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based X-ray micro-analyses†

Katrien Keune,*a Jennifer Mass,b Florian Meirer,c Carol Pottasch,d Annelies van
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and Apurva Mehtai

Realgar and orpiment, arsenic sulfide pigments used in historic paints, degrade under the influence of light,

resulting in transparent, whitish, friable and/or crumbling paints. So far, para-realgar and arsenic trioxide

have been identified as the main oxidation products of arsenic sulfide pigments. This paper shows that after

photo-degradation, various oxidation and migration processes take place. Synchrotron radiation (SR) micro-

X-ray fluorescence (m-XRF) reveals arsenic to be distributed throughout the whole multi-layered paint

system. Arsenic (As) K-edge micro-X-ray absorption near edge structure (m-XANES) analyses indicate the

presence of an intact AsxSy pigment, arsenite compounds (As3+; As2O3), and arsenate compounds (As5+); the

latter are certainly present as calcium, lead, aluminium and iron arsenates. Sulfur (S) K-edge m-XANES points

to the conversion of the sulfide (S2�) group to a sulfate (SO4
2�) group, probably via an elemental sulfur (S0)

or sulfoxide (S2+) compound. Principal Component Analysis (PCA) and subsequent k-means clustering of

multi-energy SR m-XRF maps and m-XANES were performed to identify the various arsenic species and

visualize their distribution. The arsenates (As5+) are spread throughout the entire paint system and dominate

the photo-degraded paint and ground layers, while the arsenite compounds (As3+) are located close to the

intact arsenic sulfide pigment. The oxidation of arsenic trioxide into arsenates likely takes place in aqueous

solutions. The presence of As5+ compounds in the paint systems indicates that the arsenic trioxide is

dissolved by ambient water present in the paint. Arsenite and arsenate compounds are water soluble and are

transported by water throughout the paint system. This knowledge is crucial for the conservation field, as

this is the first time that (indirect) evidence of water transport within paintings has been given.
Introduction

The arsenic sulde-based yellow and red-orange pigments,
orpiment (As2S3) and realgar (As4S4), have been used by artists
, 1090 GD Amsterdam, The Netherlands.

y, Conservation Department, Winterthur

stitute for Nanomaterials Science, Utrecht

recht, The Netherlands

gue, The Netherlands

mistry, Newark, Delaware, USA

terials Science and Engineering, Newark,

av. des Martyrs, 38043 Grenoble, France

tructurale, LAMS, UMR 8220, CNRS, F-

e, SLAC National Accelerator Laboratory,

, USA

tion (ESI) available. See DOI:

hemistry 2015
from different cultures since antiquity. In the 17th and 18th

centuries, they were less commonly used in easel paintings,
with the exception of still-life paintings at the turn of the 18th

century, but are observed more frequently in historic interiors
and furniture. The early 19th century saw gradual replacement
of the arsenic pigments by new pigments such as chrome yellow
that were created by a revolution in synthetic inorganic
chemistry.

Arsenic sulde pigments are well known to shi color under
exposure to visible light. Realgar undergoes photo-induced
polymorphism and becomes friable, assuming hues from bright
yellow (AsxSy, para-realgar) to colorless (As2O3, arsenolite),
whereas the photo-oxidation of orpiment results only in a
colorless product (arsenolite).1–8 The degradation products of
arsenic sulde pigments have been observed and identied in
painted works of art by visual observation, Raman spectroscopy,
and X-ray diffraction.9–17 Spatially resolved elemental analysis
(scanning electron microscopy-energy dispersive spectroscopy)
on embedded and polished paint samples, so-called paint cross-
sections, has shown that arsenic is not limited to its original
layer but rather distributed throughout the entire multi-layered
J. Anal. At. Spectrom., 2015, 30, 813–827 | 813

http://crossmark.crossref.org/dialog/?doi=10.1039/c4ja00424h&domain=pdf&date_stamp=2015-02-20
http://dx.doi.org/10.1039/c4ja00424h
http://pubs.rsc.org/en/journals/journal/JA
http://pubs.rsc.org/en/journals/journal/JA?issueid=JA030003


Fig. 1 Still Life with Five Apricots by the Dutch master Adriaen Coorte
(1704) (Royal Picture Gallery Mauritshuis, The Hague, The Netherlands)
(a); a colonial American polychromed chest on stand attributed to
Charles Guillam painted in Saybrook, Connecticut c. 1710– 1727
(Winterthur Museum, Winterthur, USA) (b).
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paint system and is even found in the varnish layer and panel.18

As the sulfur content is low or absent in these areas and arsenic-
rich varnishes are not found in areas far from the arsenic-con-
taining paint, it does not appear that the original pigment has
migrated. This points towards migration of the photo-degra-
dation products of arsenic sulde pigments throughout the
multi-layered paint system. Displaced arsenic is not only found
in paintings and furniture with photo-degraded arsenic sulde
pigments, but also in a 19th century oil painting containing a
chemically degraded emerald green (Cu(C2H3O2)2$3Cu(AsO2)2,
copper acetoarsenite) pigment.19

The migration of arsenic in painted works of art described
above has not been encountered before within the conservation
eld. To understand the migration mechanism, it is important
to characterize the chemical speciation of the mobile arsenic-
containing products. The low relative concentration of the
dispersed arsenic-based degradation products makes it difficult
to identify these compounds with conventional micro-analytical
imaging techniques, such as Raman spectroscopy, Fourier
transform infrared (FTIR) spectroscopy, or scanning electron
microscopy studies in combination with energy dispersive X-ray
analysis (SEM-EDX). This problem can be overcome with the use
of synchrotron radiation (SR) micro-X-ray uorescence (m-XRF)
analysis and micro-X-ray absorption near edge structure (m-
XANES) measurements at the arsenic K-edge and sulfur K-edge,
which have much better sensitivity. When performed with a
micro-probe, these measurements provide information about
the spatial distribution of elemental concentrations and
oxidation states of As and S at the necessary resolution.

For this study, two objects have been selected that contain
photo-degraded arsenic sulde paints from the early 18th

century. Still Life with Five Apricots (1704, oil on canvas) was
painted by the Dutch master Adriaen Coorte (Royal Picture
Gallery Mauritshuis, The Hague, The Netherlands). The second
object is one of the earliest surviving examples of colonial
American polychromed furniture, a Saybrook, Connecticut
chest on stand (c. 1710–1727) that is attributed to Charles
Guillam, a cabinetmaker from the Channel Islands who
emigrated to the colonies in the early 18th century and worked
in Guilford and Saybrook, Connecticut (Winterthur Museum,
Winterthur, USA) (Fig. 1). The small oil painting on canvas is
painted on a thick yellow ground pigmented with yellow and red
earths (i.e. particles containing iron, aluminium, and silicon),
chalk (CaCO3), and umber (FeO(OH) + MnO2). The apricots are
generally composed of a light orange layer that contains realgar
mixed with gypsum (CaSO4$2H2O). On top of the orange layer is
a bright red vermilion (HgS)-containing layer either with white
highlights or with a red glaze nishing layer. The paint is very
crumbly, especially along the cracks, and appears to be
vulnerable to further degradation when exposed to moisture
and solvents.20 The Saybrook chest on stand is painted in
distemper, a proteinaceous-binding medium based on animal
skin glue, and is decorated with painted foliate, crown and
thistle, and eur-de-lis motifs based on the English Royal Arms.
It has an overall red-toned ground composed of iron ochre and
is painted with lead white (2PbCO3$Pb(OH)2), copper green
pigment (now converted to copper stearate), vermilion, blue
814 | J. Anal. At. Spectrom., 2015, 30, 813–827 This journal is © The Royal Society of Chemistry 2015
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