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ABSTRACT

A combination of synchrotron radiation (SR) micro X-ray fluorescence (u-XRF) and XRF mode X-
ray absorption near edge structure (XANES) measurements at the Cr K-edge already allowed us to
establish that the photo-reduction of chromates to Cr(IIl)-compounds is the cause of darkening of
chrome yellow pigments (PbCr;xSxO4, 0<x<0.8) in a number of paintings by Vincent van Gogh
and in corresponding artificially aged paint models. A silicon drift detector (SDD) was employed
to record the Cr-K XRF radiation in these X-ray micro beam-based measurements.

However, in view of the limited count rate capabilities and collection solid angle of a single device,
u-XRF and pu-XANES employing single element SDDs (or similar) are primarily suited for
collection of spectral data from individual points. Additionally, collection of XRF maps via point-
by-point scanning with relatively long dwell times per point is possible but is usually confined to
small areas.

The development of the 384 silicon-diode array Maia XRF detector has provided valuable
solutions in terms of data acquisition rate, allowing for full-spectral (FS)-XANES imaging in XRF
mode, i.e., where spectroscopic information is available at each pixel in the scanned map.

In this paper, the possibilities of SR Cr K-edge FS-XANES imaging in XRF mode using the Maia
detector is examined as a new data collection strategy to study the speciation and distribution of
alteration products of lead chromate-based pigments in painting materials. The results collected
from two micro-samples taken from two Van Gogh paintings and an aged paint model show the
possibility to perform FS-XANES imaging in practical time frames (from several minutes to a few
hours) by scanning regions of the same order size of samples (more than 500 um). The sensitivity
and capabilities of FS-XANES imaging in providing representative chemical speciation

information at the microscale (spatial resolution from ~2 to 0.6 um) over the entire scanned area
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are demonstrated by the identification of Cr(OH);, Cr(Ill)-sulfates and/or Cr(Ill)-organometallic
compounds in the corresponding phase maps, as alteration products.

Comparable Cr-speciation results were obtained by performing equivalent higher spatial resolution

©CoO~NOUTA,WNPE

SR p-XRF/single point u-XANES analysis using a more conventional SDD from smaller region of
12 interest of each sample. Thus, large area XRF mode FS-XANES imaging (Maia detector) is here
14 proposed as a valuable and complementary data collection strategy in relation to “zoomed-in” high

resolution p-XRF mapping and single point u-XANES analysis (SDD).
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1. INTRODUCTION

During the last decades, synchrotron radiation (SR)-based X-ray microprobe techniques, such as
micro X-ray fluorescence (u-XRF) and X-ray absorption near edge structure (XANES) methods (in
point analysis or in mapping mode), have been successfully employed for the study of the
degradation pathways of artists’ pigments due to their valuable capabilities to provide information
on the speciation and on the distribution of the secondary compounds from micrometer- to
nanometer-scale.'”?

In many cases, the chromatic alteration encountered in specific areas of paintings from Antiquity to
late 18™ century can be ascribed to redox processes and/or modification of metal coordination of
some inorganic compounds, such as the pigments cinnabar (HgS),* smalt (a potash glass in which
the color stems from cobalt ions),”” Prussian blue (MFe"[Fe"(CN)e]-xH,0, with M= K*, NH," or
Na"),*+? copper resinate '* and verdigris '' (both green copper organo-metallic compounds).
Regarding late 19"-early 20™ century yellow pigments, the photo-oxidation of the original CdS
(cadmium yellow) to CdSO4 was proposed as the mechanism responsible for fading of some
yellow areas in masterpieces by Ensor,'? Van Gogh'® and Matisse,'* whereas the photo-reduction
of the zinc yellow pigment (K,0-4ZnCrO4:3H,0) to ochre-green Cr(III)-compounds was identified
as a cause of the chromatic alteration in a painting by Seurat."® A light induced reduction is also the
cause of darkening in selected chrome yellow paint areas (PbCr;4Sx04, 0<x<0.8) in a number of
Van Gogh paintings.'®'” Studies of photochemically aged paint models composed of different
chrome yellow varieties revealed that the reduction of Cr(VI) is favored when the pigment is
present in the S-rich orthorhombic PbCr 4S04 (with x>0.4) form. '

In all the above mentioned studies, p-XRF maps and single point p-XANES spectra in XRF mode
were collected by means of traditional energy dispersive (ED)-X-ray detectors [e.g., silicon drift

detectors (SDDs)/germanium solid state detectors]. These systems reach spectral energy
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resolutions down to about 140 eV FWHM at the Mn K,-line (5.9 keV) but are characterized by a
limited count rate capability that usually can be situated up to 5x10° counts/s but that may increase

to 3-4x 10° counts/s for other recently developed devices.?!

Therefore, during mapping (of XRF
signals collected while raster scanning the sample) and XANES (involving scanning the energy of
the primary beam across the absorption edge of the element of interest) experiments, fairly long
dwell times per point/pixel or point/energy (i.e., 0.1-1 s) must be respected.”***** This can result in
extended scanning times (typically of the order of several hours per map and a few minutes per
XANES spectrum) and relatively high X-ray doses impinging on the materials. The latter may
increase the probability of beam-induced damage in the examined specimen.*” These non-optimal
characteristics of traditional ED-XRF detectors frequently confine the data acquisition in p-XRF
mapping experiments to few and relatively small regions of interest within the sample, with the
consequence that the obtained results might not be representative of the entire material. These
limitations become even more stringent when XANES mapping experiments are undertaken. A
typical experiment of this kind consists in analysing one or more areas of interest by recording p-
XRF maps at a few (~2-5) different energy values around an absorption edge. Discriminating
energies can be selected on the basis of the XANES spectral features of the compounds to be
investigated; through manipulation of the resulting XRF maps, a set of chemical state distributions
can be obtained. Mapping measurements of this kind are usually combined with collection of
single point XANES spectra in XRF mode at a limited number of locations, thought to be
representative of the entire map. Via such a procedure, however, the full spectral XANES response
of all examined points in the mapped area is not recorded. Thus, it is not excluded that the presence

of specific species of the element of interest in a subarea of the map may be completely

overlooked.
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By employing “fast” XRF detectors it is possible to overcome some of the above-mentioned
limitations of traditional ED-XRF data acquisition systems. In this category, the Maia-384
massively parallel detector [jointly developed by the Commonwealth Scientific and Industrial
Research Organization (CSIRO, Australia) and the Brookhaven National Laboratory (BNL, USA)]

- L. 26,2728
occupies a central position.***"

The system consists of an annular array of 384 silicon-diode
detectors positioned in a backscatter geometry with respect to the incident X-ray beam; this
geometry ensures that a large (~1.3 sr) solid-angle is subtended. An approach based on an event-
mode data collection with real-time processing capabilities allows to record maps with a minimum
dwell time down to ~0.05 ms/pixel and a total count-rate capacity greater than 10 M/s while
avoiding readout overheads. A real-time full-spectral elemental deconvolution can be obtained
through an integrated algorithm based on a matrix transform method called Dynamic Analysis
(DA).”

The Maia detector has found wide application for performing two-dimensional micrometer-scale
resolution elemental mapping experiments over large areas of materials of interest in different

36,37

scientific fields, such as earth and environment science,"’o’3 1,32,33 biology,"""35 medicine, and

cultural heritage. *® It has also allowed micro-tomography * ****" and XRF-mode XANES
imaging®™*** to be successfully conducted on biological and environmental samples in practical
time frames. During XRF mode XANES-imaging of this type, chemical speciation information is
obtained via fast, sequential acquisition of a series of XRF images at the micrometer scale while
small incremental changes in energy (E) are made across the absorption edge of the element of
interest. After DA elemental deconvolution, the XANES spectra can be extracted at each pixel
from the E-stack of images and chemical state maps can be calculated by employing a linear

combination fitting procedure against a set of reference spectra. This type of full spectral (FS)-

XANES imaging appears in principle optimal for the study of complex and heterogeneous samples
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such as degraded paint micro-samples. However, so far, this state-of-the art detector technology
has never been employed in the context of artist pigments’ alteration studies.

In this paper, Cr K-edge FS-XANES imaging in XRF mode is proposed as a new strategy for
studying the nature and distribution of alteration products of lead chromate-based yellow pigments
in painting materials. The aims of the paper are threefold: 1) outline the technical advantages and
drawbacks in using either FS-XANES imaging or pu-XRF mapping/single point p-XANES
investigations in the specific context of the study of altered chrome yellow paints; ii) evaluate
whether or not FS-XANES imaging can contribute to a more representative and reliable
identification of the Cr-based alteration compounds and their spatial distribution (through the
collection of XANES spectral profiles from all locations in the examined area); iii) assess if FS-
XANES imaging may be used as a reliable method for quantitatively determining the abundance of
different Cr-species and compare its performance to that of more conventional single point p-
XANES analysis.

For these purposes, in the following sections, we present and discuss a comparison between FS-
XANES imaging data obtained at the Cr K-edge using the Maia X-ray detector and corresponding
u-XRF mapping/single point u-XANES results acquired by means of a more conventional SDD.
Data were collected during the study of two altered chrome yellow paint micro-samples taken from
two paintings by Vincent Van Gogh: Falling leaves (Les Alyscamps) (Kroller-Miiller Museum,
Otterlo, NL) and The Bedroom (Van Gogh Museum, Amsterdam, NL). In addition, similar data

recorded from a relevant photochemically aged chrome yellow paint model are also described.
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2. EXPERIMENTAL

2.1 Resin-embedded original paint micro-samples and photochemically aged model paint.
Investigations were performed on two resin-embedded paint micro-samples taken earlier from
darkened chromium-based yellow areas of the following paintings by Van Gogh: Falling leaves
(Les Alyscamps) (sample 224/1) and The Bedroom (sample F482/8) (Figures 1A-2A). The
sampling locations of these paints are reported in Figure S1 of the ESIf.

Previous SEM-EDX, micro-FTIR, micro-Raman and SR micro-X-ray diffraction analysis of the
selected samples allowed to demonstrate that chrome yellow is present as a PbCr; S04 (x~0.5)
co-precipitate in sample 224/1, while in F482/8 it occurs as PbCrO,.**

Measurements were also carried out on a paint model that was prepared by mixing PbCr,S3O4
with linseed oil in a 4:1 weight ratio and by applying the mixture on a polycarbonate microscope

. - - - 17,19.47
slide. In line with previous papers, ~

this sample is designated henceforth as Ss;p. The paint
model was irradiated using a commercial light source emitting radiation above 400 nm for 21 days.
The measured illuminance at the sample position was about 3x10° lux. The aged material was
prepared and analyzed as a thin section of about 10 um thickness (see below, Figures 8A-C).

2.2. SR-based X-ray investigations at the Cr K-edge.

Synchrotron X-ray experiments at the Cr K-edge were performed in two modes: (i) conventional p-
XRF mapping at different energies combined with the acquisition of a few single point p-XANES
spectra and (i1) FS-XANES imaging in XRF mode. Investigations (i) were carried out at the X-ray
microscope beamline ID21 of the European Synchrotron Radiation Facility (ESRF, Grenoble,
FR)* by means of a SDD, while measurements (ii) were carried out at the X-ray fluorescence
microscopy (XFM) beamline of the Australian Synchrotron (AS, Melbourne, AUS)* and at the

Hard X-ray micro/nano-probe beamline P06 of the Deutsches Elektronen-Synchrotron (DESY,

Hamburg, DE)* using the Maia-384A and Maia-384B detectors, respectively. An overview of the
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experimental set-up and the conditions used at these three SR end stations are reported in Tables 1-
2. Further details are provided in the following sections.

2.2.1. XFM beamline (AS). Original paint micro-samples were analyzed in the 5.96-6.09 keV
energy range using a monochromatic primary beam (about AE/E = 10*) produced by means of a
Si(111) fixed-exit double-crystal monochromator. Kirkpatrick-Baez (KB) mirrors were used to
focus the beam to a spot size of about 2x2 um? (hxv). The beam drift over a 24 hours period is
within 3 pm in the horizontal and vertical directions, respectively, and the beam is stable within 1
um vertical and 1 um horizontal in the 5.96-6.09 keV energy range.

The Maia-384A detector had a 375 eV spectral energy resolution at the Mn Kg-line (5.9 keV);
scanning was performed with dwell time between 0.5-2 ms/pixel. The XRF signal was collected in
a backscatter geometry with respect to the incident beam with a solid angle of ~1.3 sr.*®

A stack of 126 p-XRF maps was recorded at around the Cr K-edge using the following energy
increments: (i) 2 eV below and above the absorption edge (5.9600-5.9810 keV and 6.0200-6.0900
keV) and (ii) 0.5 eV in the area around the pre-edge peak and the absorption edge (5.9810-6.0200
keV).

The deconvolution into elemental maps of the FS-XRF data (XANES stack), was performed using

the Dynamic Analysis (DA) method implemented in GeoPIXE,"!

which allowed separation of the
respective contributions of the scatter peaks, the Cr K- and Ba L-lines. This software was also
employed to correct for the alignment and drifting of frames in the XANES stack. The TXM-
Wizard software,’” was used to fit the Cr K-edge XANES spectra for regions of interest in the
XANES stacks exported from GeoPIXE (each profile obtained by averaging not more than 60
single pixel XANES spectra) and to produce chemical state maps. After definition of the edge jump

filter threshold and normalization, since XANES spectra of Cr(VI) compounds present an intense

pre-edge peak at 5.993 keV and the absorption edge position shifts about 5 eV toward higher
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energies compared to Cr(Ill)-compounds,'® Cr-phase maps were obtained by describing the
XANES spectra at each pixel as a least squares linear combination (LSLC) of a set of XANES
spectra of Cr(VI) and Cr(IIl) reference compounds. The combination yielding the best fit quality
(checked on the basis of the chi-square, reduced chi-square and R-factor values) was chosen as the
most likely set of Cr-compounds present at that location.
2.2.2. P06 beamline (DESY). Paint micro-sample F482/8 (from The Bedroom) and the aged paint
model were investigated by employing a version of the Maia detector (384B) having a better
spectral energy resolution (290 eV at Mn-K,)) that was recently installed at the PETRA-III P06 end
station. This system already was successfully used for studying complex natural samples.”*> It
also enables the detection of X-rays at lower energies (down to 2.0 keV rather than 3.3 keV)
compared with the Maia-384A model (XFM beamline) (see par. 2.2.1 and Table 1).
During the P06 investigations, a monochromatic primary beam (about AE/E = 10™*) in the 5.9-6.0
keV energy range was obtained by means of a Si(111) fixed-exit double-crystal monochromator.
KB mirrors were used to focus the beam to a spot size of about 0.7x0.6 pm? (hxv). The position of
the sample relative to the beam drifted over a 9 hours period of 4 pm in the horizontal direction and
3 um in the vertical plane.
By employing dwell times between 1 and 3 ms/pixel, FS-XANES imaging experiments and
corresponding data elaboration were performed using the same experimental conditions and
software packages as those described above for the XFM experiments (see par. 2.2.1).

2.2.3. ID21 beamline (ESRF). In order to produce a highly monochromatic primary beam (with
AE/E = 10, a Si(220) fixed-exit double-crystal monochromator was employed. The incident
beam was focused with Fresnel zone plates down to a size of 0.6x0.2 um? (hxv) and maintained

stable within 0.5 um vertical and 0.3 um horizontal across the Cr K-edge (5.96-6.09 keV).

10
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XREF signals were collected in the horizontal plane and at 69° with respect to the incident beam
direction by using a single energy-dispersive SDD (Xflash 5100, Bruker with Moxtek thin polymer
window). This data acquisition device is characterized by an active area of 80 mm?, a spectral
energy resolution ranging from 150 to 170 eV at 5.9 keV (depending on the electronics
configuration), a maximum count rate up to 10° per second and sample-solid angle values of the
order of a few 107 sr.** Two-dimensional (2D) p-XRF maps were obtained via raster scanning of
the samples using the focused X-ray beam and with dwell times in the 100-300 ms range.
Elemental distributions were produced employing the PyMca software,”* among others to resolve
the overlap between the Cr-K and Ba-L lines and the scatter peaks.

To obtain chemical state distributions, the energy of the incoming X-rays was set to two fixed
energy values close to the Cr K-edge, where the absorption and consecutively the XRF of
particular Cr species are optimal: (i) at 5.993 keV, for favoring the excitation of only the Cr(VI)
species, and (ii) at 6.090 keV in order to obtain XRF signals originating from all chromium
species. The procedure that was used to produce the Cr chemical state maps is described
elsewhere.'®

Single point p-XANES spectra were acquired in XRF mode by scanning the primary energy in
the 5.96-6.09 keV range and using energy increments of 0.2 eV. For all profiles, the procedure of
normalization was performed by means of ATHENA.> The same software was also used to carry
out a linear combination fitting of the spectra against a library of XANES profiles of Cr-reference
compounds. Preliminary tests were performed in order to avoid beam-induced damage of samples.

Regarding sample 224/1 [from Fualling leaves (Les Alyscamps)] (see par. 3.2.1), a detailed
discussion of the Cr-speciation results obtained at ID21 beamline is reported elsewhere.'” Thus, in
what follows, only a selection of these data will be presented and compared with the corresponding

ones collected at the XFM beamline.

11



©CoO~NOUTA,WNPE

Journal of Analytical Atomic Spectrometry Page 12 of 39

3. RESULTS AND DISCUSSION
3.1. 2D p-XRF chromium distributions of original paint micro-samples.
Table 2 summarizes the experimental conditions used for performing SR pu-XRF mapping around
the Cr K-edge of samples 224/1 [from Falling leaves (Les Alyscamps)] (Figure 1A) and F482/8
(from The Bedroom) (Figure 2A) at the XFM (Maia-384A), P06 (Maia-384B) and ID21 (SDD)
beamlines. The corresponding Cr distributions recorded at 6.09 keV (i.e., above the Cr absorption
edge; a single energy scan is provided as an example) are presented in Figures 1B-C, and 2B;-D5.
In the following sections, these data sets will be used to describe and compare the technical
features of the different experimental set-ups in terms of acquisition times, radiation doses, spatial
resolution and effects related to their detection geometry.
3.1.1. Acquisition time. As illustrated in Table 2, by using the Maia-384A detector (XFM), the 126
incident E-stack of images around the Cr K-edge (5.96-6.09 keV) of the entire sample 224/1
(610x230 pm?) took about 300 minutes to record (approximately 2 min. for each energy scan).
Using both versions of the Maia detector, a similar experiment was conducted to scan the entire
area (300x80 umz) of sample F482/8; this took around 130 and 210 minutes for the XFM and the
P06 detectors, respectively (i.e., less than 2 min. for each energy scan; see Table 2 for further
details). For both samples, the corresponding Cr total distribution recorded at 6.09 keV is shown in
Figures 1B and 2C-D. The possibility to map the entire sample within a practical time frame (i.e.,
taking not more than 5 hours for the acquisition of the entire E-stack of images) allowed a
complete overview of the Cr distribution in these paint samples to be obtained (see section 3.2 for
details).
Figures 1C;-C, and 2B;-D, show a comparison between the total Cr distribution acquired from
equivalent regions of interest of samples 224/1 and F482/8 using the SDD/ID21, Maia-384A/XFM

and Maia-384B/P06 set-ups. According to the values shown in Table 2, for equal dimensions of the

12
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scanned areas but different pixel sizes (down to 0.6x0.2 um? for the data sets obtained at ID21),
acquisition times of the Maia detector (XFM, P06) are a factor of 10%-10* shorter than those of the
SDD (ID21). The result is that during the Maia detector-based experiments, the collection of a
stack of 126 maps could be completed in a scanning time that is up to about 10 times shorter than
that required to record equivalent maps at only two different energies (i.e., at 5.993 and 6.09 keV)
by means of the SDD-based system.

3.1.2. Radiation dose. As a result of the reduced (0.5-3 ms/pixel) dwell time of the Maia detector
(XFM, P06), the delivered X-ray dose (expressed as ph/um?) per energy scan to the sample is also
a factor 10*-10? lower than those of SDD-based investigations at ID21. As Table 2 summarizes, for
the experiment conducted at XFM (flux :~1-3x10® ph/s), the X-ray dose ranges from 6.3x10*
ph/um? (dwell time: 0.5 ms) to about 2-5x10° ph/um? (1.96 ms dwell time), while they are at
around 6x10° ph/um2 (3 ms dwell time) for those carried out at P06 (flux:~ 9x10® ph/s). Regarding
the ID21 investigations, depending on both the beam size and dwell times (Table 2 for further
details) the dose per energy scan ranges from 1.5x10” to 2.3x10° ph/um? (flux :~ 2-9x10° ph/s). It
follows that for the acquisition of an E-stack of 126 maps by means of the Maia detector-based set-
ups an X-ray dose of about the same order of magnitude or slightly higher (i.e., not more than a 10
factor) was required with respect to the collection of a set of images at 2 different energy by means
of the SDD-based system (Table 2). It is noteworthy to mention that the flux on the samples was
reduced with a set of slits or attenuators during the investigations at the three SR end-stations (flux
without using attenuators/slits down to about 10'°-10" ph/s). Moreover, after investigations, none
of the analyzed samples showed any evidence of beam-induced damage under the experimental
conditions employed at the three SR facilities.

3.1.3 Spatial resolution and experimental set-up geometry effects. As shown in Figures 1-2, the

spatial resolution achieved for the data sets collected using the Maia-384A/XFM (beam size of

13
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approximately 2x2 yum?®) and Maia-384B/P06 (beam size of about 0.6x0.7 pm?) set-ups do not
allow to clearly reveal some features of 5-10 um dimensions that are on the contrary clearly visible
in the corresponding higher-resolution maps acquired by means of the SDD/ID21 microprobe
system (beam size down to 0.6x0.2 pm?). Obviously the lateral resolution is in first place
determined by the dimensions of the primary beam and only in second place by the noise level in
the resulting elemental/species-specific maps. Regardless of the type of experimental set-ups
employed, the recorded Cr distributions are similar within the yellow paint, while the shape and
size of the Cr-rich grains localized inside the superficial varnish layer (sample 224/1, Figures 1C;-
C,, ROI-1, ROI-2, ROI-3; Figure 5 of ref.!” to see the corresponding maps collected at ID21) or
nearby the surface (sample F482/8, Figure 2B;-D,) are not optimally visualized in the Maia-
384A/XFM maps. As Figures 2D;-D, illustrate, because of the longer dwell time and higher flux
used at P06, as well as the increased sensitivity provided by the higher spectral energy resolution of
the Maia-384B detector, P06 data does show maps with a slightly improved clarity relative to those
obtained at the XFM beamline (Figures 2C;-C;); on the other hand Maia-384B/P06 distributions
show a definition lower than would be expected (see Figures 2B;-B, for a comparison with the
equivalent higher resolution ID21 images) due to the fact that maps were recorded using a step size
(1x1 umz) larger than that of the beam (0.6x0.7 umz).

Moreover, changes in the relative positions of Cr-grains can be observed, such as those for
example present in Figures 1C;-C, (¢f. ROI-1, ROI-2 and ROI-3) and Figures 2B;-D,. The
apparent displacement is ascribable to the different geometry of the Maia- and SDD-based
experimental set-ups (cf. Table 1) and occurs both in the horizontal and vertical direction as a
function of the depth of the particles below the paint surface.

Summarizing, as result of the shorter dwell times per pixel (0.5-3 ms), the Maia detector-based

microprobe systems allow for scanning of large sample areas with acquisition times and X-ray

14
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doses that are up to 2-3 orders of magnitude lower than those of the SDD-based system. On the
other hand, the more limited lateral resolution of the Maia-384A/XFM and Maia-384B/P06 set-ups
does not allow resolving fine details at/below the 10 pm level while such details are clearly visible
in the maps collected using the SDD/ID21 system.

On the basis of the technical features above-mentioned, in the next section, the Cr-speciation in
original paint micro-samples and a photochemically aged chrome yellow paint model sample will
be discussed through the comparison between the Cr K-edge FS-XANES imaging results acquired
using the Maia-384A/XFM and Maia-384B/P06 set-ups and p-XRF mapping/single point p-
XANES data obtained by means of the SDD/ID21 microprobe system.

3.2. Cr-speciation in original paint micro-samples and in an aged paint model.

Figures 3-7 show the Cr chemical state maps and XANES spectra obtained from original paint
micro-samples 224/1 and F482/8. These data were acquired from the areas shown in Figures 1-2.
The results arising from similar investigations of the aged paint model are reported in Figure 8.

The relative abundance of Cr-species (expressed as [Cr(III)]/[Criotal]) Was obtained by LSLC fitting
of the XANES spectra and are summarized in Tables S1-S2 of the ESIF.

3.2.1. Sample 224/1 [Falling leaves (Les Alyscamps)]. Figure 3B shows the quantitative Cr-phase
maps obtained from the FS-XANES-imaging experiment carried out at XFM. These images were
obtained by LSLC fitting of each individual XANES spectrum extracted from the E-stack of
images against the XANES profiles of PbCrsS0s04 (red in Figures 3B-C), Cr(OH); (green) and
Cry(S04)3-H,0 (blue) as reference compounds. In line with earlier investigations17 and the XANES
spectra of Figures 3D-E (see further), using these components in the fit model yielded the best
results. The phase maps illustrate that the lead chromate-based compound is mainly localized in the

yellow paint, while Cr(III)-rich particles, present as Cry(SO4)3-H,O and Cr(OH); compounds, are
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localized both close to the paint/varnish interface and inside the varnish (see also magnified areas
of ROI-1, ROI-2 and ROI-3 in Figure 3C).

The corresponding Cr(III) and Cr(VI) chemical state maps obtained at ID21 (Figure 3A) show a
similar distribution as those of Figure 3B, but at a higher spatial resolution. Inside the varnish,
reduced Cr is often associated with the presence of K and S (Figure 1C;; ROI-1 and ROI-2).

In Figures 3D-E (black data points) a selection of the p-XANES spectra recorded at ID21 (see
ref.!” for additional data) are compared to the equivalent ones extrapolate from the XANES stack
collected at XFM (cf- Figures 3B-C to see the corresponding Cr-phase maps). For each profile
(black data points), the result of the corresponding LSLC fitting (red lines) is also shown (Table S1
of the ESIt for further details).

The XANES spectra obtained from a Cr(Ill)-particle inside the varnish (Figures 3C-E, ROI-1,
FLO1A.1m21/xpm) yielded comparable quantitative fitting results, revealing that Cr is present as about
95-97% of Cr(Ill) (Table S1); the spectral features mainly resemble to that of a Cr(Ill)-sulfate
based compound, such as KCr(SO4),12H,0 or Cr(SO4);-H,O (Figures 3D-E, blue lines). The
data obtained by averaging the single pixel XANES profiles in correspondence of three additional
varnish-embedded micro-grains show similar characteristics, revealing an abundance of
Cra(SO4)3-H2O at around 90% (Figures 3B/4A, FLOlg.xpm-FLOlp.xpm and Table S1f. no
corresponding ID21 profiles available).

In another area inside the surface coating (Figure 3C, ROI-2), a Cr(IlI)-sulfate based compound
was estimated to be present as well. From the ID21 collected spectrum (Figure 3D, FL02ip;;), the
relative abundance of this compound was estimated to be around 95%, while a value of around
70% is derived from the corresponding data obtained at XFM (Figure 3E, FLO2xpy). Close to the
yellow paint surface (Figure 3C, ROI-3), the profiles recorded from another particle resemble that

of Cr(OH);s (Figure 3D, FLO3 A.ip21/xem)- In this region, the relative amount of Cr(III) is 95% and
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88% for the data obtained at ID21 and XFM, respectively (Table S1f). Two micro-grains of similar
composition were found to be present in other areas of the varnish, as demonstrated by the
corresponding average spectrum (Figure 4A, FLO3g xpm-FLO3c.xpm and Table S17; ID21 profiles
not available).

Inside the yellow paint underneath the surface (Figure 3C, ROI-2, yellow), the spectral features are
more similar to that of the PbCr( 5S¢ 504 reference compound (Figure 3D-E, yellowpyi/xem). While
no evidence of the presence of Cr(Ill)-species could be observed in the profile recorded at ID21
(Figure 3D, yellowpy;), their abundance is at around 20% in the corresponding one obtained at
XFM (Figure 3E, yellowxgy and Table S17).

In different yellow areas of the paint at the interface with the varnish (Figure 4A, FLO4xpu-
FLOSxem:. ID21 profiles not acquired), the FS-XANES data revealed a relatively high abundance
(30-40%) of Cr(Il)-compounds [Cr(Ill)sulfates and/or Cr(OH);] (see Table S17). Analysis of a
series of Cr K-edge XANES spectra extracted from the stack of images along a single line
perpendicular to the exposed surface of the sample (Figure 1B) reveals that the total amount of
reduced Cr is at around 20%-35% within the first 10 um of the cross-section and progressively
decreases with depth, reaching values down to 10% inside the yellow bulk of the sample (Figure
4B).

On the basis of the good agreement between the abundances of reduced Cr-species estimated by
means of FS-XANES at XFM and those determined on the basis of individual u-XANES spectra at
ID21, we can conclude that FS-XANES imaging investigations provide reliable Cr-speciation
results. The different spatial resolution and set-up geometry between the Maia-384/XFM and
SDD/ID21 datasets (see Tables 1-2) justify the variance in the fraction of Cr(IIl) that is observable
in some of the XANES data collected from similar areas using the different microprobe systems

(e.g., cf. FLO2xpm /FLO2xpm: yellowxem/yellowna). It is important to note that the different angle
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of incidence and collection of the beams at ID21 (62° incident angle; 69° collection angle) and
XFM/P06 (normal incidence) mean that different paths are probed into the sample.

By recording spectral data over the entire scanned area, XANES imaging also contributes towards
obtaining a more representative overview of the nature and distribution of different Cr-compounds.
The presence of Cr(OH); and Cr(Ill)-sulfates, present either in the form of small particles at the
varnish/paint interface or as a layer of about 10 pm thickness at the yellow paint surface, strongly
supports the hypothesis that these are products of the degradation process of the original lead
chromate-based pigment.

3.2.2. Sample F482/8 (The Bedroom). The quantitative Cr-phase maps obtained by LSLC fitting
analysis of the XANES stack obtained at the XFM and P06 beamlines are reported in Figures SA-
B. The XANES profiles of PbCrO4 (red in Figure 5) and Cr(OH); (green) were used as component
of the fit. Despite the better spatial and energy resolution of the Maia-384B/P06 microprobe
system, a comparable content of information was obtained from the equivalent data set recorded
using the Maia-384A/XFM setup, in part likely due to the same step sizes (1x1 pum?®) used for
collecting the maps. Notably, PbCrO, is homogeneously present within the yellow paint, while
Cr(OH); is concentrated in a superficial grain and, to a lesser extent, in another region close to the
paint surface (Figures 6B-C and 7B-C; see discussion below about the corresponding quantitative
fit results). In the two latter areas, the chemical speciation maps obtained from the u-XRF mapping
experiments performed at ID21 (Figure 6A-7A) illustrate a similar distribution of Cr(VI) and
Cr(III)-species at higher spatial resolution.

The single point u-XANES spectra acquired at ID21 within these areas are shown in Figures 6D-
7D. These profiles are compared to the equivalent ones extrapolated by the XANES stack obtained
at XFM and P06 (Figures 6E-F, 7E-F). Although in some locations the apparent grain displacement

rendered the comparison with the areas analyzed at ID21 less straightforward, the XANES profiles
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(black data points in Figures 6-7) show similar spectral features. The corresponding fit (red line)
yielded comparable results in terms of [Cr(III)]/[Croal] ratio, with differences that are within £10%
of each other (see Table S27 for further details).

As shown in Figure 6 (ROI-1), the grain appears to be completely reduced to the Cr(III)-state
(about 94-100%); the corresponding XANES spectra strongly resemble that of Cr(OH); (Figures
6D-F, B01-02). Profiles collected from other areas adjacent to this particle (B03-05) are more
similar to that of PbCrO4 and present an amount of Cr(OH); of around 20-35% (Table S27). In
another area at the paint surface (Figure 7, ROI-2), the fit of the XANES spectra (Figures 7D-F,
B06-09) yielded a Cr(Ill)-abundance in the range 25-40% (Table S27).

The LSLC fitting of a line of single pixel XANES spectra (Figure 5C), obtained from a line
perpendicular to the exposed surface of the sample (Figures 5A-B) shows that the relative
abundance of Cr(OH); is around 25% along the first 7-8 um of the cross-section; this value
progressively decreases with depth, reaching values down to 5% inside the yellow bulk of the
sample. In addition, the fit yielded comparable results for both the XFM and P06 data sets.

On the basis of these investigations, the presence of Cr(OH); both in the form of particles near
the paint surface and as a layer of about 7-8 pum thickness in the upper part of the yellow paint
suggests that this compound is the product of the degradation process of the original lead chromate
pigment. Considering that in this and some of the other samples that were examined (see par. 3.2.1
and ref. '"), this compound shows a similar distribution, we do not assume it was originally present
[for example in the form of viridian (Cr,03-2H,0), a pigment also frequently employed by Van
Gogh].6%

In the following section, the results obtained from original paint-micro samples will be
complemented by comparing Cr K-edge FS-XANES imaging and single point u-XANES data

collected from an artificially aged chrome yellow paint model.
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3.2.3. Artificially aged chrome yellow paint model. Figures 8 A-B show a photograph of the S;p
(PbCr2S 304) paint model before and after photochemical aging and a photomicrograph of a thin
section obtained from the aged sample. As described elsewhere,'? after light exposure, this material
becomes darker, due to the formation of a brown alteration layer at the exposed surface (Figure
8B). In view of the limited thickness (about 4-5 pm) of this layer, the Maia-384B/P06 microprobe
was used to record a high definition Cr K-edge FS-XANES image set at ~0.6 um spatial resolution.
In Figures 8C-D the area investigated and the resulting quantitative Cr-phase maps are shown.
Consistent with earlier investigations'® and with the single point p-XANES spectra collected at
ID21 along a line from the exposed surface of the paint (Figure 8E), the best LSLC fitting result
was obtained by including the XANES profiles of PbCr(,S¢304 (red in Figure 8D), Cr(OH);
(green) and Cr(III) acetylacetonate [Cr(CsH70;);] (blue) in the fitting model. As Figure 8 D shows,
the latter two compounds appear localized in the superficial brown alteration layer, while the lead
chromate-based compound is the main constituent of the yellow paint underneath.

The LSLC fitting of a line of XANES spectra obtained perpendicularly to the exposed surface of
the sample (Figure 8C) yields a similar [Cr(III)]/[Cri] ratio profile for the data obtained both at
P06 and ID21 (Figures 8F-G). The fraction of Cr(Ill) progressively decreases from the superficial
brown layer (about 40-50% within the upper 4-5 pum) toward the yellow bulk of the sample
(approximately 5%). Despite differences in the absolute percentage of Cr(OH); and Cr(CsH;0;)3
that result from the analysis (e.g., for the “top” spectra collected at ID21 and P06 the percentage
relative amount of Cr(CsH70;); was around 16% and 7%, respectively, while those of Cr(OH);
were about 36% and 40% ; cf- Figures 8F-G), a recurring observation is that the latter compound

only seems to be present at the very surface (top 2-3 um).
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4. CONCLUSIONS

In this work, synchrotron radiation-based full spectral (FS)-XANES imaging in XRF mode using
both the Maia-384A (at the XFM beamline, Australian Synchrotron) and the Maia-384B detection
systems (operational at the P06 X-ray micro/nanoprobe endstation, PETRA-III, DESY) was
successfully used for studying the nature and distribution of secondary Cr-compounds of lead
chromate-based pigments (chrome yellows) and quantitatively determining their abundance in two
paint micro-samples taken from artworks by Vincent van Gogh and in an artificially aged paint
model. A comparison with complementary Cr K-edge p-XRF mapping/single point p-XANES
investigations using a more conventional silicon drift detector (SDD) (operational at the ID21
microscope, ESRF), allowed us to conclude as follows:

1) From a technical point of view, the XRF scanning times and the delivered X-ray doses to
samples using the Maia detector could be reduced with 2-3 orders of magnitude relative to similar
experiments conducted by means of a SDD. The lower spectral energy resolution of the Maia
detector (290 and 375eV) with respect to the SDD (ranging from 150 to 170 eV) did not turn out to
be a limiting factor, even in the case of Ba L-lines overlapping with Cr K-lines. On the other hand,
the worst spatial resolution of the Maia 384-based beamlines did not allow to reveal at the same
level of definition details of dimensions 5-10 um that on the other hand are clearly visible in the
corresponding high-resolution maps collected using the SDD/ID21 microprobe system. However,
the improved spatial and energy resolution of the Maia-384B/P06 microprobe system (~0.6 pm)
with respect to that of the Maia-384A/XFM set-up (~2 um) were successfully exploited for
characterizing the composition of the superficial micrometric Cr(Ill)-rich alteration layer of a
photochemical aged PbCr,S) 3sO4 paint.

i1) Through the investigations of larger areas of the sample and the extraction of XANES profiles

from all locations in the examined region, Maia-XANES imaging contributed in deepening
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knowledge on the nature and distribution of secondary Cr-compounds relative to p-XRF
mapping/single point p-XANES investigations of a selection of smaller regions of interest. In all
the original paint micro-samples investigated here, the widespread distribution at the paint surface
of Cr(Ill)-compounds [i.e., Cr(Ill)-sulfates and Cr(OH);] in forms of both micro-grains and
micrometric layers (about 8-10 um in thickness) strongly supports the hypothesis that they were
not originally present but are products of the degradation of the original pigment.

iii) With the exception of a few cases in which differences in the amount of Cr(IIl) could be
ascribed to a difference in the spatial resolution and experimental set-up geometry of the
microprobe systems employed, the comparable quantitative Cr-speciation results obtained by
comparing the FS-XANES imaging and single point u-XANES data prove that the former
technique may be used as a reliable method for quantitatively determining the abundance of
different Cr-species.

On the basis of this study, the use of large area FS-XANES mapping using the Maia detector as
complementary tool to high-spatial and spectral energy resolution pu-XRF mapping/single point p-
XANES measurements using more traditional ED-XRF detectors open up the possibility to extend
this methodological approach also to the investigation of the alteration process of other pigments.
Alternative data collection strategies relevant to explore are full-field XANES imaging (i.e., not
involving sample scanning) in transmission and in fluorescence mode. The former mode of
operation is currently present at Stanford Synchrotron Radiation Lightsource®® and at ID21,* and
has found only a few applications in the field of cultural heritage, such as model paints® and
ceramics;™ the latter was recently implemented at BM26 of ESRF and successfully employed for

the investigation of soils.'
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Figure 1. Sample 224/1-Falling leaves (Les Alyscamps). (A)
Photomicrograph and (B) p-XRF Cry, distribution (6.09 keV)
of the entire sample collected following completion of the XRF
mode-XANES imaging at the XFM beamline (Maia-384A
detector). RGB p-XRF distribution of (C;) K/Cryy./S and (C,)
Crya acquired at the ID21 [silicon drift detector (SDD)] and
XFM beamlines, respectively (see Table 2 for experimental
details). Maps of (C;-C,) were acquired in the area shown by the
white rectangle in (A). In (C;-C,), cyan rectangles indicate the
regions were XANES spectra were recorded (see Figure 3D-E).
In (B), the red dotted line illustrates the position where a line of
Cr K-edge XANES spectra was extracted from the E-stack of
images (see Figure 4B).
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min M max

22 Figure 2. Sample F482/8—The Bedroom. (A) Photomicrograph and p-XRF Cryy, distribution (6.09 keV) obtained at the beamlines
23 (B,-B,) ID21 (SDD), (C) XMF (Maia-384A detector) and (D) P06 (Maia-384B detector). (C,-D,) Magnified maps of ROI-1 and
24 ROI-2 obtained from (C) and (D) (see Table 2 for experimental details).
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Figure 3. Cr-speciation results of 224/1. (A) Cr(VI)/Cr(III) chemical state maps acquired at ID21 (see Figure 1C). (B) Quantitative
Cr-phase maps and (C) corresponding magnification of the regions of interest (see also ref. " for further details) obtained from the
linear combination fitting of the XANES stack collected at the beamline XFM using the profiles of PbCrq Sy 504 (red), Cr(OH),
(green) and Cr,(SO,4);-H,0O (blue) as reference compounds (see Figure 1C,). RG result of the fit (red) of the XANES profiles by
linear combination of PbCry 5S¢ 50,, Cr(OH); and Cry(SO,4);-H,O (blue) to the spectra (black) obtained at (D) ID21 [beam size (vxh):
0.23x0.74 pm?; dose: ~3.5x10'% ph/um?] and (E) XFM (number of averaged pixels: 3-30; pixel sizes: 1x1 pm?; dose:~7x107
ph/um?). Measurements positions are shown in (B-C) by cyan arrows and labels. In (D-E), grey labels show the percentage relative
amount of Cr(IIT) (Table S1 of ESI  for details).

26



Page 27 of 39

©CoO~NOUTA,WNPE

Journal of Analytical Atomic Spectrometry

—@— Data —— Fit

8 FLOT, (e FLOT L e

= % & [XANES spectra line - XFM

g (90£1)%) &R g p

) L03_ . -FLO3 - /Mm

9 B-XFM C-XF| 75+

5 - ¢ PbCr, S, .0,

0 Cr(OH)

3 Cr,(S0,),H,0

% :%ﬁoqﬁ"i

£ g = %W

o ) O oW P s T V-

Z [CrDVICrey, 0 12 24 36 48
Y T Depth (micrometer)

(A) Energy (keV) (B)

Figure 4. Additional Cr K-edge full spectral-XANES data
extracted from 224/1. (A) Profiles (black) (number of averaged
pixels: 20-30; pixel sizes: 1x1 pum?; dose:~7x10’ ph/um?) and
corresponding result of the linear combination fitting (red) of
PbCrysSps04, Cr(OH); and Cry(SO,4);-H,O as reference
compounds (see Figure 3A and Table S1t). (B) Percentage
relative amount of different Cr-phases vs. the depth obtained by
linear combination fitting of the single pixel XANES spectra
extracted from the region of the images stack shown in Figure
1B.
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Figure 5. Cr-speciation results of F482/8. Quantitative Cr-phase
maps obtained from the linear combination fit of the Cr K-edge
XANES stack collected at (A) XFM and (B) P06 using the
profiles of PbCrO4 (red) and Cr(OH); (green) as reference
compounds (see Figures 2C-D). (C) Percentage relative amount
of PbCrOy4 (red) and Cr(OH); vs. the depth obtained by linear
combination fitting of the single pixel XANES spectra
extrapolated from the region shown in (A) (circles) and (B)

(triangles).
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Figure 6. Cr-speciation results of F482/8: ROI-1. (A) RG Cr(VI)/Cr(III) chemical state maps collected at ID21 and (B) quantitative
Cr-phase maps obtained from the linear combination fitting of the Cr K-edge XANES stack acquired at (B) XFM and (C) P06 using
the profiles of PbCrO, (red) and Cr(OH); (green) as reference compounds (see Figures 2C;,D;). Result of the fit (red) of the XANES
profiles by linear combination of PbCrO, and Cr(OH); (blue) to the spectra (black) collected at (D) ID21 [beam size (vxh): 0.2x0.6
um?; dose: ~4x10''-2x10'? ph/um?], (E) XFM and (F) P06 (number of averaged pixels: 3-11; pixel sizes: 1x1 pm?%
dosexpy:~2.6x107 ph/pm?; dosepgs: ~8x10° ph/um?). Measurement positions are shown in (A-C) by arrows and labels. In (D-F) grey

labels show the percentage relative amount of Cr(III) (Table S2+ for details).
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Figure 7. Cr-speciation results of F482/8: ROI-2. (A) RG Cr(VI)/Cr(III) chemical state maps obtained at ID21 and (B) quantitative
Cr-phase maps obtained from the linear combination fit of the Cr K-edge XANES stack collected at (B) XFM and (C) P06 using the
profiles of PbCrO, (red) and Cr(OH); (green) as reference compounds (see Figures 2C,,D,). Result of the fit (red) of the XANES
profiles by linear combination of PbCrO, and Cr(OH); (blue) to the spectra (black) collected at (D) ID21 [beam size (vxh): 0.2x0.6
pm?; dose: ~ 1.4x10'? ph/um?], (E) XFM and (F) P06 (number of averaged pixels: 3-6; pixel sizes: 1x1 pm?; dosexpy: ~2.6%107
ph/um?; dosepqs: ~8%10% ph/um?). Measurement positions are shown in (A-C) by black arrows and labels. In (D-F) grey labels show
the percentage relative amount of Cr(III) (Table S27 for details).
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Figure 8. (A) Photograph (top) before and (bottom) after light
exposure and (B) photomicrograph of a thin section obtained
from the aged PbCr,S( 30, oil paint model. (C) Magnification
of the area where the Maia 384B/P06 XANES imaging analysis
was performed and (D) corresponding quantitative Cr-phase
maps obtained from the linear combination fitting of
PbCrg,S030;4 (red), Cr(OH); (green) and Cr(CsH;0,); (blue) of
the Cr K-edge XANES stack (pixel sizes: 0.5%0.5 pm?* map
sizes: 460x40 pmz; dwell time: 1 ms; dose: ~1.3x10° ph/pmz;
acquisition time: ~30 min.). (E) Result of the fit (red) by linear
combination of PbCr;,S,30,, Cr(OH); and Cr(CsH-0,); to the
spectra (black) obtained at ID21 [beam size (vxh): 0.25x0.6
un?; dose:~6x10"" ph/um?®] and corresponding (F) percentage
relative amount vs. the depth. (G) Equivalent results to those of
(F) obtained by linear combination fitting of the single pixel
XANES spectra of the images stack collected at P06. The
acquisition region of these profiles is shown in (C).
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Table 1. Experimental set-up conditions used for performing Cr-speciation investigations (5.96-6.09 keV energy spectral range) at the
beamlines XFM (AS, Melbourne, AUS), P06 (DESY, Hamburg, DE) and ID21 (ESRF, Grenoble, FR).

Beamline Change of the Ener
Focusing | Beam size | beam position Active area "8Y | Dwell time| Photon flux
(SR . 2 . Detector . Geometry resolution at . )
facility) optics  |(hxv) (um°)| during a scan /solid angle 6 keV (eV) (ms/pixel) | (ph/s)
(hxv) (um’)
) ® . 384 mm?/ R . <
XFM (AS)| KB mirrors 2x2 ~3x3 Maia 384A 13 st 180°-Backscattering 375 0.5-2 ~1-3x10
P06 (pm | amene | aea® | g o aean | 384mm%7 [ o o Tt A R © | ~4x10%
esy)" KB miTer| 0706 | BST | M | g STRwdeeeiny 20 ] 90| oot
Silicon drift 2 . no
ID21 © Fresnel zone| down to 03059 |diode (Xflash 80 mm / Inc1de_nt angle: 62 | 150-170 | 100-300® | ~2-9x10°
(ESRF) plates 0.6x0.2 5100, Bruker) few 10 sr  [Detection angle: 69

@ Measurements carried out during 2 different experiments (see Table 2 for additional details).
The change of the beam position was measured: ® over a 24 hours period; © over a 9 hours period; Vas a function of the energy.
Typical range values are: ©0.5-50 ms/pixel;  0.1-2 s/pixel.
® Values obtained using attenuators/slits. Maximum flux of about 10'°-10"" ph/s.
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Table 2. Comparison among the experimental conditions employed for the acquisition of the XRF maps of original paint-micro samples at the
beamlines XFM (AS), P06 (DESY) and ID21 (ESRF).

S Map size Pixel size Pixel total | Dwell time| . Acquisition Acql.nsmon Absolute | Dose per Dose
ample Maps (hxv) (1) (hX\;) number | (ms/pixel) time per energy] time |photon flux| energy sczan (ph/pm?)®
(um?) scan (min:s) | (min)® (ph/s) (ph/um?)
Entire samplexen| 10 030 | 11 | 1403x10°|  0.49 2:23 300 1.3x10° | ~6.3x10* | ~8x10°
224/1 (Figure 1B)

Falling | AREA-Axen | 395,53 | 151 [2.0935%10Y  1.96 112 150 | 2.7x10° | ~5.3x10° | ~6.7x107
leaves (Les | (Figure1Cy) | ~°7 -~ | ~ ~ =/~ "~} "~ | 7~ 4 o | T | T
Alyscamps) | AREA-Amoi | 355,54 | 1x059 | 4266x10°| 150 110:00 215 9.2x10% | ~2.3x10° | ~4.6x10°

(Figure 1Cy)
Entire samplexev| 55, ¢ Ix1 | 2.4x10* 0.99 1:00 130 2.1x10° 2x10° | ~2.6x107
| (Figure2C) 4 TUC T LT
Entire sampleros | 5,0 ¢ Ix1 | 2.4x10* 3 1:40 210 9x10° | ~6.4x10° | ~8x10°
(Figure 2D)
T ®
ROI-Txpm 73%24 | 1x1 | 1.752x10°|  0.99 0:04 10 21x10° | ~2x10° | ~2.6x107
| (Figure 2Cy) LT
ROI'IPOﬁ( ) 3 8 6 8
; 3x24 Ix1 | 1.752x10 3 0:0 15 9x10 ~6.4x10 ~8x10
Fasys | (Fige2D) | 224 | U | L O A TP Y | e | e
The Bedroom|  ROI-1py @ o 150© 36:00 s | ~15x107 | 7
(Figure 2By | 739226 [0.6x0.29|1.3899x10%| 350 72:00 108 L7x10° | T | 33710
3 ®)
ROI-2xpv 4118 | Ix1 | 738x10° | 0.99 0:02 4 2.1x10° | ~2x10° | ~2.6x107
| (Figure 2Cy) | L
PN
ROI-2pos 41x18 | 1x1 | 7.38x10° 3 0:03 67 9x10° | ~6.4x10° | ~8x10°
| (Figure2Dy) | - - T
ROI-21D21 (d) 3 1 50(6) 17:00 8 ~3x1 07 - 7
(Figure 2By | 40818 [0.6x02¢| 6.12x10 3000 33.00 50 1.7%10 s 8x10

@ Values refer to the acquisition of 126 XRF images for the measurements performed at XFM and P06 beamlines, while to that of 2 images for the
analysis carried out at ID21.
® Magnified area selected from the larger map collected from the entire sample.
Beam sizes (hxv) of: © 0.74x0.23 um?; ©0.6x0.2 pm?.

© at 6.09 keV.
® at 5.993 keV.
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Cr K-edge full spectral-XANES imaging based on the Maia X-ray detector array is proposed as a new data

collection strategy for Cr speciation studies of chrome yellow-based paints in artworks by Vincent van Gogh
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