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Synchrotron micro-XRD and micro-XRD-CT reveal
newly formed lead–sulfur compounds in Old
Master paintings†
Victor Gonzalez, *a Annelies van Loon,
and Katrien Keunead

ab

Stephen WT Price,

c

Petria Noblea

The in situ formation of lead–sulfur inorganic compounds in historical oil paintings can have a strong
detrimental eﬀect on an artwork's physical and visual integrity. In this paper, paint micro-samples
collected from several paintings from the Rijksmuseum (Amsterdam) and Mauritshuis (The Hague)
collections were probed using a combination of synchrotron micro-XRD and micro-XRD-CT. This
permitted precise identiﬁcation of the chemical nature of the in situ formed crystalline compounds as
well as charting their distribution within paint layers at the microscopic level. This provided new
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information on the origin of the ions involved in the crystallization of the various newly formed mineral
lead–sulfur products. The formation of palmierite K2Pb(SO4)2, anglesite PbSO4 and lanarkite Pb2(SO4)O
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in historical samples can thus be connected to the paint stratigraphic build-up, environmental conditions

rsc.li/jaas

and potential past restoration treatments.

Introduction
Old Master oil paintings are dynamic systems, in which
various chemical reactions take place over time. Typical
reactions occurring between the intrinsic paint materials, e.g.
the inorganic components of the paint (pigments, driers) and
carboxylic acid groups of the oil binder can result in the in situ
formation of a variety of new compounds. Among the most
common are the reaction products that form between saturated fatty acids (palmitic and stearic acid) and leadcontaining pigments or driers, also called lead soaps.1 Leadbased inorganic pigments and driers were omnipresent in
the palette of painters until the 20th century, in particular lead
white2 (a mixture of lead carbonates: hydrocerussite Pb3(CO3)2(OH)2 and cerussite PbCO3), red lead3 (lead(II,IV) oxide
Pb3O4), lead-tin yellow4 (lead-stannate, type I: Pb2SnO4 and
type II: PbSn1 xSixO3), litharge/massicot5 (lead II oxides, PbOa and PbO-b), and lead acetate6 (Pb(CH3COO)2). These lead
components provide a continuous source of lead ions and are
therefore frequently associated with the formation of lead
a
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soaps, which can manifest in paintings as inclusions (lumpy
agglomerates), increased transparency of the paint layers and
as whitish crusts on the paint surface.7–10
Recently, other inorganic lead-based products were detected in paint stratigraphies, using both macro11–14 and microscale10,15–23 analysis: lead–sulfur compounds. Those
compounds were not used by Old Masters, and were thus not
originally present in the paint composition.24,25 An important
conclusion was that the formation of inorganic degradation
products could derive from both internal (original paint
materials) and external reactants (for example, gasses present
in the environment).
This leads to an important hypothesis: the spatial distribution of lead–sulfur products within paint stratigraphies is
a critical parameter from which the availability and mobility of
internal and external reactive components can be deduced, and
the chemical conditions of their in situ crystallization can be
inferred. To tackle this, we used a combination of synchrotron
micro 2D X-ray diﬀraction (SR-m-XRD) and synchrotron micro Xray diﬀraction computed tomography (SR-m-XRD-CT) to identify
and chart the distribution of lead–sulfur products at the microscale in historical paint stratigraphies. More specically, we
mapped the presence of lead–sulfur non-original crystalline
phases such as anglesite26 (PbSO4), palmierite27 (K2Pb(SO4)2) or
lanarkite28 (Pb2(SO4)O) in the paint layers. This permits us to
obtain new information on the formation mechanisms and
evolution over time of those compounds. Gathering precise
knowledge of these products is essential today to guide
conservation strategies and ensure an eﬃcient preservation of
historical oil paintings.
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Materials
Minute paint fragments were collected from paintings from the
collections of the Rijksmuseum and the Mauritshuis,
embedded in resin blocks and polished to reveal the layer
structures of the paintings. The obtained samples are better
known as paint cross-sections. This paper will focus on three
samples collected from the following paintings: the Portrait of
Maria Cornelisz (1680–1719) by Jan Weenix (Rijksmuseum SK-A4959), the Portrait of Marten Soolmans (1634) by Rembrandt van
Rijn (Rijksmuseum SK-A-5033) and the Hay Wagon (c.1650) by
Philips Wouwerman (Mauritshuis inv. 218). All three paintings
were aﬀected by diﬀerent types of degradation. The Weenix
painting exhibits severe cupping and delamination. As a result,
akes of paint are actively delaminating from the canvas,
severely compromising the physical integrity of the artwork. A
paint sample was collected from the le edge of the painting.
During the recent treatment of the Rembrandt painting, an old,
insoluble conservation layer (identied as an aged egg-white
varnish) was observed in many dark areas on the paint
surface. A sample was taken from the black cloak. Finally, the
degradation observed in the Wouwerman painting manifests
itself as whitish spots/inclusions in the blue sky. Those inclusions are composed of crumbly material, resulting in a general
loss of cohesion of the aﬀected paint surface. A paint sample
containing such an inclusion was collected from the sky.

Methods
All samples were examined using light microscopy (LM),
imaging ATR-FTIR and SEM-EDX beforehand, to localize the Pbcontaining layers and to determine in which layer the degradation products had formed. They were then analysed by SR-mXRD and SR-m-XRD-CT at beamline I18 of the DIAMOND Light
Source (Didcot, UK). SR-m-XRD and SR-m-XRD-CT both rely on
the use of a micrometric synchrotron beam to collect XRD
patterns at each pixel (or voxel) of an area (or volume).29 With
SR-m-XRD, 2D distribution maps of the crystalline compounds
present in the samples are obtained, revealing the build-up of
various paint layers. SR-XRD-CT enables to “slice” through the
sample, thus potentially revealing the three-dimensional buildup of the inorganic compounds present. Cross-sections were
positioned on a motorized xyz stage, in front (10 angle) of a 13
keV (0.9537 Å), 2  10 (H  V) mm2 beam. Samples were raster
scanned with a 2  2 mm step size over a 2D map, 5 s per pixel.
At each pixel, a two-dimensional diﬀraction pattern (Debye–
Scherrer rings) was recorded in reection mode, on a Photonic
Science CMOS camera. A m-XRF signal was simultaneously
recorded using a Vortex ME-4 silicon dri detector, providing
elemental information. The diﬀraction rings were then converted into 1D patterns by azimuthal integration using the
DAWN soware.30 This allowed to obtain a full diﬀractogram at
each pixel: the distribution of the crystalline phases for the
entire mapped area was thus achieved. For one sample (the
Wouwerman painting), SR-m-XRD-CT in transmission mode was
also performed.3,16 To avoid strong attenuation of the diﬀraction
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signal by the resin surrounding the paint fragment, the crosssection was polished before analysis, until only a very faint
amount of shielding matter was present (method described in
ESI of ref. 16). The sample was positioned vertically on the tip of
a needle, and rotated in front of the 13 keV beam. Two CT slices
of 220  220 mm2 were collected with the same 2  2 mm2 step
size.
The XRDUA soware package31 was used to handle m-XRD
data. In the case of SR-m-XRD-CT, aer processing using the
Savu processing pipeline32 for the reconstruction, the PyMCA
soware33 (ROI Imaging Tool plugin) was used to better visualize the main crystalline phases present in the slice recorded
through the micro-sample.

Results
Micro-XRD
Weenix. The delamination of the entire paint stratigraphy of
the Weenix painting takes place at the interface of the ground
with the canvas. The stratigraphy of the analysed sample
consists of ve layers identied as: a porous lower ground
composed of a mixture of earth pigments and gypsum (layer 1 in
Fig. 1C), a second ground consisting of a mixture of earth
pigments, chalk and lead white (layer 2), a thin organic-rich
intermediate layer (layer 3), a paint layer containing a mixture
of smalt (a cobalt silicate-potash glass pigment) and lead white
(layer 4) and nally, a varnish layer (layer 5).
SEM-EDX was performed and revealed a thin light grey
deposition layer rich in sulfur and lead at the interface of the
two grounds, layers 1 and 2 (Fig. 1D). The collected m-XRD data
permitted to precisely identify the crystalline compounds
present. The earth pigment present in the rst and second
ground layers (layers 1 and 2) was found to be goethite
(FeO(OH)) (Fig. 2E); hydrocerussite and cerussite were also
identied as a component of the layers 2 and 4 (Fig. 2C and D);
calcite is part of the second ground, mainly present in the upper
part of the layer (Fig. 2F), and gypsum was also conrmed to be
present as expected in the rst ground (Fig. 2G). Regarding

(A) Jan Weenix, Portrait of Maria Cornelisz, 1680–1719, oil on
canvas, H 126.5  W 109 cm, Rijksmuseum, (B) detail raking light
showing cupped paint layer, (C) UV image of cross-section collected
from the left edge of the painting showing 5 layers, (D) SEM-BSE image
of detail area of the cross-section (red box in C) showing a Pb and Srich deposition layer at the interface between layers 1 and 2.

Fig. 1
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Fig. 4 Selected SR-m-XRD maps collected from the Rembrandt crosssection showing the distribution of the following crystalline phases (A)
hydrocerussite Pb3(CO3)2(OH)2, (B) cerussite PbCO3, (C) whitlockite
Ca9(PO4)6PO3OH, (D) anglesite PbSO4, (E) palmierite K2Pb(SO4)2.

Fig. 2 Selected SR-m-XRD maps collected from the Weenix paint
cross-section showing the distribution of the following crystalline
phases (A) anglesite PbSO4, (B) palmierite K2Pb(SO4)2, (C) hydrocerussite Pb3(CO3)2(OH)2, (D) cerussite PbCO3, (E) goethite FeO(OH),
(F) calcite CaCO3, (G) gypsum CaSO4$2H2O.

lead–sulfur compounds, the thin crystalline interface between
layers 1 and 2 was determined to be anglesite (Fig. 2A), while
mainly palmierite was detected at the interface between the
paint and varnish and in the varnish (layer 5, Fig. 2B). Smalt is
amorphous, and cannot be identied by XRD.
Rembrandt. A m-XRD map was collected from the Rembrandt
sample in order to characterize the insoluble degradation
products observed on the surface of the painting. The following
paint layers were identied in the cross-section: a paint layer
composed of lead white, carbon black and chalk (layer 1 in
Fig. 3E), followed by a paint layer containing a mixture of lead
white, ivory black and earth pigment (layer 2) and nally the
ivory black layer of the cloak (layer 3). The ground layers, which

Fig. 3 (A) Rembrandt van Rijn, Portrait of Marten Soolmans, 1634, oil
on canvas, H 210  W 136 cm, Rijksmuseum, (B) detail cloak, ultraviolet
light image showing the strongly ﬂuorescent egg-white varnish, (C)
detail cloak, stereomicroscope image showing cracked and degraded
egg-white layer that appears as brown ‘islands’ on the paint surface, (D)
ultraviolet light image of cross-section from the cloak showing several
conservation layers including old egg-white varnish on top of the
original paint layers, (E) SEM-BSE image of the same cross-section
revealing three paint layers (1, 2, 3), showing Pb and S-rich zones
(brightest areas), also in the egg white varnish layer (4) and at the
interface between original and conservation layers (white arrow).

This journal is © The Royal Society of Chemistry 2020

consist of a lead-white containing grey layer on top of a reddish
brown lower ground, are missing in this sample. On top of the
original paint layers are several “conservation layers”, the lowest
and oldest one is a proteinaceous (egg white) layer along with
starch residues and degradation products, followed by (oil-)
resin varnish layers (layer 4).34 Here again, SEM-EDX detected
the presence of lead and sulfur, in this case in the proteinaceous
layer.
Compared to the Weenix sample, the m-XRD maps of the
Rembrandt sample highlight a diﬀerent distribution of lead–
sulfur products within the paint stratigraphy. While the distribution of palmierite (Fig. 4E) closely follows the original paint
layers (at the interface of layers 3 and 4 in Fig. 4E), interestingly,
anglesite has formed deeper in the original stratigraphy,
reaching the lead white-containing background paint layer
(layer 2), as seen in Fig. 4D. Whitlockite is associated with ivory
black (Fig. 4c).
Wouwerman. The cross-section from the Wouwerman
painting is composed of three paint layers: a lead white
priming/upper ground (layer 1 of Fig. 5C, the lower (chalk)
ground is not present in this sample), a blue underpaint layer
containing lead white and smalt (layer 2) and a blue paint layer
containing lead white and ultramarine (layer 3). The inclusions

(A) Philips Wouwerman, The Hay Wagon, c.1650, oil on panel, H
40  W 48 cm, Mauritshuis, (B) detail of blue sky, stereomicroscope
image showing the presence of whitish spots (inclusions) on the
painting surface, (C) dark ﬁeld image of cross-section from the sky
showing the inclusion, (D) SEM-BSE image of the cross-section
showing the Pb, K and S-rich inclusion that formed in the blue
underpaint of the sky (layer 2).
Fig. 5
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the source of the Pb, K and S ions necessary for the formation
and crystallization of these products. The precise spatial
charting at the micro-scale of the crystalline phases present
provides convincing evidence to answer this question.
Fig. 6 SR-m-XRD maps of the cross-section from the Wouwerman
painting showing the distribution of the following crystalline phases:
(A) hydrocerussite Pb3(CO3)2(OH)2, (B) cerussite PbCO3, (C) palmierite
K2Pb(SO4)2.

(ca. 100 mm diameter) have a brownish translucent appearance
in cross-sections (Fig. 5C). SEM-EDX analysis revealed the
presence of potassium and sulfur together with lead. In the BSE
image of the cross-section, these appear as light grey amorphous areas surrounding the dark grey angular smalt particles
within the inclusion (Fig. 5D).
A m-XRD map of the entire cross-section was recorded and
permitted to identify palmierite as the main constituent of the
inclusion (Fig. 6). The distribution of hydrocerussite and
cerussite did not reveal diﬀerent ratios of the two phases in
layers 1, 2 and 3. In other words, it seems that an identical lead
white pigment was used for the three layers.2,35
Micro SR-XRD-CT
In order to obtain more precise insight into the mineral phases
present in the vicinity of the inclusion, the Wouwerman sample
was also analysed with SR-m-XRD-CT. The obtained m-XRD-CT
map revealed the presence of lanarkite Pb2(SO4)O, in addition
to palmierite, within the inclusion (Fig. 7). This specic phase
was not visible in the mXRD 2D-maps: this highlights the
interest of performing CT to detect minor crystalline
compounds within microscopic paint stratigraphies, as the
collection of structural data from many diﬀerent projections
results in the increased sensitivity to minor phases in the
measured diﬀraction signal.16

Discussion
Through structural mapping analysis of three paint crosssections, a variety of lead–sulfur degradation products were
identied. The key question stemming from these ndings is

Weenix
In the case of the Weenix sample, two possible sources for the S
ions can be identied: the gypsum present in the rst ground
(layer 1 in Fig. 1D), as well as in atmospheric SO2. Regarding the
K ions, they could originate from the smalt pigment (layer 3), as
smalt is known to release K ions as a result of aging.36 Another
potential source of K ions could be alumino-silicate compounds
oen present as traces in earth pigments (in this case in the
goethite present in layers 1 and 2). Those S and K ions could
combine with Pb ions from the lead white (layer 2), to form
anglesite and palmierite. Since K ions (from smalt) were not
available at the interface between the grounds, layers 1 and 2,
anglesite was formed. It is interesting to note that palmierite is
segregated to the surface of the paint, and is not present in the
entire bulk of the paint layer. This last result, combined with the
fact that the surface of the painting is not in contact with the
deeper gypsum layer, points to an origin of S ions from atmospheric SO2, as proposed in previous works.16 Conversely, in the
case of anglesite between layer 1 and 2, the S ions could indeed
simply originate from the underlying gypsum layer (1).
However, lead–sulfur products are hardly found at the interfaces of gypsum containing layers, based on the numerous SEMEDX analysis we carried on 17–18th c. Dutch oil paint samples.
Another important consideration in the case of the Weenix
sample is the nature of the canvas support. As the painting is
unlined and has a relatively coarse, plain weave canvas with an
open structure, the porous ground layer is more exposed to
atmospheric SO2, as penetration from the back of the canvas is
relatively easy. We therefore do not exclude a possible atmospheric origin for the S ions that recombined at the interface of
layers 1 and 2 to form anglesite.
The proposed chemical mechanisms for the formation of
anglesite and palmierite can be summarized as:
Pb2+ + SO42 / PbSO4

(1)

Pb2+ + 2K+ + 2SO42 / K2Pb(SO4)2

(2)

Wouwerman

Fig. 7 SR-m-XRD 2D tomogram obtained from a slice of the Wouwerman cross-section showing the presence of hydrocerussite Pb3(CO3)2(OH)2 (HC, red), palmierite K2Pb(SO4)2 (P, green) and lanarkite
Pb2(SO4)O (L, blue).

2270 | J. Anal. At. Spectrom., 2020, 35, 2267–2273

Regarding the Wouwerman sample, the most obvious source of
free Pb ions appears clear as the layer in which the inclusion has
formed (layer 2) is composed of lead white (as shown by the
presence of hydrocerussite and cerussite). Again, we propose
that the primary source of K ions are the smalt particles present
in the blue underpaint (layer 2 on Fig. 5C). One cannot,
however, exclude the ultramarine pigment from the top paint
layer (Fig. 3) as a potential source of K and S ions, as was
observed in other examples of ultramarine paints that did not
contain smalt.37 Indeed, natural ultramarine, while mostly
composed of lazurite ((Na,Ca)8(AlSiO4)6(SO4,S,Cl,OH)2), usually

This journal is © The Royal Society of Chemistry 2020
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comprises multiple other potassium-containing minerals.38
Apart from lazurite however, no other inorganic pigment could
act as source of S ions, encouraging us to propose again that
atmospheric SO2 played this role. The inuence of a past
conservation treatment can be also included as a possible
factor. More specically, solutions of (diluted) sulphuric acid
have been known to be used for cleaning paintings in the 19–
20th centuries,39 although there is no evidence for this in the
treatment records of this painting.
As detected by m-XRD-CT, the Wouwerman sample is also
characterized by the presence of lanarkite. A reaction can be
proposed for the formation of this compound:
2Pb2+ + SO42 + H2O / Pb2SO4(O) + 2H+

(3)

For reaction (3) to take place, water molecules must be
available. Paint layers are porous materials: depending on the
environmental conditions a painting was subjected to, more
specically the relative humidity, they can adsorb and hold
a certain amount of moisture. This moisture can remain trapped, thus acting as a source of water.40
We were surprised not to detect leadhillite Pb4SO4(CO3)2(OH)2 in
this sample as this compound is usually associated with lanarkite
and hydrocerussite.28 Explanation for this could stem for a very faint
amount of the crystalline material within the sample. It was reported that lanarkite is stable only at low CO32 contents, which is
in agreement with the distribution of this compound within the
palmierite cluster, where no carbonate groups are present.
Rembrandt
In the case of the Rembrandt sample, the two lead–sulfur
compounds detected exhibit two diﬀerent distributions. Palmierite is only present at the surface of the paint layers and in the
egg white varnish (Fig. 4E), while anglesite seems to be distributed throughout the entire stratigraphy (Fig. 4D). In this case, S
ions could originate not only from the atmosphere, but also from
the egg-based conservation layer. No S-containing pigments such
as gypsum or organic lake pigments (precipitated on an alum
substrate), which could act as another source of S ions, were
detected. Regarding the origin of palmierite, an important clue is
the lack of any internal K ions source within the paint stratigraphy. Combined with the localization of this crystalline phase to
the paint surface, this points to a previous conservation treatment as a possible source of K ions. In particular, historical
sources mention that potash was frequently used prior to the 20th
century as a cleaning product for the surface of historical paintings.39 The deeper distribution of anglesite within the paint
stratigraphy again points to a combination of free Pb ions with
atmospheric SO2 or S ions from the egg-based layer. In the case of
this artwork, it is important to mention that the canvas is waxresin lined and densely woven. In addition, the double ground
(not present in the studied sample) is very compact. In contrast to
the Weenix painting (open weave canvas, porous ground), those
two factors could explain why the penetration of atmospheric S
ions was only possible from the surface of the painting, which
would explain why anglesite is present at the top of the stratigraphy and seems to continuously grow towards the bottom,

This journal is © The Royal Society of Chemistry 2020

reaching as far as layer 2 in Fig. 3E. The question as to whether
this dynamic process is still occurring is of course of particular
interest for conservators and the long term preservation of this
masterpiece. Environmental conditions in museums have greatly
improved during the last decades, resulting in a very low availability of atmospheric S ions that might react within the paint
stratigraphy.23 In addition, potash and lye solutions are already
for a long time no longer used as cleaning agents.

General discussion
An important observation is the diﬀerence in morphology of the
newly crystallized products detected in this work. For example,
while palmierite re-crystallized as a thin, intermediate layer in
the Weenix painting, it is present as large, globular inclusions
in the Wouwerman. While several works have proposed mechanisms to explain the formation of protrusions, e.g. phaseseparation mechanism or diﬀusion driven processes towards
crystallization nuclei,41,42 explaining such diﬀerences remains
diﬃcult, as multiple factors have to be considered, as it was
highlighted in this work.
First, the local environmental conditions of conservation
(temperature, relative humidity (RH), pH) play an important
role in the in situ formation of crystalline products in paint
layers. In particular, as noted by Aze et al., sulfation by atmospheric SO2 is governed by complex reactions, during which
S(IV) / S(VI) oxidation occur in aqueous phase.43 The sulfation
of lead carbonate compounds thus require high moisture
content. Other authors agree on the capital role of RH in the
complex mechanisms governing atmospheric SO2 attack on
model systems of historical pigments (iron and lead oxides)44
and cements.45 It is worth mentioning that some of these works
have reported the formation of anglesite in mural painting
model stratigraphies as a thin surface layer, the same
morphology as observed in the Weenix and Rembrandt paintings.46 In the case of the paintings studied in this work, we
favour the hypothesis of a “dry” deposition of SO2 on the
painting, followed by an oxidation producing SO42 that can in
turn react with Pb2+ ions towards various crystalline lead-sulfate
compounds, as hypothesized44 by Maguregui et al.
Secondly, diﬀerent sources of ions have to be considered:
original painting materials (inorganic pigments, dryers, organic
binders.), atmospheric gases, and past conservation treatments. It is important to note that this research does not
consider potential sources of Pb or S ions that could however be
relevant for other artworks. For example, all three paintings
sampled were painted using linseed oil, as it was usual for
Dutch Golden Age artworks. However, diﬀerent types of organic
binders (for example egg-based tempera) could act as yet
another source of S ions. In other words, in addition to a precise
preliminary study of the paint build-up, gathering as much
information on the conservation history of a studied painting is
important to propose sound chemical hypotheses.
Thirdly and nally, we think that the structural characteristics of the canvas (densely woven, lined or not.) have an eﬀect
of the diﬀusion rate of those atmospheric gases within paint
layers and should be considered in the future.
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Conclusions
This paper showcases the potential of SR-m-XRD and SR-m-XRDCT to discriminate inorganic degradation products in complex
paint stratigraphies at the micro-scale. The capability to
precisely determine where these in situ compounds have formed
appears essential to propose sound hypotheses regarding the
source of the free Pb, K and S ions necessary to their formation.
Those hypotheses are in turn valuable clues to reveal additional
information about the conservation history of the studied
artwork, and provide precious insights for the future conservation of historical easel paintings.
From a wider perspective, this work highlights the high
variety of chemical reactions involving lead-based inorganic
products within historical paint layers. This encourages us to
continue our eﬀorts towards better knowledge of the chemistry
of lead in those complex inorganic/organic systems. In particular, identifying the kinetics of these reactions presents an
immense interest for the long term preservation of oil paintings. This can only be achieved by complementing results obtained on historical samples, such as the ones presented in this
paper, with research results gathered on carefully designed
model systems.47 In the case of lead-sulfate compounds, our
rst step will consist in testing several environmental conditions (T, RH, pH.) as well as conducting a study on the
possible variation of the diﬀusion coeﬃcient of SO2 in paint
layers with diﬀerent compositions.
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Viguerie and V. A. Solé, Anal. Chem., 2016, 88, 6154–6160.
34 P. Noble, E. Van Duijn, E. Hermens, K. Keune, A. Van Loon,
S. Smelt, G. Tauber and R. Erdmann, Rijksmuseum Bulletin,
2018, 66, 308.
35 S. De Meyer, F. Vanmeert, R. Vertongen, A. van Loon,
V. Gonzalez, J. Delaney, K. Dooley, J. Dik, G. Van der

This journal is © The Royal Society of Chemistry 2020

JAAS

36
37

38
39
40
41
42

43
44
45
46
47

Snickt, A. Vandivere and K. Janssens, Sci. Adv., 2019, 5(8),
eaax1975.
M. Spring, C. Higgitt and D. Saunders, National Gallery
Technical Bulletin, 2005, vol. 26, p. 56.
The National Gallery, Vermeer and technique, https://
www.nationalgallery.org.uk/research/about-research/themeaning-of-making/vermeer-and-technique/alteredappearance-of-ultramarine, accessed April 2020.
J. Plesters, Stud. Conserv., 1966, 11(2), 62.
M. Stols-Witlox, ICOM-CC 16th triennial conference preprints,
Theory and history of conservation working group, 2011, p. 1.
G. K. van der Wel and O. C. G. Adan, Prog. Org. Coat., 1999,
37(1–2), 1–14.
J. J. Boon, F. Hoogland and K. Keune in AIC PSG postprints,
ed. H. Mar Parkin, AIC, Washington 2007, vol. 19, pp. 16–23.
J. Hermans, K. Keune, A. Van Loon and P. Iedema in Metal
Soaps in Art, ed. F. Casadio, K. Keune, P. Noble, A. Van
Loon, E. Hendriks, S. A. Centeno and G. Osmonds,
Springer, 2019, pp. 47–67.
S. Aze, J.-M. Vallet, A. Baronnet and O. Grauby, Eur. J.
Mineral., 2006, 18, 835–843.
M. Maguregui, U. Knuutinen, I. Martinez-Arkarazo, K. Castro
and J. M. Madariaga, Anal. Chem., 2011, 83(9), 3319–3326.
G. Ramakrishnan, Q. Wu, J. Moon and A. Orlov, Chem. Eng.
J., 2017, 319, 57–64.
S. Aze, J.-M. Vallet, M. Pomey, A. Baronnet and O. Grauby,
Eur. J. Mineral., 2007, 19, 883–890.
L. Baij, L. Chassouant, J. Hermans, K. Keune and P. Iedema,
RSC Adv., 2019, 9, 35559.

J. Anal. At. Spectrom., 2020, 35, 2267–2273 | 2273

