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Abstract

The spontaneous chemical alteration of artists' pigment materials may be caused by several degradation processes.
Some of these are well known while others are still in need of more detailed investigation and documentation. These
changes often become apparent as color modifications, either caused by a change in the oxidation state in the origi-
nal material or the formation of degradation products or salts, via simple or more complex, multistep reactions. Arse-
nic-based pigments such as orpiment (As,S;) or realgar (a-As,S,) are prone to such alterations and are often described
as easily oxidizing upon exposure to light. Macroscopic X-ray powder diffraction (MA-XRPD) imaging on a sub area of
a still life painting by the 17th century Dutch painter Martinus Nellius was employed in combination with microscopic
(u-) XRPD imaging of a paint cross section taken in the area imaged by MA-XRPD. In this way, the in situ formation of
secondary metal arsenate and sulfate species and their migration through the paint layer stack they originate from
could be visualized. In the areas originally painted with orpiment, it could be shown that several secondary minerals
such as schultenite (PbHAsO,), mimetite (Pbs(AsO,);Cl), palmierite (K,Pb(SO,),) and syngenite (K,Ca(SO,),-H,0) have
formed. Closer inspection of the cross-sectioned paint layer stack with p-XRPD illustrates that the arsenate minerals
schultenite and mimetite have precipitated at the interface between the orpiment layer and the layer below that is
rich in lead white, i.e. close to the depth of formation of the arsenate ions. The sulfate palmierite has mostly precipi-
tated at the surface and upper layers of the painting.
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Introduction

Photochemically and atmospherically induced altera-
tions in artists’ pigments are the result of several degra-
dation processes, some of which are already well known
while others are still in need of more detailed investiga-
tion and documentation. These alterations can often be
visually perceived as color changes, either caused by a
change in the oxidation state in the original material or
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the formation of degradation products or salts, via simple
or more complex, multistep reactions [1-4].

Degradation phenomena, and the subsequent discol-
oration or loss of structural integrity of paint layers they
entail, are often the result of intricate physicochemical
processes that are taking place within or at the surface
of paint layers. They are triggered by either internal fac-
tors, such as the co-presence of mutually incompatible
pigment or pigment/binder mixtures, or external fac-
tors, such as environmental conditions (relative humid-
ity, light, and temperature), biological activity, volatile
organic compounds, pollution or human interventions,
or several of these together [5].
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Arsenic-based pigments such as natural orpiment
(As,S;) or natural realgar (a-As,S,) are subject to such
modifications and are often described as easily oxidizing
upon exposure to light [6-8].

In a number of recent studies, the oxidation of the arse-
nic sulfides to As(V)-species has been described [9, 10].
In several multicolored flower piece paintings by the 17th
century painter Jan Davidz. de Heem, the formation of
rare arsenate minerals such as mimetite (Pb;(AsO,);Cl)
and schultenite (PbHAsO,) was observed, co-localized
with sulfate salts such as palmierite (K,Pb(SO,),), syn-
genite (K,Ca(SO,),-H,0) and gypsum (CaSO,2H,0)
[11].

In one of these studies, the hypothesis is formulated
that the resulting arsenate ions can migrate through the
paint layer stack before precipitating in the form of rare
arsenate minerals [9].

By employing Macroscopic X-ray powder diffraction
imaging (MA-XRPD) on a sub area of a still life painting
by the 17th century Dutch painter Nellius in combination
with Microscopic (p-)XRPD imaging of a paint cross sec-
tion taken in the area imaged by MA-XRPD, the in situ
formation of secondary metal arsenate and sulfate spe-
cies and their migration through the paint layer stack
they originate in, is studied. The main motivation for
performing this study is to gain a better understanding of
the spontaneous transformation processes that can affect
historical paint(ing)s containing arsenic-sulphide based
pigments and how such alterations can change the visual
outlook and mechanical stability of the affected paint.

The painting and its painter

Since 1898, the painting Still life with Quinces, Medlars
and a Glass (Fig. 1), is part of the collection of the Rijks-
museum acquired by bequest of Dr Daniel Franken Dzn
(Amsterdam, 1838—1898) [12].

Martinus Nellius is a Dutch still life painter from the
Golden age. Little is known about his life. A first mention
of the painter was in 1669 where a fruit piece by ‘Niellius’
was listed in an inventory in Amsterdam. The birthplace
of Nellius is unknown, but one record places the painter
in Leiden in 1674. According to Buijsen et al. [13], he
moved to The Hague where his presence was recorded
for the first time in 1676 and later in October 1719, the
date of his death [14].

The oeuvre of Martinus Nellius is rather modest and
his works are little studied, consisting of more or less sev-
enteen paintings, mostly signed and a few dated between
1673 and 1694 [15]. The format of the paintings is quite
consistent: a small rectangle (portrait format) still life
painted with a preference for oil on panel with sizes
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41.4 cm

34.1cm

Fig. 1 Still life with Quinces, Medlars and a Glass by Martinus Nellius
(SK-A-1751, Rijksmuseum Amsterdam, The Netherlands) on an

oak wood panel measuring 41.4 x 34.1 cm (V x H). Cross indicates
sampling location of paint cross-section R36-3. Rectangle indicates
area of MA-XRF/XRPD scanning

ranging between 20 x 15 cm and 44 x 38 cm. Only four
signed paintings are larger in size and were painted on
canvas.

Objects that typically reoccur in Nellius’ oeuvre, are
e.g. half peeled lemons displayed in a Roemer glass or
oranges, medlars, quinces, oysters usually visited by flies
and butterflies. In the painting discussed in this article,
Nellius painted a pair of quinces, remnants of a recently
crushed walnut, hazelnuts, medlars and an open quar-
ter of a pomegranate with a Venetian flute glass situated
on the left corner of a tabletop. Nellius painted Still life
with Quinces, Medlars and a Glass on an oak wood panel
measuring 41.4 x 34.1 cm. The painting is signed in the
lower left corner as ‘Nellius Fecit’ but is not dated. A den-
drochronology study from 1998 by Dr. Peter Klein from
the University of Hamburg places the cut-date not earlier
then 1667 and the possible creation of the painting as of
1669 [16]. Presumably the painting was created between
1669 and 1719.

In conjunction with the exhibition “Still life paintings
from the Netherlands 1550-1720” in the Rijksmuseum in
1999, various key still life paintings from the collection,
among which the little panel of Nellius, were examined
and sampled. In regard to his contemporary painters,
such as Jan Davidsz. de Heem and Abraham Mignon,
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Nellius did not employ a complex elaborate multi-layered
painting technique. The subjects were painted with one
or two precise paint layers, often beneficially leaving the
grey imprimatura base tone visible. A cross-section was
taken from the left quince before restoration. It revealed
the presence of the arsenic-based yellow pigment orpi-
ment to paint the quinces. Originally, the orpiment must
have given the quince a brighter yellow appearance then
the now crumbly, dull, greyish and powdery outlook
the fruit surface now features. This altered appearance
became clear during restoration after varnish removal
and was the motivation for the investigations described
below [15].

In art history, the iconological meaning of quinces is
associated with immortality! while the visiting fly may
symbolically refer to the contradiction of immortality, i.e.
the transient nature of the fruit itself.

Experimental

The first part of the study involved the examination of
the entire painting by means of a commercial MA-XRF
instrument [18]. This allowed to pinpoint the areas in
which As-containing pigments were present. In a second
phase, MA-XRPD imaging experiments were carried out
on a small area—see rectangle in Fig. 1—using a mobile
MA-XRF/XRPD scanning instrument that was operated
in reflection mode [11, 19, 20]. Within this area, in order
to study the in-depth distribution of primary and second-
ary compounds, a paint sample was taken. The resulting
material was prepared as a cross section and analyzed
by means of u-XRPD mapping at the Hard X-ray micro-
probe end station of beamline P06 (PETRA-III facility,
Hamburg, Germany).

Large-scale MA-XRF mapping

A commercially available MA-XRF scanner ‘M6 Jet-
stream’ from Bruker Nano GmbH (Berlin, Germany)
was employed for recording elemental maps of the entire
painting. The M6 Jetstream consists of a 30 W Rh-tar-
get microfocus X-ray tube with a maximum voltage of
50 kV, a maximum current of 0.6 mA, a polycapillary
lens, and a 30 mm? X-Flash silicon drift detector that is
moved over the surface of the painting by means of an X,
Y-motorized stage, enabling a scan area of 80 x 60 cm?
[18]. A spot size of 150 um was set for the measure-
ments. The large-scale elemental distribution maps were
collected with a step size of 300 pum and dwell time of
50 ms/step, covering the complete surface of the paint-
ing (34.1 x41.4 cm? corresponding to 963 x 1232 pix-
els). In the experimental conditions employed for many

! See Ref [17].
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elements, the detection limits for MA-XRF situate them-
selves in the range 0.1-1%.

Combined MA-XRF/XRPD mapping

For the reflection mode MA-XRF/XRPD measurements,
a self-built system [11, 19, 20] consisting of a low power
X-ray micro source (50W, IuS-Cu, Incoatec GmbH,
Germany) was employed, delivering a monochromatic
(Cu-K,; 8.04 keV) and focused X-ray beam with a pho-
ton flux of 2.9 x 10® photon s~ (focal spot diameter: ca.
140 um; output focal distance: ca. 20 cm; divergence: 2.4
mrad). An incident angle of 12° was chosen between the
primary X-ray beam and the painting’s surface, resulting
in an enlarged beam footprint of around 1.5 mm in the
horizontal direction; in the vertical direction the beam
dimension is around 0.14 mm. Diffraction patterns were
recorded with a PILATUS 200K area detector (Dectris
Ltd., Switzerland) that was positioned on the front side
of the artwork with an angle below 30° between the area
detector and the painting. To reduce the effects of local
topography and curvature of the painting’s surface on
the collected diffraction data, the distance between the
artwork and the instrument was automatically adjusted
with a laser distance sensor (Baumer GmbH, Germany)
at each measurement point in the scanning process.
This instrument was also equipped with a Vortex-Ex
SDD detector (SII, USA), collecting X-ray fluorescence
radiation from the front side of the painting. The previ-
ously described components were placed on a motor-
ized platform, capable of moving the scanner in the XY
(range: 25 cm x 10 c¢cm) plane. The artwork was placed
on a motorized easel, capable of moving the painting in
the vertical (Z, range: 10 cm) direction. Calibration of
several instrumental parameters was performed with
a thin calcite paint layer applied on a mockup canvas.
During the MA-XRF/XRPD imaging experiment an area
of 6.5 x 7 cm? was scanned (see Fig. 1) using a step size
of 1 x 1.4 mm in the horizontal and vertical directions.
This represents only a small fraction of the total area of
the painting. An XRPD acquisition time of 10 s/pixel was
employed. The detection limit of MA-XRPD for specific
crystalline compounds is rather variable; compounds
containing Pb- (or similar heavy elements) are most eas-
ily detected while organic crystalline compounds are the
most difficult. Mutual overlap of diffraction lines can also
strongly influence these values in the negative sense. In
the measurement conditions employed, interference-
free detection limits are estimated to be of the order of
5-10%.

Micro-XRPD mapping
pu-XRPD data collection was done at the microprobe
hutch of the Hard X-ray micro/nanoprobe beamline
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(P06) of the PETRA III storage ring (DESY, Hamburg,
Germany) [21], using a primary photon energy of
21 keV, which is selected by means of a Si(111) dou-
ble crystal monochromator. A Kirkpatrick-Baez mirror
optic was employed to focus the beam, achieving a size
of 0.5x0.5 um? (hxv). A Keyence optical microscope
equipped with a perforated mirror allowed for position-
ing of the sample. Diffraction signals were recorded in
transmission geometry using an EIGER X 4M area detec-
tor (Dectris Ltd., Switzerland). Calibration of the diffrac-
tion setup was performed by means of a LaB, reference
sample. The total size of the sample was of the order of
500 x 600 pm?* and was embedded in resin and polished
prior to analysis. In total an area of 200 x 110 um? was
scanned using a step size of 1x 0.5 pm? in respectively
the horizontal and vertical direction. Diffraction patterns
were acquired with 0.25 s/pixel exposure time. This expo-
sure time per pixel is so short that beam damage (e.g.
beam induced oxidation of reduced As species) can be
excluded.

Data processing

Crystalline phase distribution maps (both macroscopic
and microscopic) were obtained by full pattern refine-
ment using the XRDUA software package [22]. The indi-
vidual diffractograms were fitted to a background term
and a linear combination of peak groups [23]. Each peak
group contained the Bragg peaks of one crystalline phase
and has three parameters that were refined during the fit
process: the sample-detector distance, a scaling factor
and a width factor. The scaling factor is proportional to
the total volume of scattering material for a given phase
and is shown in the distribution maps presented in this
work. The software packages PYMCA and DataMuncher
were used to create the elemental distribution maps (see
[24] for details). To avoid overlap between Pb-L and
As-K XRF signals, the Kg-line of As was employed for
mapping this element.

Results and discussion

High-resolution MA-XRF images of the entire painting

In Fig. 2, a series of MA-XRF images of the entire paint-
ing are shown, as well as two false color composites of the
area around the left quince. While the Ca-K, Pb-L and
Pb—M images mostly clearly show the painted composi-
tion as a whole, they are less informative in a chemical
sense. The light green of the foliage can be associated
with high levels of Sn and Cu, suggesting that a mixture of
lead tin yellow and either a Cu-green (e.g. malachite and/
or verdigris) or a Cu-blue (e.g. azurite) was used to obtain
this tint of green. The darker greens are also associated
with these two elements but show a lower Sn—L intensity,
possibly because of the presence of a lake layer (rich in K
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and Ca) that covers the lighter green paint below, result-
ing in a darker appearance. The association of the darker
parts of the foliage with higher K signals can clearly be
seen in the As, K, Pb composite MA-XRF image of Fig. 2.
The yellow parts of the painting (the yellow quince and
the pomegranate fragment) have been painted with an
As-containing pigment, possibly orpiment (As,S;) or
realgar (As,S,) or a mixture of both. Next to a high K-K
signal, the left brown medlar is associated with a high
Ca-K intensity, but this signal may originate in part
from the ground layer beneath (see further). In the bot-
tom composite image of Fig. 2, it can clearly be seen that
slightly shaded edges and ridges of the quince and the
crown leaves correspond to higher Ca signals, possibly
due to the local presence of bone black. Another source
of Ca may be the substrate of the red lakes. None of the
depicted fruits, with the exception of the details of the
walnut, show elevated Fe—K signals, generally excluding
the use of earth pigments. An unclear structure is present
in the left upper part of the background for which an Fe-
containing paint was used; since this causes the Pb—M
signals to be absorbed, this material may be present in a
superficial retouching layer. In the area of the quince (and
of the walnut), extensive retouching with a Ti-containing
pigment (probably TiO,, see further) has been done. In
the K-K, Ca-K, Pb—M, Sn-L and Cu-K images, parts of
a two-toned leaf (now hardly visible with the naked eye),
positioned just above the quince, can be discerned.

Macroscopic X-ray powder diffraction mapping

of a degraded yellow paint area

In Fig. 3, macroscopic distributions of specific chemi-
cal elemental and crystalline phases of a small subarea
of the painting are shown. This subarea is indicated in
Fig. 1 and corresponds to the upper left corner of the
left quince that exhibits a greyish-pale yellow appear-
ance. This quince is suspected to have had a much more
saturated light-yellow color, typical of quinces. Since
the X-ray beam impinges the painting under a shallow
angle (of around 12°), only the most superficial paint lay-
ers (approximately the top 5-10 micrometers) are sam-
pled [11, 25]. By combining information of the large
scale (Fig. 2) and small scale MA-XRF maps (Fig. 3,
upper panel) with the visual color of the investigated
area and with background knowledge on common paint-
ers’ pigments available in 17th C Amsterdam, already an
approximate identification of the pigments employed for
painting the quince can be made.

It is clear from the diffraction maps that the resolu-
tion of reflection mode MA-XRPD is insufficient to map
out fine details such as the insect visiting the quince. The
grey/black pigment in this feature is also not detected
by XRPD. Some of the lower resolution/small scale
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Fig. 2 MA-XRF images of the painting shown in Fig. 1. Top left: optical image; grey scale images show single element distributions, with lighter gray
values indicating higher XRF signals. Middle and bottom images of left row show zoomed area of left quince: (middle) composite false color image
of As—K (yellow), KK (blue) and Pb-M (grey); (bottom) composite false color image of As—Kg (red), Cu-K (green), Ca—K (blue), and Fe-K (white).
Darker parts of the foliage correspond to higher K signals; slightly shaded areas of the quince correspond to higher Ca signals

TiK

e

MA-XRF maps of Fig. 3 were recorded with an 8.04 keV
primary beam during the combined MA-XRF/MA-
XRPD scans; these include elemental distributions such
as S, P and CI that could not be detected by the com-
mercial MA-XRF instrument in the conditions used here
(polychromatic primary beam of higher energy, 5-22 keV
range; and a much shorter dwell time). Several XRF maps
(such as those of Ca, K, P, Mn and Fe) allow to visual-
ize the aforementioned two-toned leaf, situated in the
upper left corner of the imaged area. The green shade of
this leaf has been realized with a pigment that contains
Sn, likely lead tin yellow. Some of the darker parts of the

scanned area (such as the crown leaves of the quince) are
associated with higher P-K levels, suggestive of the use
of (phosphate-rich) bone black in these areas. Other dark
areas (background, crown leaves) are associated with Mn
and Fe (not included in Fig. 3), suggestive of the use of
earth pigments (and more in particular umber or Siena
earths) to obtain the dark color. The S—K and As—K dis-
tributions clearly correspond to the yellow areas and thus
very likely with an As-sulfide pigment such as orpiment
(the presence of realgar is also consistent with the S and
As distributions but the yellow colour makes this less
likely). Clearly no lead tin yellow was employed to paint
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Fig. 3 Elemental and phase specific maps of a sub area (6.5 x 7 cm?) of the painting showing part of the left quince and an adjacent leaf. Top panel:

MA-XRF maps of various elements; middle panel: MA-XRPD distributions of several crystalline compounds, assumed to have been originally present

in the paint; lower panel: MA-XRPD distributions of secondary minerals, formed in situ. Arrows link elemental and secondary mineral distributions

the yellow fruit. The bright areas of the Pb—M map seem
to resemble the map of Cl-K, suggesting that a (Pb, Cl)
containing compound may be present. In some areas, the
Pb—M distribution is complementary to that of Ca-K,
suggesting that a Pb-containing material is present on
top of a Ca-containing paint layer. The presence of Ca in
the yellow area is not illogical since gypsum is known to
have been added to orpiment-based paints [26]. There
are, however, significant differences among the S—K and
Ca-K distributions. The K-K and CI-K distributions
appear complementary to each other and are not so easily
associated with a specific pigment. Together with Ca-K,
the K-K map does reflect to some extent the areas on the
surface of the fruit where shadows were painted and thus
the K-K distribution may reflect (in part) the presence of
(red) lakes applied on top of the yellow paint. The same
could be true for Ca—K in case a lake was employed pre-
cipitated onto a Ca-containing inorganic substrate. Gen-
erally speaking, however, the Pb—M, Cl-K, K-K, Ca-K
are not easily interpretable in terms of either pigments or
other materials present based on their XRF data alone.

A more specific pigment identification is possible
when the corresponding MA-XRPD maps are consid-
ered (Fig. 3, middle and lower panel) in comparison to

the corresponding elemental maps (also shown in Fig. 3,
upper panel). The As,S; map clearly confirms the use
of only orpiment (i.e. no realgar encountered above the
detection limit of MA-XRPD) for painting the yellow
fruit. Lead tin yellow (another yellow pigment) is only
used in the green of the leaf. Both in the leaf and in the
crown leaves of the quince some hydroxyapatite (bone
black) is present. The gypsum distribution resembles that
of orpiment while that of calcite is largely confined to the
(slightly shaded) edges of the quince and ridges around
the crown leaves. In this particular area, the hydrocer-
ussite distribution is somewhat similar to that of calcite.
Cerussite and hydrocerussite appear to be co-localized in
the white highlights that were applied on the yellow sur-
face of the quince.

Next to orpiment, of which the presence in a 17th cen-
tury painting can be expected/is plausible, also the rare
As-containing minerals schultenite (PbHAsO,) and
mimetite (Pb;(AsO,);Cl) are found to be present in the
general yellow area, but with distributions that are quite
different from each other. Consistent with the recent lit-
erature on this topic [9, 11], the rare nature of these min-
erals strongly suggests that they are secondary products.
These were not part of the paint employed by Nellius
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during the creation of the painting and were formed in
the course of the past 350 years on or near the surface
of the paint as a result of spontaneous chemical transfor-
mation processes. Indeed, both orpiment and realgar are
known to be light-sensitive, causing their color to fade
[6]. For orpiment, a direct photo-oxidation to arsenolite
(As,0O,) takes place, while in the case of realgar an inter-
mediate, pararealgar (As,S,), is initially formed [27-29].
Recently it was found that in a subsequent oxidation step
arsenolite can be further transformed into soluble arse-
nates [9].

Other secondary products that are found on this
flower still life are palmierite (K,Pb(SO,),) and syngen-
ite (K,Ca(SO,),.H,0), two mixed K-based sulfates with
either Ca®" or Pb?" as divalent ions. Both these second-
ary products are abundantly present in the leaf above
the quince where they have the same distribution. In the
yellow areas, they are also present but only with a par-
tially similar distribution. In the MA-XRPD data, no
indication of the presence of the alum substrate of the
lakes (assumed to be a primary material) is visible in this
case, suggestion that most or all of it became converted
into other sulphates. Both secondary sulfates are less
abundantly present in the radial areas around the crown
leaves of the quince where there is also less schultenite
and less K (see XRF image) present. In turn, somewhat
more Ca, corresponding to calcite and gypsum, as well
as more hydrocerussite are found in this region. While
the cerussite image largely resembles the hydrocerussite
distribution, it does not show a higher abundance in the
aforementioned radial areas. The comparison of the Ca
MA-XRF map with the MA-XRPD map of calcite, bone
black (hydroxyapatite), gypsum and syngenite clearly
shows the different spatial distribution of these four cal-
cium compounds. The MA-XRPD map of lead tin yellow
is quasi identical to the Sn—L MA-XRF map, identifying
this traditional yellow pigment as the single Sn-contain-
ing compound present. In the brighter green of the leaf,
and to a lesser extent in the crown leaves and in the back-
ground area, malachite is shown to be present.

Syngenite is a frequently encountered secondary salt,
either as a weathering product in black crusts or as
efflorescence layers on stone monuments, mural paint-
ings and medieval (K-rich) glass [30-36]. In some cases
it has been found below the surface of artworks, such as
in a red—orange Baroque bole ground or as a raw mate-
rial in the plaster of a Chinese wall painting [37, 38]. On
the other hand, palmierite is less commonly reported as a
sulfate salt on stone sculptures, medieval glass windows
and wall paintings [39—41]. Palmierite has been encoun-
tered in multiple paintings from 17th century Old Mas-
ters such as Vermeer, Jordaens and Rembrandt [42]. After
migration of Pb*" from lead white to upper paint layers,
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it can react with K™ (present in e.g. smalt, lake substrates
and earth pigments) and SO,>~ (present in lake sub-
strates, such as potassium alum (KAIl(SO,),-12H,0), or
from environmental SO,) to precipitate as palmierite
[42-44].

It is noteworthy that the schultenite distribution is
quite different from that of the parent pigment orpi-
ment, and similar to that of K and palmierite, suggest-
ing that the formation of schultenite is facilitated when
more K is locally present at or just below the surface,
e.g. in lake brush strokes. In the very K-rich parts of the
scanned areas (especially the leaf above the quince), K
also appears to have become the preferred cationic part-
ner for capturing sulfate ions; it would appear that in the
presence of both Ca®>" and Pb®" ions (next to K¥), the
sulfates syngenite and palmierite coprecipitated.

Although, based on these maps, certain hypotheses
on the formation of these various salts can be made, it
remains very difficult/impossible to infer information
on the depth ordering of the various primary and sec-
ondary products that can be identified. Do the second-
ary arsenate compounds form (i) on top of orpiment,
(ii) in the same stratum as their parent compound or
(iii) below it? Have the secondary sulfates coprecipitated
with schultenite on the surface of the painting or are they
located at different depths below the surface. To obtain
more information about the sequence of these layers,
a paint cross section taken from the central part of the
quince was examined.

Microscopic X-ray powder diffraction mapping of a minute
paint cross section

In Fig. 4, two composite false color maps of relevant pri-
mary and secondary crystalline compounds obtained
by p-XRPD from a minute paint cross section sampled
in the central yellow part of the quince are shown. The
sampling position is indicated in Fig. 1. With p-XRPD,
information on the composition of each individual paint
layer can be obtained. From these data, and consistent
with the MA-XRPD data discussed above, the presence
of a number of white/colorless compounds such as cal-
cite and hydrocerussite in well-defined paint strata can
be clearly visualized as well of that of yellow orpiment.
These compounds can be readily assumed to have been
original components of Nellius’ paint(s). Again consist-
ent with the MA-XRPD data, the presence of compounds
that are likely to be secondary compounds such as palm-
ierite, mimetite and schultenite can now be unambigu-
ously linked to specific layers in the paint stratigraphy.
The second lead-arsenate based rare mineral, mimetite
(Pbs(AsO,);Cl)) features a substantially higher Pb:As
atomic ratio (5:3) than schultenite (1:1).
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Primary materials

Secondary materials

Orpiment

(Hydro)cerussite

mimetite precipitate

Fig. 4 Optical micrograph of scanned area (200 x 110 um?) of cross sectioned paint sample R36-3 (top). In-depth distribution of primary
compounds obtained by p-XRPD scanning (see Fig. 1 for sampling location): RGB composite maps of some primary compounds (middle panel) and
secondary compounds (lower panel). As a result of the degradation processes that oxidize the original orpiment present in layer @) and hydrolyze
the lead white in layer @), followed by migration of the resulting arsenate, sulfate, calcium and lead ions, at the interface between layers @ and @
(indicated as @’ and @) but also at the surface of the paint (indicated by @) secondary compounds such as palmierite, syngenite, schultenite and

2.
Lake substrates —"/C3% e,
f S0 (0q —
Orpiment 4 (aq) ASO g

(Hydro)cerussite ——. pp2+, Cliagy

Calcite

S caze
Ca +(gg)

Previously, mimetite has been reported on three Hel-
lenistic steles from Alexandria [45, 46], in several murals
[47-49] and in one case was considered to be a degrada-
tion product formed from the interaction between orpi-
ment and red lead (Pb;0,) [50]. Schultenite was recently
reported as a degradation product of orpiment, together
with arsenolite (As,0;), on a colonial American poly-
chromed chest on stand [9]. Fully consistent with the
observation of Fig. 4b, Vanmeert et al. have recently
encountered both arsenates in degraded areas on several
paintings by De Heem [11].

From the depth distributions of a number of primary
compounds (Fig. 4), a relatively simple, four-layered
structure of the original paint can be inferred, consisting
of a ground layer (D containing calcite (CaCOj,), covered
by a second layer (@ containing coarse particles of cerus-
site (PbCO;) and hydrocerussite (2PbCO,Pb(OH),),
which in turn is covered by a yellow layer @ contain-
ing finely ground particles of orpiment (As,S;). Inside
layers @ and ), also a few large grains of gypsum
(CaSO42H,0) can be observed in the pu-XRPD maps.
On top of layer (3, although not discernable by XRPD, a
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(vellow) lake layer @ is present e.g. to create the effect of
shading on the quince surface. This layer is visible in UV
image of this sample (not shown).

It is highly relevant to establish where exactly in the
original stratigraphy, the highest local concentration of
the secondary products has formed. For the arsenates,
unsurprisingly, this is at the interface between the As-
rich orpiment layer @ and the Pb-rich lead white layer
@ (labelled @' and @' in Fig. 4). Next to that, inside/
near the top layer @ also some arsenate minerals are
present. On the basis of Fig. 4, it is possible to formulate
a relatively simple mechanism of formation for the sec-
ondary products, consisting of essentially three steps: (i)
release of specific ions as a result of (photo)degradation
in their parent paint layers, (ii) migration of these ions
towards other layers and (iii) local precipitation of one or
more crystalline secondary products. One can imagine
that in layers @ and (), light-induced and other degra-
dation processes in first instance give rise to respectively
mobile AsO,*~, SO,>~ and Pb*" ions while from layer D
Ca*" ions can be released. The chemical transformation
to produce the arsenate and sulfate ions from orpiment
clearly is an oxidation process since the As(III)-species
that are originally present in orpiment become As(V)-
species while the sulfidic counter ions become sulfate
species, as already described more in detail by Keune
et al. [9] and Vermeulen et al. [10]. This oxidation pro-
cess can only take place in the presence of moisture and
oxygen inside the porous paint, according to the follow-
ing reactions:

2 As** () + 6 HyO + Opg) — 2 HASO4> (5 + 10 H (oq)

3 527(5) + 12 Og(g) — 3 SO427(aq)

As3S3(s) + 6 HyO + 13 Oy
— 2 HASO427(aq) +3 8042_(aq) + 10 H+(aq)

(In the above equations, “HAsO,*™” should be under-
stood to denote all protonated forms of arsenate ions,
ranging from the fully protonated H;AsO, to the com-
pletely deprotonated AsO,>"; the average degree of pro-
tonation is pH dependent.) The above redox reaction
leads to the formation of acidic species and a lowering of
the pH of the aqueous phase present in the paint. Either
the latter is present as microdroplets of solution inside
the porous paint layer (pore water) or as a absorbed layer
of water molecules at a (polar) paint surface. In the lat-
ter case, the high polarity of the surface of the pigment
grains may enhance the reaction rates. Through diffusion
or a process of cyclic moisture evaporation/drying and
water condensation inside/wetting of the paint layers, the
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acidic solution that originates in the orpiment layer 3
can reach the lead white layer ® where the dissolution of
the lead white can be enhanced above its ‘normal’ level.
The release of Pb*™-ions from lead carbonates, in some
cases leading to e.g. the in situ formation of lead soaps
and other compounds, is a well-known and elaborately
studied phenomenon (see e.g. [42]); the acidic groups of
the oil binding medium are already sufficient to promote
the dissolution of Pb?" ions. This process consumes free
protons and involves the release of CO,:

PbCOs(s5) + 2HT (aq) — Pb*" (aq) + COx(g) + H2O

2PbCO3 - Pb(OH)y () + 6 H (aq) — 3Pb* T (4q)
+2 COz(g) + 4 HyO

Since the concentration of H;O™ ions in the aqueous
phase will be the largest at the interface between the orpi-
ment layer @ and the lead white layer ), it will be in this
contact area (labelled with @' in Fig. 4) that the highest
concentration of Pb*" ions in solution will be encoun-
tered. The further into the lead white layer the acidic
solution diffuses/penetrates, the more it will become
neutralized as H;O™" ions are replaced by (solvated) Pb**
ions.

At the orpiment—lead white interface area, we hypothe-
size that two streams of ions may encounter one another:
on the one hand solvated arsenate ions that are formed
in the orpiment layer and that are migrating towards the
lead white layer, while on the other hand solvated Pb*t
ions move in the other direction. In this [already partially
(?) neutralized] acidic solution, all necessary ions are
available to allow precipitation of the arsenate mineral
schultenite (PbHAsO,). This precipitation reaction also
consumes protons:

Pb*" (aq) + HASO4> ™ (o) — PbHAsOus

It is interesting to note that slightly below the schulten-
ite layer, i.e. slightly closer to the source of Pb*>" ions and
slightly more distant from the source of HAsO,>~ ions,
possibly at a location where the pH is slightly higher
and the acid-base equilibrium between HAsO,>~ and
AsO,>~ favours the presence of AsO,*>”, a second rare
arsenate mineral, mimetite (Pbg(AsO,);Cl) has precipi-
tated (labelled @’ in Fig. 4):

5Pb*" (aq) + Cl ™ (aq) + 3AS04> " (4q) — Pbs(AsO4)3Cls)

In addition, when we compare the value of the precipita-
tion products of these two minerals (K, ,;.c~10~*-10"%*
for schultenite and K; 55 .~ 1077°~107% for mimetite) and
finally consider that the effect of [Pb2+]aq, i.e. the equilib-
rium concentration of solvated Pb?*-ions in the aqueous
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phase, on the precipitation behavior is much larger in the
case of mimetite than for schultenite, it becomes under-
standable why mimetite has precipitated closer to lead
white layer ® than schultenite. (The source of Cl~ ions
required for the formation of mimetite is not easily identi-
fied; however, many paintings and painters’ materials gen-
erally contain an abundance of chlorides [2—4, 11, 26, 41]
and the MA-XRF data of Fig. 3 (CI-K map) also points out
that it is present (at least at the surface). In this case, the
lead white, likely produced by means of the Dutch stack
process, is considered to be a primary source of CL

In Fig. 4 we further see that the largest abundance of
palmierite ((Na,K),Pb(SO,),), a secondary compound
formed by precipitation of solvated Pb*" with SO,*~
and K* (and/or Na¥) ions,

K" (aq) + Pb** (aq) + S04>" (aq) — KaPbSOu)

is situated at the surface (near/in layer @). Also this
phenomenon and in particular the fact that this sec-
ondary lead sulfate mineral has not precipitated in the
same location as the lead arsenate minerals becomes
understandable when the higher solubility (and thus
the larger K, value) of palmierite is taken into consid-
eration (K g5 .c~1071°-107%). At [Pb**],, levels that
force the arsenates to precipitate locally, sulfate ions can
still remain in solution and thus have the possibility to
migrate over a larger distance. Thus, e.g. as a result of
drying/condensation cycles, many (but not all) sulfate
ions that were formed (or were originally present) inside
orpiment layer (3 may have become transported to the
original paint surface (top of layer @ and/or lake layer,
see Fig. 4) where they may have been forced to precipi-
tate because of water evaporation (layer ® in Fig. 4b).
Depending on the available cations, several sulfates may
have formed, including palmierite and syngenite. It fol-
lows that, if conditions are such that e.g. palmierite is
precipitating, then also the less soluble minerals such as
schultenite and mimetite will behave similarly, provided
all required ions are present in the thin layer of evapo-
rating solution present at the surface. Another relevant
difference between the arsenate and sulfate salts is that a
possible source of the sulfates is atmospheric SO,, mak-
ing formation of the sulfates closer to the paint surface
more probable that at greater depths.

Note: The observation that the above-mentioned arse-
nate minerals are not homogeneously distributed within
the As-containing paint layer strengthens our initial
assumption that they were formed in situ and were not
already present at the time of painting.
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Conclusions

We can conclude that by combining information about
the lateral distribution of primary and secondary arse-
nate and sulfate minerals that are formed due to the
(photo) degradation of the painters’ pigment orpiment,
with in-depth information obtained by microscopic anal-
ysis of a paint cross section, it is possible to formulate
and substantiate a working hypothesis about the multi-
step mechanism that gives rise to the formation of sec-
ondary minerals. A three-step mechanism appears to be
consistent with all observations: (i) formation of arsenate
and sulfate ions as a result of (photo)degradation in their
parent paint layer which also gives rise to soluble acidic
species, (ii) migration of these ions (and the acidic solu-
tion they are dissolved in) towards other layers where dis-
solution of mainly Ca*" and Pb** ions from calcite and
lead white can take place and (iii) local precipitation of
Pb-containing arsenate and sulphate minerals both on
the interfaces between As- and Pb-rich paint layers and
at the paint surface.

This hypothesis permits to design laboratory experi-
ments in which the degradation of orpiment can be
realized and studied under controlled circumstances.
Analysis of artificially degraded paint mock-up samples,
especially at the microscopic level, will then allow to ver-
ify the formulated hypothesis.

More in general, the chemical maps discussed in this
paper illustrate the added value that MA-XRPD can bring
to the field of cultural heritage, not only for the identifi-
cation of artist’s materials, but also for the detection of
degradation products and secondary compounds formed
inside/at the surface of works of art. We consider that it
may become a valuable new tool for in situ monitoring
of restoration and cleaning treatments. The information
that is provides, and in particular the macroscopic distri-
butions of the alteration products, may also be employed
to guide sampling campaigns to strategic areas of the art-
works under examination. Nevertheless, it is also obvious
that the lateral resolution of MA-XRPD imaging can still
be improved to increase the readability of the images.

Abbreviations

MA-XRPD: macroscopic X-ray powder diffraction; MA-XRF: macroscopic X-ray
fluorescence; u-XRF: microscopic X-ray fluorescence; u-XRPD: microscopic
X-ray powder diffraction.
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