concentrations limited 
standard analytical testing.  Core sampling and a new digital imaging technique are 
being considered in determining soil properties and frozen/unfrozen moisture contents in 
assessing impact with depth.

Figure 2. Post-trimming site characterization of acid-xylenes spill, Prudhoe Bay.

1 The saturation (Vcontam/Vvoids) at which the contaminant becomes discontinuous and is 
immobilized by capillary forces under ambient groundwater fl ow conditions is the residual saturation 
of the contaminant (Mercer and Cohen, 1990).
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Hydrocarbon contamination of Antarctic soils is evident in limited areas where accidental 
fuel spills have occurred, usually near scientifi c bases or fi eld camps.  To understand the 
short-term fate and effects of fuel spills on Antarctic soils a contained experiment was 
established at Scott Base, Antarctica.

Soil cores (105 cores, 10.5 cm in diameter and 30 cm high) were fi lled with a sieved fraction 
(< 6.7 mm) of soil (Typic Anhyorthel), buried to the ground surface, and left to equilibrate 
over winter.  Fuel (60 mL of JP-5, which is an equivalent depth of 7 mm) was applied in 
droplets from a syringe to each of 63 cores.  The remaining 42 cores were kept as controls 
with no fuel added. Cores were destructively sampled in triplicate 0.1, 1, 3, 7, 14, 21, 28, 
35, 42, 358, 365, 372, 379, and 397 days after fuel application and samples were returned, 
frozen, to New Zealand for microbial and total petroleum hydrocarbon (TPH) analyses.  
Ten cores (fi ve control and fi ve JP-5 treated) were weighed daily to monitor changes in core 
weight to give an indication of changes due to snowfall and water evaporation, and volatile 
loss of JP-5 fuel.  In-situ temperatures (2 cm, 5 cm and 20 cm depth) of both control and 
JP-5 treated cores were measured in triplicate at hourly intervals. 

During destructive core sampling fuel penetration was observed to reach a mean maximum 
depth of 15 cm ten days after JP-5 application, and 17 cm after one year.  No differences 
were observed in the mean numbers of culturable heterotrophic bacteria and hydrocarbon-
degrading microbes between JP-5 treated and control cores for up to 42 days after the 
spill. It is, therefore, inferred that the initial application of fuel was non-toxic to culturable 
heterotrophic bacteria and hydrocarbon-degrading microbes.

The TPH content of the soil decreased in the 0-2.5 cm depth range from 46 000 mg/kg, two 
hours after fuel application, to 9 000 mg/kg after six weeks.  In the depth range from 2.5 cm 
to the mean maximum depth of fuel penetration the TPH content of the soil decreased from 
45 000 mg/kg two hours after fuel application to 10 000 mg/kg after six weeks. Analysis 
of the TPH components indicated that volatilisation, rather than biodegradation was the 
most probable fate of lost fuel.  The volatile loss of JP-5 fuel, as determined from TPH 
concentrations within the total depth of fuel contaminated soil, was about 14% after two 
hours, 58% after one week, and 70% after six weeks.

The volatile loss of JP-5 fuel, as determined by core weights, after correcting for snowfall 
addition and moisture evaporation, was about 9% after 18 hours, 26% after one week, and 
35% after six weeks.  Differences between the fuel loss recorded by core weights and by 
TPH measurements were attributed to measurement errors within each technique. 

The application of fuel had no measurable effect on soil temperature at 2, 5, or 20cm depth 
even though the surfaces of JP-5 treated cores were visibly darker than the control cores.  
The colour change decreased markedly within three weeks.

It is concluded that for a small spill of JP-5 fuel, where saturated fl ow was avoided, 
in summer, on bare Antarctic soil, a large proportion (between 35% and 70%) of the 
fuel applied was lost to volatilisation within the fi rst six weeks after the spill.  There 
were no measurable short-term (up to 6 weeks) impacts on soil temperature or microbial 
populations.
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Waste water treatment during landfi ll remediation in Antarctica: strategies 
for contaminated particulate removal

K.A. Northcott 1, I. Snape 2, M.A. Connor 1 and G.W. Stevens 1.
1 Dept of Chemical Engineering, University of Melbourne, Parkville, Victoria, 3010, Australia.
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Solid-liquid separation processes for water treatment are widely used in the chemicals and 
minerals industries.  Traditionally the design of fi ltration and sedimentation equipment 
involved empirical calculations, followed by pilot plant testing and fi nally full-scale 
operation.  The remediation of a landfi ll site near Casey station in Antarctica is an 
opportunity to test a new solid-liquid separation scale-up technique. 

Australia will commence a site clean-up at the Old Casey tip in the summer of 2002/2003. 
Rubbish and contaminated sediments will be dug up, contained and transported back 
to Australia to be disposed of in a managed landfi ll.  The environmental challenge is to 
prevent contaminant dispersal via melt-water during the clean-up. The Old Casey tip 
is situated in a melt-water catchment area, which empties into the sea.  Heavy metals 
are present in tip waters in concentrations high enough to be toxic to marine animals 
such as clams, sea urchins and sea stars.  Contaminated particles constitute a signifi cant 
proportion of the heavy metals in tip waters.

Heavy Metals found in Tip Waters

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

As Cd Cr Cu Fe Mn Pb Ni Zn

Pa
rt

ic
u

la
te

 C
o

n
tr

ib
u

ti
o

n
 (%

)

Figure 1. Contribution of contaminated particles, expressed in percent of total heavy metals 
found in Old Casey tip waters. 

Techniques such as settling and sedimentation will be used to remove the majority of 
contaminated particles from tip waters during the clean-up of Old Casey tip. Settling 
and sedimentation is improved by the addition of coagulation and fl occulation chemicals. 
Particles normally stable in suspension can be destabilised and encouraged to aggregate 
and settle. In this way fl ocs are formed, a collection of loosely bound particles which settle 
more quickly than they would individually. The surface charge of particles, temperature, 
turbidity and pH of the water have an impact on the chemistry and kinetics of coagulation 
and fl occulation.
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Pilot testing of solid-liquid separation equipment in Antarctica is diffi cult, due to its 
climate and isolated location. Alternative tools for predicting water treatment performance 
are needed. A rheological model, developed by the Particulate Fluids Processing Centre 
(PFPC) at the University of Melbourne, uses three suspension properties to determine 
solid-liquid separation characteristics:

1. Gel Point, Φg: The maximum solids concentration a suspension can reach by settling.
2. Compressive Yield Stress, Py(Φ): The compressive pressure required to achieve a desired 

solids concentration above the gel point.
3. Hindered Settling Factor, R(Φ): The resistance to water fl ow through a suspension at a given 

solids concentration.

These parameters are determined by laboratory experiments and are used to predict 
compressibility and permeability of thickened sludges and fi lter cakes and ultimately 
the time of fi ltration and fi nal solids concentrations achievable for solid-liquid separation 
processes. This information is very important for design and scale up of pressure fi lters 
and industrial thickeners.

Figure 2. (a) Compressive yield stress vs solid volume fraction and (b) Hindered settling 
function vs solid volume fraction for an Old Casey tip sediment sample.
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Hindered Settling Function: 
Old Casey tip sediment sample
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The study of water treatment processes, for use during contaminated site clean-up at the 
Old Casey tip, has implications for more than just Antarctic research: 

• The clean-up of Old Casey tip will set the standard for contaminated site 
remediation for other Antarctic treaty nations.

• Water treatment systems developed for Antarctica can be applied to other cold 
regions, such as the arctic and alpine areas.

• Filtration and sedimentation prediction and scale-up techniques can be applied to 
minerals processing, drinking water and sewage treatment.
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The “Old Casey” station (66º16’ 110º31’) in Wilkes Land, Antarctica, was occupied from 
1969 to 1988.  As a result of station operations, the area around the workshop became 
contaminated with diesel and other oil products.  High levels, up to 20,000 ppm, of 
hydrocarbons are still present in the soil today.  Bioremediation is being considered as part 
of the strategy to clean-up several sites in the area.

The aim of the study was to investigate the rate of intrinsic biodegradation of hydrocarbons. 
Soil from the old Casey area was used in microcosm experiments designed to measure 
biodegradation rates at temperatures from -2ºC to 42ºC. The soil was spiked with 
radiolabelled octadecane and three replicate microcosms were incubated at -2, 0, 4, 10, 
15, 28, 37 and 42ºC for forty days.  An inhibited control amended with sodium azide was 
incubated at 15 oC.  The production of 14CO2 was measured (Figure 1).  Minimal amounts of 
14CO2 recovery were observed at -2ºC and 0ºC. At 4ºC a slow and steady increase in 14CO2 
levels was observed whereas at 42oC there was an extended lag phase, but the total 14CO2 
recovered was greater than at any other temperature.

It was postulated that the recovery curves were the result of different microbial 
communities active at different temperatures.  A combination of microbiological and 
molecular techniques were used to investigate the microbial populations developed at 4, 
10, 28 and 42ºC.  Number counts suggested that the difference in biodegradation rates 
was not related to different numbers of bacteria in the microcosms.  Different communities 
were seen in the electrophoresis.  The banding pattern after forty days at 4ºC and 10ºC was 
almost identical to the initial samples.  At 42ºC, a distinctly different banding pattern was 
observed with the emergence of new bands and the loss of others. 

Several strains able to degrade hydrocarbons were isolated from the microcosms.  16S 
rDNA sequence analysis showed that the 4 and 10ºC strains were closely related to 
Pseudomonas species and the strains isolated from the 42ºC microcosm were related to 
Paenibacillus turicensis.

The results from the study suggest that at 4 and 10ºC, very similar populations are 
responsible for hydrocarbon degradation.  Although the microorganisms involved are 
capable of growing at 4ºC, growth and metabolism are increased at 10ºC.  Some of these 
microorganisms are also capable of growing at 28ºC, but the increased level of hydrocarbon 
degraders at 28ºC suggest that different microorganisms, probably mesophilic, become the 
dominant hydrocarbon degraders.  At 42ºC, another set of microorganisms are involved.  
These are probably initially present in low numbers, hence the lag phase in both the total 
most probable number counts and in the 14CO2 recovery curve. 

A combination of chemical, microbiological and molecular tools seems to be necessary for 
understanding the microbial processes occurring in contaminated Antarctic soils.
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Figure 1. Recovery of 14CO2 from microcosms incubated at the temperatures -2, 0, 4, 10, 15, 
20, 28, 37 and 42ºC.
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in snow covered ground
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Snow cover introduces complexities to the management of oil spills not found under other 
environmental conditions.  The snow obscures the initial extent of the spill and may hide 
processes of mobilisation and dispersion that would otherwise be obvious and should drive 
management responses to contain the spill and ameliorate its impacts.  A fl uid trajectory 
model based on a geographic information system (GIS) has been developed to predict oil 
spill movement from a point source and to estimate the relative fl ow of meltwater through 
the spill site.  Information on movement of the plume can be used to direct engineering 
activities to contain the spill, such as the excavation of trenches and the installation of 
barriers or absorbent material.  Estimation of the orientation and size of the catchment 
up-stream of the spill site can be used to direct excavation to divert meltwater away from 
the centre of the spill and so reduce its spread.

Field validation of the model was undertaken at a recent spill of approximately 10,000 L of 
diesel from a storage tank at Casey Station.  The spill occurred during winter and the full 
extent of petroleum dispersal was not known until the snow melted in summer.  Because 
the digital elevation model is based on aerial photographs obtained during the summer at 
the time of minimum snow cover, a predicted spill path can be estimated using information 
on the sediment or bedrock surface rather than the snow surface (Figure 1).  It is this hard 
substrate that governs the fl ow path of petroleum, with most fl ow observed to occur at 
the snow-sediment/bedrock interface.  As snow cover progressively melted in the summer 
of 2000-2001, the extent of the petroleum plume was compared to the predicted pathway 
by the use of a fi eld-portable photo-ionisation detector (PID).  The comparison indicated a 
generally good coincidence between the predicted path of the spill and high concentrations 
of volatile hydrocarbons (Figure 1).  However, small scale variations in surface topography 
at a scale of centimetres brought about by human activity, such as road maintenance, 
caused small scale variations from the predicted path as surface run-off bifurcated 
temporarily along the roadway. Alternative fl ow paths (fl ow paths B and C, Figure 1) were 
generated using the model and setting the start point of the model at two locations along 
the road.  These explain some of the lateral dispersion of the plume.

Modelling of the upstream catchment indicated that only small amounts of meltwater 
were likely to fl ow through the initial spill site (Figure 1, drainage basin A).  However, 
modelling of adjacent catchments indicated a large drainage basin likely to fl ow along 
the road and interact with the spill (Figure 2, drainage basin B).  The model predicted 
that all fl ow paths through the highly contaminated area would converge on the melt-
lake indicating that engineering works to prevent contamination of the lake should be a 
priority

In conclusion, the model-based approach is useful in general terms, but small deviations 
in dispersal pathway should be anticipated.  The technique allows rapid modelling of 
a number of ‘what if ’ scenarios that can be used to guide fi eld operations and spill 
management.
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Figure 1. The spill site at Casey showing the predicted fl ow path (fl ow path A) from the 
fuel tank and the small drainage basin (drainage basin A) behind the spill. Relative 
hydrocarbon concentrations measured by PID are indicated by the size of circle and the soil 
moisture content by shading.  Predicted drainage basins and predicted fl ow paths are also 
shown for two locations on the road.

Figure 2. The area around the spill site, including a meltlake in the predicted fl ow path of 
the spill and the full extent of drainage basin B.
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Contaminated sediments in freshwater, marine systems and harbors are a big issue 
worldwide. An effective management of the sediments, surface- and groundwater will 
decrease the effect of diffuse and dispersed sources of pollution. Navigational dredging 
frequently includes contaminated sediments; this represents a major fi nancial and 
environmental cost. Despite all efforts to restrict or ban the use of heavy metals and 
organic contaminates (Hg, PCB, DDT etc.) they will continue to pose problems for a long 
time. The contaminants are found in sediments were they can persist for many years, 
hence making sediments a source for leakage of the restricted polluting agents. 

Conventional dredging often results in redistribution of contaminated material causing 
pollution of the water column. The new innovation combines the advantage of 3D mapping, 
giving exact location of the distribution of contaminates and disturbing objects. The freeze 
dredging offers precise removal with minimal redistribution.

The mapping includes a detailed radar survey technology combined with chemical analyses 
of sediments in the water system. This procedure gives information about contaminant 
distribution and sediment structure that is vital for the performance of precise dredging. 
During the removal of contaminated sediments the redistribution will be very low. The 
freeze-cell that is lowered into the sediment is designed to cause minimal disturbance, 
freezing is induced by artifi cial freezing or by using cold winter conditions, thereby freezing 
the material around a freeze-cell. When the sediment is frozen it is lifted in the stable 
frozen form, thereby minimizing the amount of contaminated sediments and pore-water to 
be released into the water column. A freeze-cell that is lifted is always surrounded by other 
frozen cells or already removed cells, this procedure stops internal erosion from the sides. 
At campus Kiruna, Luleå University of Technology, freeze dredging has been tested both 
in laboratory- and pilot plant scale. The studies have showed that freeze dredging is viable 
in full scale.
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The bioremediation potential of Antarctic soils
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Twenty-fi ve soil samples were collected from six sites around the Windmill Islands, 
Antarctica.  Twelve samples were taken from areas where an oil spill had previously 
occurred, and thirteen samples were collected from apparently pristine areas
(Figures 1 and 2).

Figure 1. Some of the oil contaminated 
soil samples were taken  from the tip at 
Wilkes.

contained Special Antarctic Blend fuel (SAB) as the sole carbon and energy source.
The plates were incubated at 2ºC for three weeks, after which the microbes were counted.

The total number of culturable heterotrophic bacteria and the number of culturable 
oil-degrading bacteria were signifi cantly higher from the oil-contaminated samples.
The difference was often by an order of magnitude.  The study did show, however, that oil-
degrading bacteria were present in all of the soil samples.

The evidence so far gathered suggests that although there are fewer bacteria in the 
pristine soils, oil-degraders are present.  This indicates that there is real potential for
in situ bioremediation in Antarctica, wherever a spill may occur, and the addition of foreign 
microbes is unnecessary.

Figure 2. Pristine samples were collected from 
areas such as the Browning Penisula

Using these samples a study was initiated 
endeavouring to determine the difference 
between the abundance of bacteria in 
contaminated and pristine soils.

Bacteria from the soil samples were dispersed 
in phosphate buffer and serial dilutions were 
prepared.  Aliquots were then spread on to 
nutrient agar and minimal media agar which 
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for Ecotoxicology, University of Technology Sydney, Westbourne St, Gore Hill, NSW 2065, 
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The derivation of water quality guidelines (WQGs) is a vital part of any water quality 
management strategy, as they are the best scientifi c estimate of the conditions required 
to protect organisms for the whole of their life.  The previous Australian WQGs (ANZECC 
1992) consisted predominantly of values adopted from the of British, Canadian, and 
American WQGs.  A review of the Australian WQGs was commenced in 1996.  It was 
decided that we would derive our own WQGs in order to: develop the necessary expertise; 
develop WQGs that more closely refl ect the unique environmental conditions, fl ora and 
fauna of Australia and New Zealand; address concerns about the previous guidelines, 
incorporate risk into the guidelines; develop a transparent and understandable set of 
WQGs; and if possible to develop a new state of the art system of guidelines.  The 
development of the WQGs commenced in late 1996 and they were published in August 
2000 (ANZECC & ARMCANZ, 2000).  WQGs for ecosystem protection were developed for 
toxicants in water and in sediment, physicochemical parameters and biological assessment. 
However, this presentation will focus only on the WQGs for toxicants in water.

The numerical limits for toxicants are called trigger values (TVs).  The chemicals for 
which TVs would be derived were determined by asking regulatory, industry and academic 
organisations to nominate chemicals.  A search for toxicity data for the selected chemicals 
was commenced using Ecotoxicology databases, the in-house reference library of the NSW 
Environment Protection Authority and WQG documents of other nations.  The quality of 
the data was assessed using a system based on that used by the USEPA.  Only data of 
suffi cient quality were used to calculate the TVs. 

The framework for deriving the TVs used both a statistical distribution (SD) method and 
an assessment factor (AF) method.  However, whenever the data permitted the SD method 
was used in preference to the AF method.  The SD method (Shao, 2000) in essence 
fi ts a statistical distribution to the toxicity data and then calculates the concentration 
that should protect any given percentage of species.  In contrast, the AF method takes 
the single lowest toxicity value and divides it by an AF whose magnitude is inversely 
proportional to the perceived environmental relevance of the toxicity data.  Both methods 
will be discussed, although greater detail is provided in Warne (in press) and ANZECC & 
ARMCANZ (2000).

The term trigger value is used because if the measured concentration at a site exceeds the 
TV then the ecosystem is at high risk and further action is triggered.  This action can take 
the form of management, remediation or conducting site-specifi c investigations using risk-
based decision frameworks that are provided in the WQGs.  As one descends the decision 
frameworks the steps provide increasingly better estimates of the concentration of the 
chemical that is available to biota and therefore the concentration exerting toxic effects. 
These investigations are built into the WQGs as it is realised that the national TVs are not 
necessarily applicable to any particular waterbody and to encourage a risk-based approach 
rather than the ‘pass or fail’ approach used previously.  These investigations allow 
characteristics of the site to be considered to determine if the measured concentrations are 
acceptable, and can be used to calculate TVs for the site.  Examples of how these decision 
frameworks can be used will be given.  Finally suggestions will be made on how to derive 
WQGs for Polar regions using the Australian and New Zealand approach as a model.
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The Antarctic environment has been subjected to both large, acute oil spills and chronic 
inputs of hydrocarbons.  Although large well-publicised spills have been relatively 
few (e.g. Kennicut et al., 1990), signifi cant levels of hydrocarbon contamination have 
accumulated from chronic spills around many Antarctic stations (Kennicut et al., 1992; 
Deprez et al., 1994; Green and Nichols, 1995; Snape et al., 2001).  Since the majority 
of Antarctic bases are situated close to the edge of the continent these chronic on-shore 
spills have the potential to impact both the terrestrial and nearby coastal environments. 
It is therefore important to understand transport mechanisms and associated degradation 
rates to be able to assess environmental risks these spills might pose, and determine 
suitable management practices.  The majority of previous studies have focussed primarily 
on degradation and not transport of the petroleum hydrocarbons.  In our case study from 
Old Casey Station, we show that transport is occurring both at the surface and sub-
surface, and that this has an impact on the possible evaporation and biodegradation of 
these hydrocarbons.

Oils spilled at the study site include special Antarctic blend (SAB) fuel and lubricating oils. 
Both can be found at sites throughout the “upper” study area immediately adjacent to the 
old station and close to the source of the spills.  At these sites, as expected, the lubricating 
oils show little change in their composition, despite having been spilled more than 10 
years ago.  However, the remnants of SAB exhibit a wide range of profi les, from apparently 
unaltered, through highly evaporated to heavily biodegraded.  Factors infl uencing these 
effects are surface temperature and water content.

This “upper” region drains down a slope to a wet “lower” region.  In the mid slope region, 
both SAB and lube oil residues are found.  In this area, the SAB has been greatly 
affected by both evaporation and biodegradation, to a greater degree than in the upper 
region.  However, samples from the lower region exhibit primarily only SAB residues, and 
importantly these appear to be mostly unaffected by either evaporation or biodegradation. 
Indeed, it appears that almost fresh SAB is contained in runoff to the nearby coastal 
environment.  This would suggest that SAB is being transported sub-surface from the 
upper region to the lower area.  This is consistent with relatively unaltered profi les and 
also the fact that little lube oil is detected in this region.  The lower molecular weight 
range of SAB (<n-C20) makes it more amenable to ground water transport than the higher 
molecular weight lube oils, which would be expected to be more associated with particles.

Profi les of moisture content in the upper area of the study site (Figure 1a) show a large 
increase in moisture content (ca 7% to 15%) between the surface and a depth of 30 cm.  
This is accompanied by a decrease in temperature from 5.5 ºC to <2 ºC (Figure 1b). When 
volatile emissions are measured in the same profi les we fi nd a maximum at ca 40 cm depth 
(Figure 1c).

It is apparent, therefore, that while studies solely of hydrocarbon degradation are useful, 
in order to fully understand what is happening within the environment, it is important 
to have an integrated study that utilizes geochemical techniques capable of assessing 
evaporation and biodegradation.  Even in Antarctica, the full catchment should also 
be investigated to establish the relative roles of vertical and horizontal contaminant 
migration.  Only when all this information is available can meaningful conclusions and 
management strategies be developed.
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Figure 1. Vertical soil profi les showing (a) moisture content, (b) temperature and (c) volatile 
emissions.
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Response to nutrient amendments in contaminated peri-glacial soils: 
mechanisms and guidelines for maximizing the rate of biodegradation
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Lack of available nutrients, particularly nitrogen, often limits the rate of microbial 
petroleum hydrocarbon degradation in contaminated cold region soils.  Many peri-glacial 
soils respond to addition of nitrogen, although excess levels can inhibit biodegradation by 
decreasing soil water potentials.  Soil water potential in unsaturated soils is comprised 
of two components: matric potential and osmotic potential.  Matric potential, due to the 
attraction between soil particle surfaces and soil solution, is controlled by the water 
content of a given soil.  Osmotic potential is determined by the amount of salts dissolved in 
the soil solution.  Soil microbes are sensitive to the combination of these two potentials.

Soluble fertilizer quickly partitions into soil water, increasing the salt concentration, and 
decreasing soil osmotic potential.  Response to nitrogen fertilizers added to petroleum 
contaminated soils consists of a positive response to low levels of nitrogen, but no response 
or a negative response to excessive nitrogen.  The positive response to low levels of 
fertilizer occurs because the system is initially nitrogen limited, and the negative response 
to higher levels of application is due to microbial inhibition from depressed soil water 
potential.

The maximum nitrogen dose that can be added without causing an adverse impact is 
directly related to soil moisture level and can be easily estimated.  The drier a soil is, the 
less water it contains for soluble fertilizer to partition into.  Conversely, a wet soil has more 
water for fertilizer dissolution.  Therefore, dry soils are more sensitive to osmotic inhibition 
than wet soils; a given amount of nitrogen fertilizer will depress osmotic potential more in 
a dry than a wet soil.  This effect can be estimated by expressing soil nitrogen additions on 
the basis of soil water rather than dry soil mass as is usually done:

N
mgN

kgH O

mgN

kg soil

kgH O

kg soilH O2
2

2= = ˜

Research has shown that when NH2O, which refl ects the concentration of nitrogen in 
the soil solution and thus the fertilizer contribution to soil osmotic potential, exceeds 
approximately 2500 mg N/kg H2O microbial activity is depressed.  Water potential also 
can be measured directly via thermocouple psychrometry and related methods.  Water 
potential depressions of approximately 50 kPa inhibit microbial petroleum degradation in 
most soils.

Strategies that can be used to avoid microbial inhibition include splitting nutrient 
applications, providing supplemental water, or using controlled release fertilizers.  Splitting 
nitrogen fertilization into several small applications is effective but not always practical 
in remote locations.  Several manufactured controlled release fertilizer materials are 
commercially available and some have been tested in bioremediation situations.  Nitrogen-
containing organic wastes are promising as controlled-release fertilizers for bioremediation 
because both nitrogen release from the waste materials and soil microbial nitrogen 
demand for biodegradation are controlled by temperature along with other factors.

In a laboratory study designed to evaluate the use of fi sh processing by-products as a 
fertilizer for bioremediation, white cod bonemeal was compared to a common inorganic 
fertilizer, diammonium phosphate (DAP).  Both nutrient sources were added to supply 
equivalent levels of nitrogen and phosphorus on uncontaminated soil and soil contaminated 
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with diesel fuel.  Levels of oxygen consumption attributable to petroleum degradation 
(calculated by subtracting values for uncontaminated soils from those of contaminated 
soils) at two incubation temperatures are shown in Figure 1.  Nitrogen release from 
fi sh bonemeal was suffi cient to maintain high levels of petroleum degradation, and this 
material was superior to inorganic fertilizer applied at each application level and at each 
temperature.

Controlled release fertilizers have the ability to supply nutrients over a longer period 
of time than conventional fertilizers.  They can reduce the potential of inhibition 
from osmotic potential depression, maintaining higher petroleum biodegradation rates.
In addition, they may reduce risk of contaminating nearby waters with excess nitrate.
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Figure 1.  Levels of oxygen consumption attributable to petroleum degradation (calculated 
by subtracting values for uncontaminated soils from those of contaminated soils) at two 
incubation temperatures.
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Introduction

Lead is ubiquitous in the modern environment and is present in the atmosphere over 
most continents greatly in excess of its natural abundance.  This was fi rst demonstrated 
by Murozumi et al., (1969) who showed that Greenland snow in the 1960s contained 
hundreds of times more lead than two thousand year old Greenland ice.  Because the 
natural abundance of Pb in ice is less than ~1 pg/g, except during colder glacial periods, 
most of the Pb accumulated in Greenland ice during the past 2000 years is anthropogenic.  
The high Pb concentration in the snow is the result of emissions to the atmosphere 
from the combustion of various fuels as well mining and smelting processes (Nriagu and 
Pacyna, 1988).

Because three of the four lead isotopes 206Pb, 207Pb and 208Pb are produced by the radioactive 
decay of 238U, 235U and 232Th, different Pb ore bodies display wide variations in isotopic 
composition depending on their age and the U/Th ratio of the source rocks from which the 
Pb was derived.  The use by industry of ores from a variety of different mines ensures there 
will be a variety of different isotopic compositions being released to the atmosphere.

In the early 1990s we used these variations as tracers to show that Pb emissions from 
the USA were making a major contribution to snow in Greenland and also therefore the 
atmosphere of the Northern Hemisphere (Rosman et al., 1994).  However, the available 
aerosol signatures were very limited to the extent that only two signatures (US and 
Eurasia) could be distinguished.  Recently Bollhöfer and Rosman (2000, 2001, 2002) have 
investigated the variation of the lead isotopic compositions in aerosols globally.  This study 
showed there were signifi cant differences between countries.  

This study takes advantage of this global map of Pb isotope signatures to identify the 
source of Pb in aerosols and snow arriving at Summit, Central Greenland during the 
Spring of 1995.

Methods

Snow and aersols were collected at Summit, Greenland (72°35’N, 37°38’W) between April 
25 and June 29, 1995 simultaneously from a polycarbonate platform supported ~1 m 
above the snow surface on a perspex pole.  In all, 11 fi lters (April 25-June 29) and 9 
snow samples (April 25-June 12) were collected.  Snow was collected in 60 mL PFA screw-
cap beakers (Savillex Corp., N.J., USA) while aerosols were fi ltered through downward 
pointing monitors fi tted with PTFE fi lters (30-60 mm front; 0.45 mm backing; 47 mm). 
Collectors were shielded from the wind with a low density polyethylene windshield. 
Approximately 100 m3 of air was pumped through each fi lter. 

All cleaning operations were performed inside a laboratory supplied with HEPA-fi ltered 
air.  The PTFE fi lters were cleaned for two hours in a warm HF/HCl/ethanol mixture and 
then rinsed with ultrapure water.  Following an overnight leach in warm 1 M HNO3 they 
were rinsed with ultra-pure water and left to dry under a HEPA fi lter lamina fl ow clean 
hood.  Filters were mounted into acid-cleaned tefl on monitors (Savillex Corp.).
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Beakers were acid cleaned and monitors were triple-sealed in polyethylene before leaving 
the clean-room.

After sampling the fi lters were leached in hot 0.4 M HBr for two hours, then an enriched 
205Pb/137Ba tracer mixture was added and the solution was evaporated to dryness.  Isotopic 
analysis of the residue yielded the isotopic composition of Pb and the concentrations of Pb 
and Ba by isotope dilution mass spectrometry (IDMS).  Since the procedural blank was 
less than 10 pg and all the fi lter samples exceeded 2 ng, no blank corrections were needed.  
Snow samples however were corrected for a blank between 2 – 10 % of total Pb.

The accuracy (95% confi dence) of the element concentrations is ~20%. However, because 
a mixed spike was used and it was used for all IDMS measurements the precision of the 
Pb/Ba ratios is better than 5%.  Isotopic measurements were made with a VG354 sector 
fi eld mass spectrometer using a thermal ion source.  The accuracy of the isotopic ratios 
in the snow and air is ~0.2% and ~0.1%, respectively.  The bias correction for isotopic 
fractionation was estimated from measurements of NIST SRM 981.  This amounted to 
0.24% per mass when using a Daly collector.

Results and Discussion

The Pb and Ba concentrations in airborne samples are reported in table 1.  Because the 
snow had sublimed from the beakers by the time the analyses were made only Pb/Ba ratios 
are given.  Average Pb amounts measured in the snow samples ranged from 31 – 141 pg.

Table 1 indicates relatively higher concentrations of Pb in the air at Summit between May 
5 and 31 with a maximum value of 0.25 ng per m3.  During the other sampling periods it 
averaged 0.04 ng per m3.  The Pb/Ba ratios in the snow are lower than in the air samples 
collected in the same period, suggesting that crustal material with a lower Pb/Ba ratio 
plays a more signifi cant role for the snow.  This is supported by fi gure 1 which shows 
that the snow samples tend to have slightly higher 206Pb/207Pb ratios.  This discrimination 
against Pb might relate to a snow nucleation or scavenging mechanism or to a difference 
between the composition of aerosols near the surface and at the altitude where the snow 
is formed.  There is also a remote possibility that this fractionation occurred during 
sublimation of snow from the beakers.  However, if this fractionation is attributed to the 
fi rst option then measurements of snow and ice-cores under-represent the atmospheric 
concentrations of Pb relative to Ba by ~ 35%. 

Start of     Filters   Snow
sampling Vol [m3] Pb conc. (pg/m3) Ba conc. (pg/m3) Pb/Ba Pb/Ba
25-Apr-95 102 29 40 0.73 0.47

5-May-95 91 184 172 1.07 0.74

10-May-95 67 104 101 1.03 0.46

14-May-95 83 116 121 0.96 0.65

19-May-95 102 212 158 1.34 0.91

24-May-95 63 248 269 0.92 0.80

27-May-95 92 205 130 1.59 1.57

31-May-95 101 52 30 1.72 1.02

4-Jun-95 146 49 17 2.92 0.85

21-Jun-95 96 22 28 0.79 nd

26-Jun-95 79 40 31 1.30 nd

Table 1.  Ba and Pb content of air and snow at Summit.
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In fi gure 1 a comparison is made of the isotopic composition of Pb in Summit snow 
and air with aerosols in the Northern Hemisphere (Böllhofer and Rosman, 2001).  The 
isotopic signatures shown in the fi gure for the eastern Asian region are consistent with 
those reported by Mukai et al. (1993).  The isotopic compositions measured fall between 
aerosols from eastern Asia and NE Europe & Russia.  Most signifi cant is the indication 
of a contribution from eastern Asian, consistent with the report by Kahl et al. (1997) 
that shows 10-day air-mass back-trajectories extending into Asia.  However, because 
most of these trajectories pass over North America just before arriving in Greenland 
the Asian signature was not resolvable until North American Pb emissions had declined 
substantially.  Re-examination of earlier Summit snow data from 1967-89 shows little 
evidence of Asian aerosols (Rosman et al., 1994), but high resolution sampling of snow at 
Dye 3 some 900 km further south in 1988/89 showed a tendency towards this composition 
in Spring precipitation (Rosman et al., 1998). . Similar transport was observed by 
Biscaye et al. (1997) who used Nd, Sr and Pb isotopes to trace the source of dust reaching 
Summit during the coldest period of the last Glaciation between 23 Ky and 26 ky BP to 
Eastern Asia. 
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Figure 1.  The isotopic composition of the aerosols (open squares) and snow (solid triangles) 
collected at Summit during spring 1995.  Data are superimposed on regional isotopic 
signatures of aerosols reported by Böllhofer and Rosman (2001).



128

Financial and political aspects of development of remediation 
technologies for contaminants in soils in cold regions: future directions 

of the Contaminants in Freezing Ground series

P.J. Williams

Scott Polar Research Institute, Cambridge, UK.

Over the last several decades there have been very large expenditures on projects in the 
cold regions (mining, oil and gas, nuclear, etc.) that can be the source of contamination and 
necessarily require planning and activity, to prevent, mitigate or remedy the effects.

Yet contamination in freezing ground and its remediation have been the subject of research 
largely over only the last ten years.  This is a very short time in terms of geotechnological 
development and many signifi cant advances are therefore possible.

Normally in the growth of new technologies there is a defi nable, driving fi nancial input 
deriving from industrial activity currently underway; a certain, if quite small, percentage 
of expenditures go towards research and development.  In the case of major cold regions 
engineering projects it appears that a substantially smaller percentage than might be 
expected, is going into the inherently necessary contaminant management research.

The implications are that contamination management is not developing at the rate 
that would be most effective and cost effi cient. The reasons for this are examined with 
particular regard to international funding of major cold region construction projects, 
regulatory requirements in different countries, the positions of international consortia 
of companies, and political and societal pressures. The potential scientifi c advances are 
examined and it is concluded that not only the contaminant management industry 
(consultants, contractors) but the industries behind cold regions development would benefi t 
greatly from an understanding of and provision for such advances.


