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ABSTRACT: The darkening of the original yellow areas painted with
the chrome yellow pigment (PbCrO,4, PbCrO,-xPbSO,, or PbCrO,
xPbO) is a phenomenon widely observed on several paintings by Vincent
van Gogh, such as the famous different versions of Sunflowers. During our
previous investigations on artificially aged model samples of lead chro-
mate, we established for the first time that darkening of chrome yellow is
caused by reduction of PbCrO, to Cr,O3 - 2H,O (viridian green), likely
accompanied by the presence of another Cr(IlI) compound, such as
either Cr,(SO,)5* H,0 or (CH5CO,),Cr;(OH), [ chromium(III) ace-

brown altered

hrome yeIIo :
unaltered

ey 5 10 15 20
) (e e, et Lateral distance, micrometer

tate hydroxide]. In the second part of this work, in order to demonstrate

that this reduction phenomenon effectively takes place in real paintings, we study original paint samples from two paintings of V. van Gogh.
As with the model samples, in view of the thin superficial alteration layers that are present, high lateral resolution spectroscopic methods that
make use of synchrotron radiation (SR), such as microscopic X-ray absorption near edge (#4-XANES) and X-ray fluorescence spectrometry
(u-XRF) were employed. Additionally, #-Raman and mid-FTTR analyses were carried out to completely characterize the samples. On both
paint microsamples, the local presence of reduced Cr was demonstrated by means of 4-XANES point measurements. The presence of
Cr(IIT) was revealed in specific areas, in some cases correlated to the presence of Ba(sulfate) and/or to that of aluminum silicate compounds.

The alteration of chrome yellow (PbCrO,4, PbCrO,+xPbSO,,
or PbCrO,-xPbO),"* a bright yellow pigment used in both
industrial and artistic paints, is a well-known phenomenon which has
been studied continuously since its invention in the first decades of the
19th Century. Chrome yellow was often used by artists of the end of
19th Century,””® and also by Vincent van Gogh (1853—1890).” In
general, on many of these paintings, more than one Century after their
creation the areas painted with chrome yellow appear darkened, likely
due to a degradation of the pigment itself Among these paint-
ings the most famous are the different versions of Sunflowers by
V. van Gogh.

Systematic studies about the degradation mechanisms of lead
chromates were carried out until ca. 1950'°" " [date coinciding
with the introduction of stabilized lead chromates and lead molyb-
dates,"”'*'* and the progressive replacement of chrome yellow
with other new synthetic yellow pigments, such as CdS, which was

W ACS Publ ications © XXXX American Chemical Society

assumed to be more stable'>'¢], and all of them agree that this

degradation involves a reduction reaction of Cr(VI) to Cr(III).
However, neither detailed information about the exact mechanism
of alteration of PbCrO,4 nor about the characterization of the degra-
dation products are provided. Very recently, the darkening of the p1
ment zinc potassium chromate has been attributed by Casadio et al."”
to both the chromate—dichromate equilibrium and to a slight reduc-
tion of the chromate, leading to the formation of Cr(III) oxide species.
The physical—chemical properties and the factors that may affect
the stability of chrome yellow are described in detail in the part 1 of
this work.'® In this study, conducted on artificially aged model
samples of lead chromate by means of SR #-XANES, SR u-XREF,
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Figure 1. Photographs of (top) Bariks of the Seine (F 293 s 77 v/1962), mid
May to mid July 1887, oil on canvas (32 x 46 cm), and (bottom) View of Arles
with Irises (F 409 s 37 v/1962), May 1888, oil on canvas (54 x 65 cm), by
Vincent van Gogh, Van Gogh Museum (Vincent van Gogh foundation),
Amsterdam.

and electron energy loss spectrometry (EELS), we were able to estab-
lish for the first time that darkening of chromate yellow is caused by a
substantial, superficial reduction of the original Cr(VI) to Cr(III).
Particularly, PbCrO, degrades to give Cr,O3+2H,O (viridian green),
likely accompanied by the presence of another Cr(III) compound,
such as either Cr,(SO4);*H,O or (CH3CO,),Cry(OH), [chro-
mium (1) acetate hydroxide]. Moreover, this Cr(III) species was
especially formed in a thin superficial layer of ca. 1—2 ym thickness.
In what follows, in continuity with the first part of this work'®
and considering the capability of synchrotron X-ray techniques in
detecting with extreme sensitivity the distribution of specific species
of a given chemical element, #-XANES and ¢-XRF spectrometry
were employed to study two embedded paint cross sections, where
alteration of the chrome yellow may have taken place, taken from
paintings by Vincent Van Gogh from the collection of the Van
Gogh Museum (VGM), Amsterdam (Figure 1). Additionally,
u-Raman and u-FTIR spectroscopy were employed in order to
obtain a complete characterization of these microsamples.

B EXPERIMENTAL SECTION

Materials. Original Paint Samples. Conservators of the VGM, in
collaboration with researchers of the ICN/RCE supplied cross

sections of paint samples from altered lead chromate areas of two
paintings by Vincent van Gogh: Banks of the Seine (F293), 1887, and
View of Arles with Irises (F409), 1888 (Figure 1). The samples were
taken during earlier studies resp. by E. Hendriks, VGM, in an area of
painting F293 with yellow impasto brushwork, covered by discolored
varnish and by M. De Wild, TUDelft in a yellow area of the field
shown in painting F409. The samples were kept under darkness until
the investigation. They were embedded in polyester resin (Poly-pol,
Poly-service, Amsterdam, NL) and ground with Micro-Mesh sheets
(Wilton, Iowa, USA) prior to inspection by polarized light and
electron microscopy.

Methods. Similar to what has been done previously for the
artificially aged model samples, after a preliminary characterization of
the original paint samples (by ¢#-Raman and #-FTIR spectroscopy in
reflection mode), high resolution SR #-XRF maps were collected on
selected areas to identify and better document the elemental com-
position of paint layers and establish the presence of optional
degradation products. Moreover, SR (-XANES analyses at the Cr
K-edge were performed on selected areas of each paint sample. In
some cases, the resulting spectral distributions were compared to
references in order to obtain information about the Cr oxidation
state. The XANES spectra were fitted as linear combination of a
limited set of Cr-reference compound spectra in order to semiquan-
titatively determine the Cr-speciation.

u-Raman spectra were recorded using a JASCO Ventuno
double-grating spectrophotometer equipped with a charge-coupled
device (CCD) detector cooled to —50 °C and coupled to an op-
tical microscope (Olympus). Raman spectra were excited using
green radiation (532 nm) from an Nd:YAG laser. The laser
power used to irradiate the samples was kept between 1 and
2 mW; the exposure time varied between 10 and 20 s with five
accumulations. The spectral resolution was about 2 cm™ . Cali-
bration of the spectrometer was performed using the Raman lines
of two standards: polystyrene and sulfur.

The instrument used to carry out #-FTIR analysis consists
of a JASCO FTIR 4100 spectrometer, equipped with a 16-
channel linear array MCT detector and an IRT-7000 optical
microscope. Measurements were performed in reflection
mode (through a Casse§rain 16X objective) in an energy
range of 6000—600 cm ™ and at a resolution of 4 cm™ '. The
spectra were recorded using 800 scans; background correction
was performed by means of a spectrum collected from an
aluminum plate.

u-XRF and u-XANES analyses were performed at the
European Synchrotron Radiation Facility (ESRF, Grenoble,
France) using beamline ID21. This instrument operates in the
primary energy range from 2.1 to 7.2 keV. A Si(220) fixed-exit
double-crystal monochromator was used to produce a highly
monochromatic primary beam (AE/E = 10 *).

U-XRF and ¢-XANES experiments were carried out in vacuum
(107° mbar), in order (i) to minimize air absorption (which is
significant for light elements and for low-energy X-ray fluorescence
lines), (ii) to avoid contributions to the spectral background due to
scattering in air, and (iii) to prevent sample contamination. A
focused beam of ca. 0.95 x 0.25 um” (horizontal X vertical), ob-
tained by means of a Fresnel zone plate, was used for sample
irradiation. During the u-XANES energy scans, the position of the
primary beam was maintained stable within 0.5 ym. The proce-
dure employed for correction of the beam spot motion during
energy scans is explained elsewhere."” The u-XRF signals were
collected in the horizontal plane and perpendicular to the primary
beam by means of an HPGe solid-state energy-dispersive detector.

dx.doi.org/10.1021/ac1025122 |Anal. Chem. XXXX, XXX, 000-000
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Figure 2. Visible light microscopy image (top) and Raman spectra (bottom) for van Gogh painting samples F409 (panel A) and F293 (panel B). Measuring
positions are indicated on the pictures. Panel A: (01) white crystal on brown layer (chrome yellow and calcium carbonate); (02) yellow area (chrome yellow).
Panel B: (01) white-yellow area (lead white, chrome yellow); (02) black grain on brown layer (carbon black). Laser power 1 mW, A = $32 nm, exposure time 20's,

five accumulations.

Table 1. Original Paint Layer Samples: Origin, Colour and Thickness of Layers, (-Raman, and 4-FTIR Reflection Results

sample name origin of paint sample layer color and thickness

F293 Banks of the Seine, brown, 50 um
1887, (VGM) yellow, white, 150 #m

F409 View of Arles with Irises, brown, 10 um
1888, (VGM)

yellow, 60 um
white, yellow, blue,
250 um

carbon black (black grains), lead chromate
lead chromate, lead white

lead chromate and calcium carbonate

lead white, lead chromate, emerald green

u-Raman u-FTIR

aluminum silicate compounds
lead white®
calcium carbonate, aluminum silicate
(white grains) compounds, sulfates
lead chromate lead chromate

lead white, Prussian blue, emerald green

(green-blue grains), Prussian blue

“ Difficulties in attributing the signals of lead chromate by u-FTIR because it is present in small amounts compared to the abundantly present lead white.

This device is characterized by a resolution of 130 eV at 6 keV; the
detection limit for elements with atomic number between P and
Fe typically is around 10 ppm. The sample surface was oriented
vertically and at an angle of 60° relative to the incident beam.
Both the setup and the procedure for evaluation of XRF spectra
are described in greater detail elsewhere.”’ During the u-XRF
mapping experiments, the fluorescence signals were generated by
employing a monochromatic primary beam of fixed energy (around
5.989 keV at the Cr K-edge). To compensate for incident beam
intensity variations, a normalization detector (I) is located just
upstream of the sample. The program PyMca was used to fit
fluorescence spectra and to separate the different elemental con-
tributions. In the present context, it was in particular crucial to
distinguish the partially overlapping Pb—M lines and S—K lines.
This program was employed as a batch fitting procedure on each
pixel of two-dimensional (2D) maps.”!

U-XANES spectra were acquired by scanning the primary
energy around the Cr K-edge (5.96—6.09 keV) with a step size
of 0.2 eV. The energy calibration was performed using a
metallic Cr foil. For all XANES spectra, the procedure of
normalization was performed by means of ATHENA, a soft-
ware program widely used for (E)XA(F)S data analysis. In
particular, edge-step normalization of the data was performed
by means of linear pre-edge subtraction and by regression of a
quadratic polynomial beyond the edge.”* The same software
was also used to carry out a linear combinatorial fitting of
XANES spectra of unknown mixtures of Cr-species against a
library of XANES spectra of pure Cr-reference compounds.
During this procedure, ATHENA attempts to find the best fit
between the XANES spectra of the unknown mixtures using a
large number of different combinations of the available refer-
ence spectra.

dx.doi.org/10.1021/ac1025122 |Anal. Chem. XXXX, XXX, 000-000
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Figure 3. Visible light microscopy image (VL) and RGB composite images of Cr/S/Pb (panel A), Ca/Ba/K (panel B), and Cl/Si/Al (panel C) of paint
sample F409 (obtained by y-XRF at a primary beam energy of 6.086 keV). Map size: 30 X 100 um?; pixel size: 0.4 x 1 4m?; dwell time: 0.3 s. In panel A,
the yellow rectangle indicates the region in which more detailed XANES analyses were performed (see Figure S).
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Figure 4. Visible light microscopy image (VL) and RGB composite images of Cr/S/Pb (panel A), Ca/K (panel B), and Cl/Si/Al (panel C) of paint
sample F293 (obtained by 4-XRF at a primary beam energy of 6.086 keV). Map size: 80 x 100 um?; pixel size: 1 X 1 um?; dwell time: 0.3 s. In panel A,
the yellow rectangle indicates the region in which more detailed XANES analyses were performed (see Figure 6).

B RESULTS AND DISCUSSION

Original Paint Layer Samples. Optical and Microscopic Ob-
servations and Pigment Characterization. The optical micro-
graphs of embedded and cross-sectioned paint samples F409
(Figure 2A) and F293 (Figure 2B) reveal in both cases the
presence of a dark layer at the exposed surface in direct contact
with a bright yellow paint layer. This decoloration could be
attributed to the degradation or soiling of the yellow paint itself
and/or of organic material (such as a varnish or a resin wax) that
was applied on the surface in the past. Sample F409 is characterized

by a stratigraphy more complex than that of sample F293. In the
former sample, the yellow paint layer, present between the brown
alteration layer and a blue-white-yellow layer, also contains some
green-blue grains. In sample F293 sample, only two layers can be
observed: the superficial dark brown layer (containing some black
grains) and an inhomogeneous mixture of a yellow and white paint
in the layer underneath.

The results of the preliminary characterization of these
samples by means of u-Raman spectroscopy and u-FTIR reflec-
tion analysis are summarized in Table 1.

dx.doi.org/10.1021/ac1025122 |Anal. Chem. XXXX, XXX, 000-000
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Figure 5. Panel A: Ba distribution (top) and RG composite image of Cr(VI) and Cr(III) maps (bottom) obtained by 4-XRF of paint sample F409. Map
size: 11.6 X 24 um’; pixel size: 0.4 x 0.4 um’; dwell time: 0.3 s. The mapped area is shown in Figure 34, indicated by a yellow rectangle. Panel B: Cr
K-edge XANES line scan (of step size 0.4 #m) recorded through the middle of the Ba-, S-rich grain. The spectra acquired between the top of the Ba grain
and 3 um correspond to a Cr-, Ba-, S-rich area inside the brown layer; those recorded between 3.4 and 7.2 um correspond to Cr-rich areas inside the
yellow layer. In red, at the bottom, Cr—K edge XANES spectra of “PbCrO,/BaSO,” reference compound mixtures in different weight percentages. Panel
C: Computation on one of the #-XANES spectra at the Cr K-edge (recorded at vertical distance = 1.2 m). (Red) Fit of the experimental data (black) by
combination of PbCrO, (dotted) and Cr,03-2H,O (dashed) and relative result obtained. Panel D: comparison between the % relative abundances of
Cr,05-2H,0 (top) and PbCrO, (bottom) obtained from the linear combination procedure (red) and from the analysis of normalized chemical state -

XRF maps of Cr(III) and Cr(VI) shown in Figure 5 (dashed).

For sample F409, Raman analysis (Figure 2A) shows that the
yellow area is composed of chrome yellow [PbCrO,, signals at 841
(CrO,>~ symmetric stretching), 407, 381, and 361 cm ™ ' (CrO,>~
bending modes)].** For sample F293 (Figure 2B) in the yellow-
white areas, a mixture of lead white [2PbCO;+ Pb(OH), (identified
by a band at 1052 cm™ !, CO5>~ symmetric stretching)]24 and
chrome yellow was detected. Additionally, in sample F409 the
yellow-white-blue regions revealed the presence of chrome
yellow, lead white, and Prussian blue, Fe,[Fe(CN)g]s, while
the green-blue crystals showed the presence of emerald green,
Cu(C,H;0,),:3Cu(AsO,),; there are no indications of the
presence of viridian grains.

Elemental Distributions and Characterization of the Brown
Altered Layers. The u-XRF maps of sample F409 show that both
Pb and Cr appear as main constituents of the yellow layer
(Figure 3A), although the surface appears to be somewhat depleted
in Cr and richer in S. In sample F293 on the other hand, only Pb is
apparent as the main metallic constituent of the yellow paint, while
smaller Cr-rich grains are visible in the yellow area (Figure 4A).

On both samples, the Raman spectra from the brown patina
show an intense fluorescence signal, likely due to the presence of
(degraded) organic material. In the dark layer of sample F409
(Figure 3B), the 4-XRF maps show the presence of Ca and Ba,
sometimes associated with S (Figure 3A), suggesting the presence of
CaCOs, (chalk) CaSO, (gypsum) and/or BaSO, (barite) grains.
While the intense fluorescence background signal from organic
material does not permit their direct identification from the Raman
spectra, we consider the assumption about the presence of chalk,
gypsum, and barite to be reasonable, since they were commonly
used as extenders of different paints. Raman spectroscopy and FTIR
reflection analysis of the white, Ca-rich grains located in the brown
layer, allowed their identification as CaCOj (signal at 1084 cm”},
CO5> symmetric stretching,25 Figure 2A). The Ba- and S-rich grain
indicated in Figure 3A was examined in more detail by means of
U-XANES (Figure S).

In both brown layers, it is possible to observe Al, Si, K, and Ca
(Figures 3B,C and 4B,C), and by means of FTIR, these elements
could be shown to be associated with aluminum silicate com-

dx.doi.org/10.1021/ac1025122 |Anal. Chem. XXXX, XXX, 000-000
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Figure 6. Panel A: composite images of chemical state map of Cr(VI) and Cr(III) and Cr distribution obtained by u-XRF of paint sample F293. Map
size: 25 X 28 um®; pixel size: 0.4 x 0.4 um?; dwell time: 0.3 s. The area on which was recorded the map is shown in Figure 4A and is indicated by a yellow
rectangle. Panel B: Cr K-edge XANES spectra for paint sample F293. Measuring positions are indicated in the top picture shown in panel A.

pounds (such as kaolin). These compounds are either impurities
of the pigment itself”> and/or of the organic binder (in which
they can be used as ??lasticisers) or are due to dust, deposited on
the paint surface.”*”

In sample F293 (Figure 4A), the presence of sulfur, sometimes
associated with Pb suggests the presence of PbSOy; this is con-
firmed by u-FTIR spectroscopy. In both samples also the diffuse
presence of Cl can be observed. The black grains are carbon black
(broad Raman bands at 1598 and 1348 cm ™, Figure 2B).

Local Cr-Speciation Measurements and Chemical State
Mapping. XANES measurements were performed inside a num-
ber of selected areas of samples F409 and F293, such as those indi-
cated in Figures 3A and 4A. As demonstrated by a clear decrease
of the intensity of the Cr pre-edge peak at 5.993 keV and the shift
of the absorption edge toward lower energies, reduced Cr was
observed in specific locations. In sample F409, the areas rich in
Ba+S$ and in aluminum silicate compounds featured Cr(III)
compounds; the results of the XANES line-scan analysis of a Ba,
S-rich grain are summarized in Figure S. In sample F293, Cr(III)
was found to be present at the interface between the yellow-white
paint and the brown coating, as shown in Figure 6.

The XANES line-scan through the Ba,S-rich grain was exe-
cuted with a step size of 0.4 um. In the surrounding yellow paint,
on locations where no Ba is present, XANES spectra similar to
that of PbCrOy, are obtained (Figure SB); on the other hand, in
the positions rich in Ba and S, XANES spectra are observed that

can be well described by a linear combination of the reference spe-
ctra of Cr,O3+2H,0 and PbCrO,, roughly in a 60:30 ratio (see
Figure SC for an example of a fitting result). The variation of the
Cr,052H,0:PbCrO, ratio along the line is shown in Figure 5D.
The species-specific maps of Figure SA confirm that Cr(III)
species are concentrated in the Ba,S-rich area. In Figure SB also
the Cr—K edge XANES spectrum of unaged paint samples pre-
pared from 1:1 and 1:2 mixtures of PbCrO4 and BaSO, are shown.
These do not show any sign of Cr-reduction.

In sample F293, XANES point measurements carried out at
the surface of the yellow layer in the area, indicated in Figure 4A,
reveal that in some positions, up to 100% of the Cr has been
reduced to the Cr(III) state (Figure 6B, points 03 and 07) while
in others, the XANES spectrum only reveals the presence of
Cr(VI) (points 01, 02, 04, and 06) or shows a mixture of
oxidation states to be present (point 05). The corresponding
total Cr and chemical state maps (Figure 6A), obtained using
the procedure detailed elsewhere,'® reveal the patchy nature of
the distribution of both Cr(IlI) and Cr(VI) throughout the
scanned area.

Hypotheses about the Causes of the Cr-Reduction. On
the basis of the previous study carried out on artificially aged
mode samples,'® only the model paint sample rich in lead sulfate
and in which the lead chromate is present in a very fine-grained/
amorphous form showed a significant darkening after the aging
process. Paint in which PbCrOy, is present in pure, crystalline

dx.doi.org/10.1021/ac1025122 |Anal. Chem. XXXX, XXX, 000-000
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form did not show an appreciable darkening after the same
treatment. Similar to the model sample rich in PbSO,, also in
paint samples F293 and F409, the reduction of Cr appears to be
associated with the presence of (one or more) sulfate com-
pounds. On first sight this appears illogical, as sulfates, containing
sulfur in its most oxidized form, cannot serve as an electron
source in a reaction in which chromates are reduced.
Nevertheless, according to the literature, the observed colocaliza-
tion of the reduced Cr with BaSO, and/or silicate compounds in
sample F409 may be explained by one of two different processes:
(a) Minerals and organic matter can act as catalysts, promoting
in situ reduction of Cr(VI) accompanied by the oxidation of a
suitable redox reaction partner; these reactions, depending on
the pH, may involve the CrO,*~,HCrO, and/or H,CrO,
species and are favored under photochemical conditions.”®
(b) Absorption/desorption processes on mineral surfaces of
aluminum silicate classes, such as kaolinite [Al,Si,Os-
(OH),]* or montmorillonite [ (Na,Ca)o3(ALMg),Si,0 -
(OH),*n(H,0)] in acidic conditions and in the presence
of sulfide ions,”® can promote the reduction of Cr(VI).
The oxidation of the sulfides then leads to the formation
of sulfur species in several oxidation states (e.g. $,04°,
S05*7, 804>7, 8% and polysulfides).*°
Moreover, considering that often lithopone (BaSO,+ZnS, an
equimolar mixture of barium white and zinc white) was used as
white pigment by artists of the 19th Century, the presence of small
amounts of sulfide-containing compounds, such as ZnS (although
not explicitly revealed by the XRF maps of Figures 3—6) may not
be completely excluded either in the material studied. To date,
however, there is no published evidence of its use by van Gogh. In
case sulfides are indeed present, a possible redox reaction involving
chromate ions can then be written as:

8CrO42~ +20H" +3$>7 = 8Cr*" +200H "~ +3S04%~

in which electrons released by sulfur are used to reduce chromium.
Even in the absence of sulfide species, some studies have demon-
strated that is possible that S ions can be produced in situ from
sulfates, after which chromate ions could react with sulfides to
regenerate sulfate. According to Plummer,* sulfide ions can be
produced in a redox equilibrium involving BaSO,:

BaSO, + CO, + H,0 + Ca*™ = Ba’>" + CaCO; + H,S 420,

The reduction of chromates could therefore be promoted by small
quantities of sulfides that are generated in situ by the interaction of
sulfates (such as BaSO,) with CO, in the presence of Ca ions.
An alternative possibility for the in situ formation of S~ ions under
anaerobic conditions is by the intervention of sulfate-reducing bacteria
(SRB).* This process is in general coupled with the oxidation of or-
ganic matter (a) or of H, (b), as shown by the following reactions:*

SO,%~ +2CH,0 — H,S +2HCO; ~ (a)
SO,*” +4H, +2H" — H,S + 4H,0 (b)

Bl CONCLUSIONS

In the present work, a combination of synchrotron radiation
based X-ray techniques, 4u-XRF and #-XANES, and more con-
ventional spectroscopic methods was employed to investigate
two paint cross sections taken from paintings by Vincent van
Gogh, in which pigment alteration was suspected. The results of
this second part of the study agree with the observations derived

from the previous analyses (part 1 of this study) on aged model
samples, indicating that also on paintings the alteration of yellow
PbCrO4 may be associated with a reduction of the original
Cr(VI) to Cr(III) and that sulfate anions likely play a key role
in this alteration process.

In both microsamples, at the exposed surface of PbCrO,-
containing paint layers, the presence of reduced Cr was observed,
especially in locations where either Ba+S or other components
are present. These compounds may act as catalysts for the reduc-
tion of the chromate ions. At present we assume that especially
sulfide anions, that may be present in the form of the white pig-
ment lithopone (BaSO,+ZnS) or that may be generated in situ
from BaSO, and/or other sulfates, may play an essential role in
the redox transformation. To prove the latter aspect of the
degradation mechanism, a systematic additional effort is under
way, involving, among others, the study of several (un)aged
synthetized coprecipitates of lead chromate-sulfate (containing
CrO,”” and SO,”" in different percentage ratio concentrations),
sometimes mixed with BaSO,. The presence of sulfate anions
during Cr(VI)-reduction seems to play a key role, confirming our
first observations. The recently aged model samples show a clear
darkening that is particularly significant for those containing
greater amounts of sulfate. We intend to discuss the results of
these investigations, involving Cr-edge XANES and EELS ana-
lyses coupled to XANES measurements at the S K-edge, in part 3
of this series of papers. In the current study we relied on the
analysis of two paint samples that were taken for earlier studies.
In order to validate the conclusions drawn so far and for further
comparison with the model work (part 3), it will be highly
relevant to study a more representative set of lead chromate paint
samples from van Gogh's oeuvre and his contemporaries featur-
ing, e.g., different CrO,* :S0,>™ ratio's (part 4).
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