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Fragments of painted limestone reliefs from the Palace of Apries in Upper Egypt excavated by Flinders Petrie in
1908-1910 have been investigated using visible-induced luminescence imaging, micro X-ray fluorescence, laser abla-
tion inductively coupled plasma mass spectrometry, micro X-ray powder diffraction, and Fourier transform infrared
spectrometry. The pigments have been mapped, and the use and previous reports of use of pigments are discussed.
Mainly lead—-antimonate yellow, lead-tin yellow, orpiment, atacamite, gypsum/anhydrite, and Egyptian blue have
been detected. It is the first time that lead—antimonate yellow and lead-tin yellow have been identified in ancient
Egyptian painting. In fact, this is the earliest examples known of both of these yellow pigments in the world.
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Introduction
This paper constitutes the second and final article in
the series on the technical examination of the painted
fragments from the so-called Palace of Apries housed
in the collection of the Ny Carlsberg Glyptotek (NCG).
Whereas the first article focuses on the organic compo-
nents [1], this article deals with the pigments used.
Although the number of technical studies of ancient
Egyptian painting is increasing, it is still infinitesimal
considering that it pertains to a period spanning thou-
sands of years. The majority of the published studies
focus on material from the New Kingdom [2-5] and the
Greco-Roman Period [6].} Thus, our knowledge is quite
limited concerning painting and pigments from the inter-
vening seven centuries generally referred to as the Third
Intermediate Period (c. 1070-664 BCE) and the Late
Period (c. 664—332 BCE). Furthermore, most of the stud-
ies published from these less elucidated periods focus on
coffins and papyri rather than wall paintings. Moreover,
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the published investigations of wall paintings throughout
ancient Egyptian history, almost exclusively cover exam-
ples from temples, tomb-chapels, and burial chambers.
Thus, the investigation of the Palace of Apries consti-
tutes a significant contribution to our understanding of
painted decoration from the Late Period as well as to our
knowledge of wall paintings in relation to secular prestige
buildings.

Although pigments are generally inorganic, a few dye-
based pigments were in use in antiquity. These include
semi-organic pigments, such as lakes based on mad-
der (multiple dyestuffs incl. C;,H;O, and C,;:H¢O,), and
organic pigments, such as indigo (C,H;,N,0O,). Many
organic pigments can be detected by gas chromatogra-
phy mass spectrometry (GC-MS)—a technique which
has been applied to the samples in the first paper of this
sequel [1]. The GC-MS data did not reveal the pres-
ence of any organic pigments. In the present work, the
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chemical composition of the inorganic pigments is inves-
tigated. In order to keep sampling to a minimum, the
investigation is largely based on non-invasive measures
incl. microscopy, photographic techniques, and micro-
X-ray fluorescence spectroscopy (u-XRF). Laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-
MS), micro-X-ray powder diffraction (u-XRPD), and Fou-
rier transform infrared spectrometry (FTIR) have been
carried out, on single samples, in order to resolve compo-
sitional complexities.

Considering that the fragments have lain buried in
the ground for millennia, the inorganic pigments identi-
fied in this study have undergone very little degradation.
It could, however, be speculated that organic colorants
might have been present, but have now been lost due to
degradation. Although this is theoretically possible from
a chemical point of view, there are no indications in the
art historical context or from visual appearance of the
architectural fragments that a colourant is missing. In
fact, the polychromy is so well-preserved that GC-MS
analyses have yielded detailed information on the organic
components used as binders and coatings [1].

Ancient Egyptian pigments: a review

Comparative studies are made difficult by the lack of
relevant pigment studies from the Third Intermedi-
ate Period and the Late Period. The few published stud-
ies focusing on pigments from the said periods typically
treat of artefacts such as papyri and coffins which differ
significantly in size, function, and materials—and there-
fore in painting techniques and pigment palettes. For this
reason a review of the pigments thus far attested on arte-
facts contemporary to the Palace of Apries would not be
meaningful in this context. Albeit our current knowledge
of ancient Egyptian wall painting is based on architec-
tural structures predating the fragments examined in this
study, this knowledge is deemed more relevant for the
assessment of the palette used for wall decorations in the
Third Intermediate Period and the Late Period. Thus, due
to lack of information on contemporary wall painting,
the pigments so far identified in ancient Egyptian paint-
ing, up to and including the Late Period, are included in
the present review.

White pigments

Calcite (CaCOj;), gypsum (CaSO,-2H,0) and anhydrite
(CaSO,) are the most common pigments in painted
decoration in ancient Egypt from the Predynastic Period
through the Roman Period. First and foremost, these
white pigments were used for the ground layer often
serving as the preparatory layer as well as the back-
ground colour. In addition, they were used for the paint
layers applied on top of the ground layer. Calcite and
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natural calcium sulphates are widely available in Egypt
[3, 4, 6]. When heated to c. 90 °C, gypsum converts to
hemihydrate (2CaSO,-2H,0), whereas it is converted
to anhydrite when heated to 200 °C. The fact that these
dehydrated phases are sometimes found in ancient
Egyptian ground layers indicates that the gypsum has
been heated. However, since mixtures of anhydrite and
gypsum occur in natural deposits [6, 7], the dehydrated
phases may have formed as a result of anthropogenic
intervention or geological processes.

Furthermore, the magnesium calcium carbonate min-
eral huntite (Mg;Ca(CO,),) has also been attested in
several cases dating from the Old Kingdom onwards.
Huntite is an outstanding painting material which pro-
vides a brighter white than calcite and ensures a smooth
painted surface due to its adhesiveness and small particle
size. Although used less extensively than the other white
pigments, recent studies suggest that the use of huntite
was more wide-spread than previously thought. In fact,
it appears to have been the predominant white pigment
during the New Kingdom (18th, 19th and 20th Dynas-
ties) [3, 7]. Huntite is structurally and chemically similar
to calcite, magnesite (MgCO;) and dolomite ([Ca,Mg]
[COsl,). It occurs as soft, white, fine-grained, compact
and porous masses which crumble easily. Huntite typi-
cally forms as an alteration product of dolomite- and
magnesite-bearing rocks. It can also form via precipita-
tion in vugs, caves, and fault zones [8].

Blue pigments

The principal blue pigment employed in ancient Egypt
is the synthetic pigment today known as Egyptian blue.
Whether invented in Mesopotamia or Egypt, the pigment
was evidently in use in Egypt from the early 3rd millen-
nium BCE [8, 9]. Manufacture seems to have quickly
gained momentum from that time and archaeological
evidence supports the hypothesis that the production of
Egyptian blue continued in Egypt until at least the third
century CE [3, 10]. The pigment is prepared from a mix-
ture of quartz, lime, a copper compound, and an alkali
flux which is fired at temperatures around 850 to 1000 °C.
The principal components of Egyptian blue are blue cal-
cium-copper tetrasilicate crystals [synthesised cuprori-
vaite (CaCuSi,O,,)] and partially reacted quartz particles
bonded together by a glass phase [9].

Widely recorded in painted archaeological materials,
Egyptian blue was clearly in routine use as a standard
blue pigment of Egyptian art [4, 8]. In fact, other blue pig-
ments account for a miniscule proportion of the count-
less examples of blue in ancient Egyptian polychromy.
Thus, azurite (Cus(CO;),(OH),), a natural bright blue
carbonate of copper which was widely used from Antiq-
uity until the end of the seventeenth century [8], occurs
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extremely rarely in Egyptian contexts [4]. In fact, the
only confirmed example is a fragment of painted leather
from the Asaif Valley at Thebes. The leather fragment
is stylistically dated to the early 18th Dynasty, specifi-
cally between the reign of Ahmose I and the joint reign
of Hatshepsut and Thutmose III (c. 1550-1458 BCE)
[11]. Likewise, the only confirmed attestation of the deep
blue mineral lapis lazuli in ancient Egypt is a fragmented
statue of a queen also found at the Asaif Vally and stylis-
tically dated to the late 17th Dynasty (1585-1549 BCE)
[11]. Exclusively sourced from the Sar-i-Sang mines in
the Badakhshan region of northern Afghanistan, lapis
lazuli was incredibly expensive and ancient examples of it
used as a pigment are extremely rare [12, 13].

It would appear that the only other blue pigment used
to an appreciable extend in ancient Egypt was a cobalt-
based pigment known as Amarna blue (CoO-Al,O;). This
pigment has exclusively been attested on pottery from
the Amarna period (c. 1365-1345 BCE) [4, 14].

Green pigments

For green, the ancient Egyptians generally used a syn-
thetic pigment which has since become known as Egyp-
tian green. This pigment is produced by varying the ratios
of the starting components and the formation conditions
used in the production of Egyptian blue. Thus, produc-
ing Egyptian green requires more silica [4, 8] and lime
and less copper [8] than the blue variant. Furthermore,
the melt must be heated to temperatures around 950-
1100 °C in a reducing atmosphere. Two types of Egyp-
tian green have been identified: a glass-rich pigment with
cuprowollastonite ((Ca,Cu);(Si;O4)) as a minor phase
and a cuprowollastonite-rich pigment with glass and sil-
ica as minor phases [8]. The earliest known example of
Egyptian green is nearly a millennium younger than the
earliest known example of Egyptian blue [15].

In addition to Egyptian green a few other green pig-
ments have been identified in ancient Egyptian contexts.
These include chrysocolla (CuSiO5-2H,0) and malachite
(Cuy(CO,3)(OH),) which both form as secondary miner-
als in the upper oxidizing zones of copper ore deposits.
The two green minerals occur together along with many
other minerals including azurite [8]. The few examples
of chrysocolla known include pigment samples from
eleventh-century wall decorations at Thebes [14] and
the 18th-Dynasty Workmen’s Village at Amarna [16].
Malachite has recently been attested in several instances
suggesting that this pigment was more widely used than
hitherto recognised. Thus, numerous examples of mala-
chite have been found in wall paintings as well as on
stone and wooden artefacts dated to the Old Kingdom
onwards [15, 17]. The examples include several coffins
dated to the 26th Dynasty [18].
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Furthermore, green copper chlorides such as atacamite
(Cu,CI(OH);) and other mineral species in the atacamite
family have been identified in green pigments from the
5th Dynasty onwards [2, 4, 14, 15]. In nature, these cop-
per chlorides form in the weathering zone around cop-
per lode deposits, particularly when the erosion occurs
in a desert environment. However, atacamite and other
copper chlorides can also be produced artificially. The
relative rarity of naturally forming copper chlorides [8,
14] combined with the compositional chemistry and
complexity of the copper chlorides identified in painted
decorations from ancient Egypt point to artificial pig-
ment production [2]. It is not clear exactly how these pig-
ments were made in ancient Egypt. However, Medieval
recipes for preparing green copper pigments using com-
mon salt, which are known to produce malachite and ata-
camite, might hint at the preparation technique(s) used.
According to Theophilus’ (c. twelfth century) recipe, vir-
ide salsum, literally, ‘salt green; was produced by cover-
ing copper in honey and salt and exposing it to urine and
vinegar vapours [8, 19].

However, this origin of both copper chlorides and mal-
achite has been disputed and several studies have empha-
sized the different degradation processes, which can lead
to the formation of the two mineral phases. Even if azur-
ite seems to be very rarely used as a pigment in ancient
Egypt, it should be noted that its degradation can pro-
duce malachite in humid and alkaline environments [20,
21]. Atacamite and its polymorphs can originate from
the weathering of several Cu-bearing pigments such as
cuprorivaite [22-25], azurite [20, 21, 26—28] and mala-
chite [28-30] depending on the pH and the presence of
Cl™ ions. Leached Cu®" ions could react with chlorine-
rich solutions forming copper chloride. The observation
of several painted fragments from ancient Egypt suggests
that malachite and the copper chlorides could also be the
product of the preparation of Egyptian green forming
after the decomposition of the crushed copper-rich glaze
[23].

Red pigments

Red ochre was the predominant red pigment throughout
the history of ancient Egypt. Red ochre is often referred
to as the naturally occurring iron(III) oxide hematite
(a-Fe,O3), the principal colouring matter in red earth
pigments. Besides iron oxides, red earth pigments usually
contain other minerals such as quartz and clays. Since
iron oxides have high pigmenting power, even very satu-
rated red earth pigments may contain a low concentra-
tion of iron minerals compared to the concentration of
accessory minerals. Deposits of iron oxides are attested
in quantity within Egypt [31]. Red ochres typically form
in the oxidised, weathered portions of iron-rich mineral
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deposits, especially where associated with volcanic mas-
sive sulphide deposits. Hematite can also be produced
artificially by roasting yellow, brown, or red ochres thus
converting them into the stable iron(III) oxide [8, 32].
Distinguishing between the natural and the artificial
kinds is usually rather difficult unless crystallographic
analysis is performed. (Artificially produced versions will
often have been heated to temperatures exceeding 800—
900 °C which leaves the crystal structure considerably
disordered) [8]. A morphological study has revealed that
naturally occurring red ochre has been used for the wall
decoration in an 18th Dynasty palace [33].

In addition to red ochre, realgar (a-As,S,), an orange-
red arsenic sulphide mineral, has been attested in a few
instances, primarily comprising details on papyri and in
wall paintings from the 18th and 19th Dynasties [4, 34—
36]. Besides being highly toxic, realgar is extremely light-
sensitive and easily degrades to pararealgar (y-As,S,)
which is orange-yellow. In nature, realgar often occurs
in association with other arsenic sulphide minerals such
as pararealgar and orpiment (As,S;) forming massive
encrusting or granular deposits. It is primarily found in
the oxidised portions of arsenic veins. However, it also
occurs in association with cinnabar (HgS) and antimony
deposits and as sublimates from volcanoes, particularly
from Vesuvius, the Phlegrian Fields around the Bay of
Naples, and the Aeolian Islands [8]. Arsenic sulphide
minerals are reported to be present in all gold and sil-
ver ores, in the copper ore from the Sinai and in galena
deposits in the Eastern desert [37]. Thus, it seems the
ancient Egyptians could have obtained supplies from
multiple sources.

Furthermore, only one example of the red mercury(II)
sulphide mineral cinnabar has so far been identified in
ancient Egyptian painting: a floral element decorating a
26th-Dynasty sarcophagus [38]. Thus, it would appear
that cinnabar was used extremely rarely until the late
Ptolemaic or early Roman period wherefrom several
examples have been attested [6].> Cinnabar commonly
forms in veins and small impregnations associated with
volcanic activity and hot springs. The most important
European source of cinnabar is Almaden, Spain [8].

Yellow pigments
Similar to the red pigments, the yellow pigments
employed in ancient Egyptian painting are primarily

2 Scott’s other example is misrepresented: the pigment has been identified on
papyrus (BM EA9916) dated to the late Ptolemaic or early Roman Period—not
the Late Period. Also, it would appear that Scott is confusing realgar and cin-
nabar when stating that the pigment has been in use since the 12th Dynasty:
the reference given deals with orpiment and realgar. (In the chapter on vermil-
lion and cinnabar in the same series it is stated that cinnabar was not used in
ancient Egypt [39]).
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based on iron earth pigments with the addition of an
arsenic sulphide mineral. Thus, the vast majority of yel-
low pigments identified in ancient Egyptian contexts are
yellow ochres consisting of clays with variable amounts
of the iron oxide hydroxide goethite (x-FeO-OH) and
sometimes so-called limonite (FeO-nH,O) which are
poorly crystalline, hydrated oxides of iron [8, 31]. Yellow
ochres form either as the direct weathering of iron-rich
ore deposits or as soils, concentrating iron for underly-
ing bedrocks. Goethite is the most commonly occurring
iron oxide in soils and is found in abundance in localities
worldwide including Egypt [8].

The yellow arsenic sulphide mineral orpiment has been
identified in several painted decorations from at least the
12th Dynasty onwards [2—4, 31, 40]. Although similarly
poisonous and unstable, it would appear to have been
used considerably more frequently than its orange-red
counterpart realgar. The preference for orpiment was
probably due to its bright yellow, glittering appearance
reminiscent of gold. Indeed, orpiment was sometimes
used in its place [2, 31]. As mentioned, orpiment and
realgar occur together along with other arsenic sulphide
minerals typically in the oxidised parts of arsenic veins
[8]. Apparently, orpiment also occurs in association with
cinnabar, antimony, galena, gold, silver, and copper [37].

In addition to yellow ochre and orpiment, exam-
ples of the lemon-yellow iron sulphate minerals jarosite
(KFe;(SO,),(OH),) and natrojarosite (NaFe4(SO,),(OH)4)
have been attested in ancient Egyptian polychromy
from the Old Kingdom to the Ptolemaic Period [4, 31,
41]. Commonly found together, the two minerals form
as alteration products of feldspar group minerals in sul-
phidic soils, and mine waste deposits under acidic condi-
tions. These iron sulphate minerals are found worldwide
but occur in limited quantities [8].

The reliefs from the Palace of Apries

The economic and political centres of ancient Egypt
moved into the Nile Delta during the Third Intermedi-
ate and Late Period. However, only a few remains of the
architectural buildings have been unearthed so far. One of
the rare known examples of preserved architecture from
this period in the Nile Delta is the so-called Palace of
Apries, located in the north end of the ruins of Memphis
in Lower Egypt. The main palace building was excavated
by W.ML.E. Petrie during two seasons between 1908 and
1910. According to Petrie, the palace was part of an exten-
sive complex, which he called a “camp” It is assumed that
the “camp” was once a great palace complex, of which the
building called the Palace of Apries was only a small part,
although possibly the main one. The palace was built on
a 13 m high mudbrick platform, a feature of many mon-
umental buildings from the Late Period in Egypt (as e.g.
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Deir el-Ballas). The mudbrick walls were lined with lime-
stone slabs on the lower parts and there were limestone
pavements, doorways, columns, and stairways. Some of
the column capitals recovered from the palace bear the
name of King Apries, who was most likely the builder of
the complex. Consequently, the building complex should
be dated to the 26th Dynasty, to the reign of King Apries,
c. 589-568 BCE, or shortly thereafter.

Fragments of limestone reliefs were recovered during
the excavations. Many of them were recovered in a sec-
ondary context and without any visible traces of poly-
chromy. They belong to seven large reliefs, originally
decorating the Great Gate of the palace. The reliefs depict
the 30th anniversary of the pharaoh.? One of these seven
reliefs (ZIN 1046) was given to the NCG. In addition,
eleven polychrome relief fragments were acquired by
the NCG in 1909 directly from W.M.E. Petrie’s excava-
tions. Unfortunately, Petrie gave no details as to where in
the palace the fragments were found, and their original
setting is therefore unknown. It is uncertain if the poly-
chrome reliefs in the NCG belong to a part of the Great
Gate (pylon), since the size of the decoration of several of
the fragments does not correspond to the remaining dec-
oration of this particular structure—they seem smaller in
scale. Yet three of the fragments in the NCG are indeed
larger in scale (ZIN 1048, 1050, and 1060). These three
fragments might originally have belonged to wall scenes
in the palace depicting the king under a star-filled blue
sky (ZIN 1052 and 1054) [44]. The style and motifs of
the remaining fragments also correspond to the decora-
tion of the Great Gate (pylon), which may indicate that
they were part of its decoration; but of scenes, which it
has been impossible to reconstruct [45]. The fragments
must have been in a dry, protected location, since their
original polychromy is very well preserved. A column
capital (Z£IN 1045) and four relief fragments (ZEIN 1048,
ZEIN 1049, ZIN 1059, and ZIN 1060) were chosen for
examination in this work based on their well-preserved
polychromy.

Artefacts

The fragments selected for analysis comprise a capital
(ZIN 1045) and four wall fragments with carved motifs
of two different scales. The smaller scale is represented by
ZIN 1058 and 1059, the larger scale by ZAIN 1048 and
1060.

AIN 1045 [46]
ZIN 1045 constitutes a complete monolith column capi-
tal of white limestone in the shape of a rosette of palm

3 Reconstructions were carried out by Flinders Petrie [42] and Kaiser [43].
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leaves, tied around the upper end of the column shaft.
The capital retains an extensive amount of ancient poly-
chromy which seems to consist of two separate paint
schemes. The carved palm leaves are painted in differ-
ent green nuances. Traces of gold leaf are preserved in
grooves and dents on the leaves as well as on two of the
three bands constituting the base. Traces of blue paint
are visible on the lower, middle, and upper bands on the
base (Fig. 1a).

AIN 1048 [47]

The relief fragment is restored from two pieces. It bears
the remains of a monumental inscription. From right to
left are hieroglyphs representing a wooden column, an
animal skin with a tail, a feather, three vases in a stand,
and half a loaf of bread. Together the hieroglyphs form
part of the epithets of the sun god Behdeti. Underneath
the hieroglyphs is a falcon, which is unrelated to the
inscription. The paint is applied on a white layer which
constitutes the background colour of the decoration.
Preparatory drawing in red is visible around the edges
of the relief. The column is brown, the animal skin has
a wide band of green dots, the feather is green, the vases
and the half loaf are blue. The falcon is painted green
with extremely fine, black lines delineating the plumage
(Fig. 2a).

AIN 1058 [48]

The relief fragment depicts a section of a rectangular
frame, called a serekh, in which was written the “Horus
name’, one of the five names of the Egyptian kings. This
type of frame was decorated with the Horus name in
the upper part of the frame, while the lower part of the
frame was decorated with a pattern, imitating the facade
of a palace. This fragment has the remains of the “name
field” at the top, of which the greater part has broken
off and there is, therefore, no traces of the royal name.
Below, there is a piece of a patterned palace facade. The
frame is carved in slightly raised relief and painted in
bright colours on a layer of white. The “name field” is yel-
low, whereas the horizontal band of palm leaves below is
green and black. Preparatory lines in the form of hori-
zontal red lines are visible in the middle section of the
painted decoration. Patches of a similar red colour in the
lower part might have been guiding the intricate design
in like manner (Fig. 2b).

AIN 1059 [49]

The relief fragment bears the remains of an inscription:
two fragmented hieroglyphs, originally representing a
pair of cow horns and a road with bushes along its sides.
These hieroglyphs are the beginning of the name of the
jackal god Wepwawet. To the left of the inscription, part
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Fig. 1 a Column capital from the Palace of Apries. Ny Carlsberg Glyptotek, inv. no. A£IN 1045. a Optical photo: Ole Haupt; b VIL image showing the

distribution of Egyptian blue on the capital: Rikke Hoberg Therkildsen

of a feather of a Wepwawet standard is visible. There are
rich traces of colour on the fragment: the horns appear
greenish brown, the road blue, and the feather yellow
with red outlining. The colourful paint layers appear to
have been applied on top of the white background colour.
Preparatory lines are visible delineating the road (Fig. 2c).

/ZIN 1060 [50]

The fragment bears decoration in the form of a lotus leaf
with a long vertical shaft. The decoration is carved in
relief and is painted green, yellow, and ivory on a white
background. The motif is outlined in black (Fig. 2d).

Methodology and analytical apparatus

The investigation is largely based on non-invasive meth-
ods of analysis thus keeping invasive measures to a
minimum. The five architectural fragments were first
examined at the (NCG). The techniques employed
include microscopy with a Leica M651 surgical micro-
scope (max 40x), ultraviolet fluorescence (UVF) exami-
nation, and visible-induced luminescence (VIL) imaging.
All visual observations are supported by photographic
documentation [51, 52]. After the preliminary examina-
tion at the museum, the wall fragments were analysed

with micro-X-ray fluorescence (u-XRF) at CHART. Its
extensive delicate decoration combined with its sheer
weight (c. 1000 kg) made it unnecessarily hazardous to
move the capital £IN 1045 to CHART. Since it was not
feasible to move the instrument or to analyse the capital
in the exhibition space, Z£IN 1045 has not been included
in the u-XRF analysis.

Informed by the non-invasive investigation, a sampling
strategy for further analysis was made. In order to opti-
cally document and examine the two decoration schemes
observed on AIN 1045, microsamples were collected
for cross-sections. With the exception of ZAIN 1060, all
of the fragments included in this paper have been sub-
jected to Fourier transform infrared (FTIR) spectroscopy
as part of the preceding study on organic compounds [1].
Although the said FTIR analyses were conducted with
binding media and coatings in mind, they are most use-
ful when assessing the inorganic components. For this
reason, two samples were collected from ZAIN 1060 for
FTIR analysis. Furthermore, the complex composition of
the yellow paint layers suggested by the u-XRF analysis
required further analysis. Since sampling would leave the
delicate details of the minute decoration on ZAIN 1058
less discernible, it was decided to exclude it from the
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Fig. 2 Relief fragments from the Palace of Apries. Ny Carlsberg Glyptotek, inv. nos., 1048 (a) 1058 (b), 1059 (c), 1060 (d). Photos: Ole Haupt; b VIL
images showing the distribution of Egyptian blue on the relief fragments from the Palace of Apries. Ny Carlsberg Glyptotek, inv. nos. 1048 (e) 1058
(M, 1059 (g), 1060 (h). VIL images: Maria Louise Sargent and Signe Buccarella Hedegaard
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invasive part of the investigation. A cross-section repre-
senting the somewhat thickly applied yellow paint layer
on ZAIN 1059 was prepared and subjected to laser abla-
tion inductively coupled plasma mass spectrometry (LA-
ICP-MS) for more detailed information on its elemental
composition. However, this did not resolve the issue sat-
isfactorily. In order to fully understand the mineralogi-
cal composition of the yellow paint layers, a sample was
collected for micro-X-ray powder diffraction (u-XRPD)
from AIN 1060 which has the most extensive yellow
paint layer of the fragments in question. A more detailed
description of the analytical methods used is given below.

Visible-induced luminescence (VIL) imaging—Ny Carlsberg
Glyptotek

VIL imaging is an effective technique for the identifica-
tion of the artificial pigment Egyptian blue.

This particular pigment has a unique property of
absorbing visible radiation and reemitting it as infrared
(IR) radiation in the 800-1000 nm range with a peak
around 910 nm. By capturing the luminescent emission
with an IR-sensitive camera, Egyptian blue can be identi-
fied and its distribution documented [53].

VIL imaging was carried out using two Excled LED
RGB lamps (A, 470 nm, 525 nm, and 629 nm) and a
Canon 40D camera modified by removing the internal
IR-blocking filter. The lens was fitted with a Schott RG830
visible-blocking filter with an approximate IR sensitiv-
ity range of 800-1000 nm [54]. A Labsphere Spectralon
75% reflectance standard was included in each recorded
image for the evaluation of the presence of luminescence.
The VIL images have been edited using Adobe Photo-
shop Lightroom 2.7 and Adobe Photoshop CSé.

Micro-X-ray fluorescence (u-XRF)—CHART
An ARTAX-800 p-XRF manufactured by Bruker-Nano
was used for the p-XRF measurements. All colours distin-
guishable on each wall fragment were scanned. The beam
size was 60 pm in diameter. A high tension of 50 kV and
a current of 600 pA were used. Typically, the live time for
point analyses was 120 s, and the dead time was 10-15%.
For mapping purposes, the live time was 3 s per pixel,
and a spatial resolution of ca 100 pm were used, mak-
ing the acquisition time 4—8 h depending on the field of
view. The net-area under the K-alpha or L-alpha lines was
used to produce images of the elemental distributions.
The penetration of 50 keV X-rays is several micrometer
and based on absorption calculations for the outgoing low
energy X-rays (NIST-XCOM) it is apparent that the anal-
yses reflect a layer of approximately 1-20 um thickness
depending on the chemistry of the outermost layer.
Absolute calibration of the concentrations has been
performed by the DCCR-method (Direct Calibration
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from Count Rates) provided by the Bruker software using
the standard reference material NIST-610 and the S con-
centration value of 570470 ug g~* for the NIST-610 as
determined by Guillong et al. [55]. The results can only
be considered semi-quantitative because of the difference
between the glass of the NIST-610 standard material and
the matrix of the samples. In some instances, a BAM RS3
calcium carbonate standard was used for absolute cali-
bration of the Ca and Sr values.

Cross-sections—Ny Carlsberg Glyptotek

Eleven samples the sizes of a pinhead were collected from
the capital Z£IN 1045 in order to document and compare
its two decoration schemes.* In addition, sample material
was collected from the yellow paint layer on ZAIN 1059.
All samples were collected from fractured areas limiting
the damage caused by sampling to a minimum. Sampling
was carried out with a clean scalpel. The specimens were
stored in glass containers until processed. In most cases,
the sample material broke into smaller pieces whereof
two or more were selected and made into individual
cross-sections. Each sample was placed in an EasySec-
tion mould and embedded in Struers Serifix polyester
resin. After hardening, the resin-embedded samples were
polished manually from one side first with SiC paper of
increasing fineness (800-4000 grains cm™2) on a Stru-
ers Knuth-Rotor 3 polishing machine and then manu-
ally with Micro-Mesh polishing sheets (6000, 8000, and
12,000 grains cm™?).

The finished cross-sections were examined with a Leica
DM2500M optical microscope (max 100x) in bright
field, dark field and UV. All observations were docu-
mented with a Canon EOS 5D Mark II camera mounted
on the microscope.

Fourier transform infrared spectroscopy (FTIR)—CHART

Infrared spectra were recording in the attenuated total
reflection mode using a PerkinElmer 65 FT-IR spectrom-
eter equipped with a ZnSe diamond crystal. Spectra were
obtained in the range 4000-400 cm™' range by accumu-

lating 100 scans with a resolution of 4 cm™",

Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS)—CHART

Laser ablation (LA) was performed with a CETAC LXS-
213 G2 equipped with a NdYAG laser operating at a

4 Sampling was carried out in two stages by two different conservators
(M.Sc.). The first round, carried out by Rikke Hoberg Therkildsen, was
focused on documenting all of the colours observed on the capital (blue, dif-
ferent green hues, and gilding). The second round, carried out by Signe Buc-
carella Hedegaard, was focused on documenting the sequence of the two
decoration schemes on different parts of the large artefact.
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wavelength of 213 nm. A 10 pm circular aperture was
used. The shot frequency was 20 Hz. The line scan was
performed with a scan speed of 5 pm s™! and the thick-
ness of the embedded sample was c. 166 um. The helium
flow was 600 mL min~!. The laser operations were con-
trolled by the Digil.az G2 software provided by CETAC.

Inductively coupled plasma mass spectrometry (ICP-
MS) analyses were carried out using a Bruker Aurora
M90 equipped with a frequency matching RF-generator.
The basic parameters were as follows: radio frequency
power 1.30 kW; plasma argon gas flow rate 16.5 L min~};
auxiliary gas flow rate 1.65 L min~'; sheath gas flow rate
0.18 L min~!. The following isotopes were measured all
without skimmer gas: Na23, Mg24, Al27, Si29, S33, K39,
Cad4, Ti49, V51, Mn55, Fe57, Cu65, As75, Sr88, Agl07,
Sn118, Sb121, Bal37, Aul97 and Pb208. No interference
corrections were applied to the selected isotopes. The
analysis mode used was peak hopping using 3 points per
peak. The dwell time on each peak was 1 ms and the total
scan time for all the selected elements was c. 179 ms. The
data was subjected to a 5-point averaging filter.

The attempt was made to produce a list of semi-quan-
titative average concentrations in the homogeneous
phases. The quantification was performed by first adjust-
ing the count rate for the isotopic abundance for each
isotope analysed. Then the shape of the count rate as a
function of atomic number was determined by analysing
seven elements in a 1 ppb multi-element standard (ICP
multi-element standard solution XXI for MS, by Accu-
standard). The isotopes used were Be9, Mg25, Co59,
In115, Cel40, Pb206, and Th232. The expected count
rate in a 1 ppb solution of the isotopes analysed for in this
study was then calculated by interpolation between the
measured count rates of these seven isotopes. Finally, the
conversion from count rate to weight percent was done
by multiplying by a fixed ratio, determined by taking the
average of the measurements in the white ground layer,
and assuming that the Ca concentration was 40 wt% (cor-
responding to pure CaCOs).

Micro X-ray powder diffraction (u-XRPD)—CHART

The analysis was performed using a PANalytical X'Pert
PRO MPD system (PW3050/60) with Cu Ka radiation
as the source (\=1.54 A) and a PIXcel3D detector. The
X-ray generator was set to an acceleration voltage of
45 kV and a filament emission current to 40 mA. The
divergence slit was fixed at 0.43°. The capillary sample
holder was mounted in an HTK 1200 N Capillary Exten-
sion (Anton Paar) with a ceramic anti-scatter shield. The
sample was scanned while spinning between 5° (20) and
90° (26) using a step size of 0.013° (20) with a count time
of 260 s. Data were collected using X'Pert Data Collector.
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The qualitative analysis was performed using Highscore
Plus software and Crystal Impact Match software. The
ICDD PDF-2 database and the updated COD database
have been used to interpret the results.

Results

Capital £IN 1045

The VIL images show quite convincing patterns of pho-
toluminescence emission consistent with the presence of
Egyptian blue (Fig. 1b). The blue-painted areas observed
on the base as well as the areas between the palm leaves
at the top of the capital display very bright, coherent
luminescence indicating a high concentration of Egyp-
tian blue. Slightly less intense luminescence is observed
on the palm leaves in the form of veins radiating from
the midribs. The slight reduction in intensity suggests a
smaller, yet considerable amount of Egyptian blue. This
is in accordance with pigment mixtures containing a high
concentration of the said blue pigment forming hues
such as the dark, bluish-green colour used for the veins
on the palm leaves.

Optical microscopic examination of the cross-sections
attests to the presence of two decoration schemes on
the palm leaves as well as the base of the capital. Both
schemes comprise a white preparatory layer sequenced
by one or more paint layers or gold leaf. Invariably, the
second decoration scheme echoes the colours of the first
(Fig. 3) suggesting that the capital was repainted in order
to freshen up its original expression rather than to alter
it. Furthermore, a greyish, waxy coating is observed cov-
ering a substantial part of the painted surface. According
to the tentative pigment identification performed as part
of the FTIR analysis in the binding media investigation,
the green paint layer would appear to be based on ata-
camite [1].

AIN 1048
VIL imaging strongly indicates the use of Egyptian blue
in various concentrations (Fig. 2e). The blue-painted
areas comprising the vases and their stand as well as the
half loaf of bread all display very bright, coherent lumi-
nescence in the images attesting to a high concentration
of Egyptian blue. The green-painted areas on the falcon
below show a distinct, yet considerably less intense lumi-
nescence suggesting that the green paint layer contains
some Egyptian blue. In addition, luminescing particles
form part of the white background colour as well as other
depicted details including the green feather and the ani-
mal skin. In these cases, however, the concentration is
quite low.

The results of the p-XRF analyses also indicate une-
quivocally that the blue colour consists of Egyptian
blue. As is shown in Fig. 4, Cu, Si, and Ca are all present
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Fig. 3 Micrographs of two cross-sections representing a blue (a) and
a green (b) paint layer on the palm capital AIN 1045. Two decoration
schemes are visible in both cross-sections. The original ground layer
is missing from the green sample (b). Original magnification 10x.
Photo: Signe Buccarella Hedegaard

in high concentrations in the blue-coloured areas, and
no Cl is present (Fig. 4d). The green paint layer on the
depicted feather contains high Cu and Cl concentrations
(Fig. 5a, c¢) which points to the presence of atacamite
(Cu,CI(OH);). Slight amounts of Mn seem to follow the
distribution of Cu and CI (Fig. 5d). The concentration of
Si in the green paint layer analysed (Fig. 5b) is too low
to determine whether a minute amount of Egyptian blue
(CaCuSi, 0,,) forms part of the painted decoration in this
area, as suggested by VIL imaging. The distribution of
Ca and S shown in Fig. 5f, g indicates that the white layer
underneath the green paint contains gypsum.

AIN 1058

The VIL images show luminescent particles forming
part of almost the entire polychromy (Fig. 2f). On closer
inspection, however, the distribution of the luminescent
particles is evidently consistent with the white layer serv-
ing as the background colour as well as a preparatory
ground layer for the rest of the painted decoration. Only
the black-painted areas appear completely dark, attest-
ing to the absence of Egyptian blue. The yellow, red, and
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green nuances all exhibit glowing particles whose exact
relation to the painted decoration is uncertain in that
they may form part of the paint layers or/and of the white
preparatory layer underneath.

Figure 6 shows an optical image of the area which has
been analysed with p-XRF scanning. The same area has
been mapped with pu-XRF depicted in Fig. 7. In the green
areas, the p-XRF elemental distribution graphs mainly
reveal the presence of Cu and Cl (Fig. 7a, b). Based on
the VIL images and the very low amounts of Ca and Si
detected, Egyptian blue is unlikely to be present in the
green-painted areas (Fig. 7c, d). Like the case of ZAIN
1048, the high amount of Cu and the presence of Cl is
pointing to the presence of atacamite. The yellow paint
layer in the scanned area shown in Fig. 6 is character-
ised by high amounts of As (Fig. 7e), which is sugges-
tive of orpiment (As,S;), as well as Pb which indicates
the presence of one or more lead-based components
such as lead—antimonate (Pb,Sb,0,) and lead—tin yellow
(PbySnO,).

The p-XRF scanning also showed high concentrations
of iron delineating the cracks and dents in the paint lay-
ers (Fig. 7f) pointing towards the presence of minute par-
ticles of soil deposited in the cracks. A point analysis in a
white area showed almost pure calcium carbonate with
traces of gypsum.

AIN 1059

The VIL image shows bright, coherent luminescence in
the blue areas of the painted decoration consistent with
a high concentration of Egyptian blue (Fig. 2g). In addi-
tion, luminescing particles are observed forming part of
the white background colour. The concentration and dis-
tribution indicate a very small amount of Egyptian blue,
presumably added for its cool, tinting effect. A similar
pattern of luminescence is seen in the yellow-painted
area. It is unclear whether the photoluminescent par-
ticles form part of the yellow paint or the white layer
underneath it.

The presence of Egyptian blue in the blue-painted areas
is confirmed by the high concentrations of Cu, Si, and Ca
detected with p-XRF point analysis and scans. A green-
painted area has been analysed using the same approach
(Fig. 8). The results of the calibrated semi-quantitative
concentrations are listed in Table 1. Besides the ele-
ments listed in the table, the Sn L-alpha line clearly vis-
ible at 3.44 keV shows unequivocally that Sn is present
in the green pigment. Chlorine is also present in Fig. 8.
However, Cl cannot be quantified using the NIST-610
standard. The presence of Cu and Cl and the absence of
Si are pointing to the use of atacamite. The detection of
high amounts of Ca is likely caused by the X-ray beam
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Fig. 4 u-XRF elemental distribution plots of blue vase on AIN 1048. Cu (a), Si (b), Ca (c), Cl (d)
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going through the thin green paint layer and reaching the
underlying Ca-rich preparation layer.

A section of AIN 1059 comprising part of the yellow
feather and the background was scanned with p-XRF
(Fig. 9a). The pigment of the yellow paint contains large
amounts of Pb and As. No S was seen in the white back-
ground (not shown in Fig. 9), and the white background
is high in Ca and Sr (Fig. 9b, c), which makes it likely to
be calcite. The red line is high in Fe (Fig. 9d) which makes
it likely that the pigment is haematite (Fe,O3). It is inter-
esting to note that the area of high Ca (Fig. 9b) ends fur-
ther towards the lower part of the field of view than the
area of high Sr (Fig. 9¢) so that a high concentration of
Sr is also detected where it is covered by the red line and
some part of the yellow paint. A likely explanation is that
the K-alpha-line of Sr is so high in energy (14.2 keV) that
the photons escape even when covered by the red paint
layer and some of the yellow paint layer, whereas the
K-alpha-line of Ca has a relatively low energy (3.7 keV),
which causes an almost complete absorption of the Ca
K-alpha photons on the way out from underneath the red
and yellow paint. The fact that the yellow paint layer is
only penetrable near the outline, indicates that the paint
has been applied in a thicker layer in the rest of the yel-
low-painted area.

A single point analysis of the yellow pigments is
shown in Fig. 10, and the results of the semi-quantitative

concentrations are listed in Table 2. The main constitu-
ents are Pb and As. The L-alpha line of Pb (10.551 keV)
and the K-alpha line of As (10.543 keV) overlap almost
completely, but the L-beta line of Pb (12.61 keV) and the
K-beta line of As (11.73 keV) are clearly separated and
distinguishable in the spectrum, and it is therefore clear
that both Pb and As are present in the yellow pigment.
Calcium and Sr are probably from the underlying ground
layer. Even though there is a large Ca-signal (K-alpha,
4.0 keV) and K-signal (K-alpha, 3.6 keV) the Sn L-alpha
line at 3.4 keV is visible as a shoulder. The Sn K-alpha
lines at 25.0 and 25.3 keV are also visible (although not
depicted in Fig. 10). So, Sn is indeed identified by energy
dispersive X-ray spectrum in appreciable amounts in the
yellow paint. The K-lines for Sb is at 26.1 and 26.4 keV are
visible in the spectrum, but the L-alpha line of Sb situated
at 3.6 keV are swamped by the huge Ca system starting
with K-alpha 1 at 3.69 keV and extending to the K-beta
line. From the p-XRF analyses it is therefore only possible
to say that there is a small amount of Sb present based on
the K-alpha line.

AIN 1060

Apart from the thin black outlining, VIL imaging reveals
varying concentrations of luminescent particles on
the entire surface (Fig. 2h). The luminescence patterns
observed are consistent with limited amounts of Egyptian
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Fig. 5 pu-XRF elemental distribution plots for the green feather on AIN 1048. Cu (a), Si (b), Cl (c), Mn (d), Zn (e), Ca (f), S (g)
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blue. The highest concentration is observed on the white
shaft, the second highest on the white background and
the yellow paint layers. The lowest concentration is found
on the green area and the two widest black lines delin-
eating the shaft. It is possible that Egyptian blue only
forms part of the white nuances and that the luminescent

particles observed on the other thinly applied paint layers
stem from the white layer underneath. Considering the
absence of luminescent particles on the finer lines deline-
ating the motif, it would seem that the black paint used is
not penetrable by VIL from underlying layers. It is prob-
able that the particles observed on the black areas are to
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be found on top of rather than within the paint layers.
Particles of Egyptian blue are known to travel to neigh-
bouring areas, cf. the luminescent particles found on the
broken surfaces of the painted relief.

The green paint was analysed by p-XREF, the spectrum is
shown in Fig. 11. The semi-quantitative results are listed
in Table 3. A high concentration of Cu with some CI has
been detected in the green paint layer, making it likely
that the pigment is atacamite. The low concentration of Si
renders chrysocolla, and cupro-wollastonite improbable
matches. The concentrations of Ca, Sr and small amounts
of S are probably ascribable to the presence of calcite and
gypsum in the white layer underneath. Manganese, Fe,

Ykl !l VRSN oo Zn, and As are also detected in the green-painted area.
Fig. 6 Optical image of £IN 1058 showing the section analysed by A sample of the green layer in ZIN 1060 exhibited a
H-XRF scanning FTIR spectrum with the typical bands of calcium oxalate

(CaC,0,) (Fig. 12). The bands are located at 1620 cm™,
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Fig. 7 Results of the u-XRF area scanning of area A-3 on AIN 1058. The figure shows the distribution of Cu (a), Cl (b), Ca (c), Si (d), As (e), and Fe (f)
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Fig. 8 A single point p-XRF analysis of the green pigment in AIN 1059: OM picture field of view from the ARTAX (a). The cross hair and the bright
white laser spot marks the point of analysis; b energy dispersive X-ray spectrum. The main constituents are Ca and Cu. Sr, Sn, and Fe are also present
in appreciable amounts. Traces of S, Cl, As, and Pb can be seen
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Table 1 DCCR calibrated results of the energy dispersive
X-ray spectrum of a point analysis of the green pigment
in £IN 1059

Element Line Conc./% Sigma/% RSD/%
Ca K12 32 0.200 0.1
Mn K12 0.009 0.000 3.7
Fe K12 0.2 0.001 03
Cu K12 50 0.002 0.0
As K12 29 0.07 26
Sr K12 0.2 0.000 0.2
Pb L1 0.002 0.000 83

“Line” designates the detected X-ray line; Conc. is the calibrated concentration
of the element in weight %; Sigma is one standard deviation; and RSD is the
relative standard deviation expressed in %. The results should be interpreted
with some caution because the DCCR calibration is performed with the NIST
SRM 610 whose matrix is different from that of the sample. As there is no
reported Cl or Sn values for NIST SRM 610, the absolute Cl and Sn concentration
cannot be calculated for Cl using the DCCR method. However, a less than
semiquantitative approximation estimate based on the net counts gives
approximate concentrations of c. 1 wt% of Cl and c. 0.1 wt% for Sn in this sample

1318 cm™%, 1092 cm ™!, and 780 cm™! and can be attrib-
uted to asymmetric C=0 stretch band, symmetric C=0
stretch band, asymmetric C-O stretch band, and O-
C=O0 stretch band in calcium oxalate, respectively. The
other bands detected in this spectrum fit well with data
published for atacamite (Cu,CI(OH);) [56]. The CuCl and
CuO vibrations were detected at 415 cm™!, 448 cm™},
511 cm™!, and 598 cm™'. Deformation bands of hydroxyl
are identified at 870 cm™, 913 cm™!, and 997 cm™! as
well as two hydroxyl stretching bands at 3316 cm ™" and
3440 cm ™. The results are in agreement with the p-XRF
measurements and the FTIR results published for the
sample ZAIN 1045 from the Palace of Apries [1].

Some very small intensity peaks that could belong to
malachite (Cu,CO3(OH),) can be seen in the spectro-
gram at 1490 cm™!, 1384 cm™!, 1043 cm ™!, and 570 cm ™!
(Fig. 12). However, other expected malachite peaks of
strong and medium intensities are not seen in the spec-
trum, namely those located at 804 cm™Y, 821 em™,
750 cm™Y, and 523 cm™! [56, 57]. It is therefore most
likely that malachite is not present in Z£IN 1060.

The yellow paint layer has also been analysed with
pu-XRFE (Fig. 13) and the semi-quantitative results are
listed in Table 4. The concentrations of As and S indicate
that the yellow pigment is orpiment.

A micrograph of the white paint at the tip of the shaft
is shown in Fig. 14 along with the energy dispersive spec-
trum of a single point analysis (Table 5). The paint layer
is clearly white. However, the Ca determination is far
from the expected 40 wt% (corresponding to 100% cal-
cium carbonate)—only 19.4 wt% (see Table 6). There are
also appreciable amounts of As and S present pointing
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towards the presence of some orpiment (Table 5). A likely
interpretation is that the white paint, which cannot be
securely identified by p-XREF, contains some orpiment.
There is nothing arguing against the white paint being
mainly calcium carbonate with a minor amount of gyp-
sum or anhydrite, but the issue cannot be resolved by
p-XRF alone, wherefore a small sample was procured for
FTIR.

The FTIR spectrum of this sample from the white layer
in ZAIN 1060 exhibited three bands belonging to cal-
cium carbonate (CaCO,) (Fig. 15). The bands located at
1420 cm ™, 873 cm™! and 713 cm™! can be assigned to
the v3-asymmetric CO; stretching band, the v2-asym-
metric CO; deformation band and the vl-symmetric
CO; deformation band, respectively. Their location sug-
gests a micritic texture of the calcium carbonate more
than a sparitic one [58]. The bands located at 600 cm ™,
1000 cm ™%, 1150 cm™! and the wide one centred around
3378 cm™! could be due to the presence of gypsum.
However, the shapes of the bands are not entirely typi-
cal for gypsum since the one at 600 cm ™ is quite sharp,
while it usually forms a doublet or a triplet [59]. Bands
from SO,*~ and H,O vibrations, which are usually seen
in FTIR spectra of gypsum, are missing here. The iden-
tification of gypsum in the white layer can therefore only
be tentative. The presence of an organic compound is
seen with two bands at 2919 cm™! and 2850 cm™, both
attributed to the C—-H stretching vibrations and a weak
band detected at 1740 cm™!, which could belong to car-
bonyl groups. The broad band around 3400 cm™ could
be attributed to the NH-group. Taking the relatively low
intensity of these bands into consideration, the identifica-
tion of the organic compound(s) is uncertain. However,
these observations are not contradicting the conclusions
drawn from GC-MS-analysis performed on this sample,
which points to the use of a binder mixed of plant gum
and proteinaceous material [1].

Further analyses of the yellow paint layers

It would be interesting to know to which extent the yel-
low paint layers contain Sb or Sn, as this would indicate
the possible presence of lead—antimonate yellow or lead—
tin yellow. To resolve this, a sample of the paint layer
from ZAIN 1059 was analysed using LA-ICP-MS. An
optical image from the microscope is shown in Fig. 16a.
The opposite side of this cut is shown in Fig. 16b, now
seen through the optics of the laser ablator, after the laser
ablation analysis was performed.

Very small count rates were seen for the isotopes Na23,
Mg24, Al27, Si29, Bal37, and Aul97, indicating that the
concentrations of these elements were very low indeed.
The detection limit of the ICP-MS is generally at the ppb
to ppt level. Consequently, it is unlikely that Na, Mg, Al,
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Fig. 9 p-XRF imaging of AIN 1059. Optical image of the yellow area outlined in red and the white background (a). Below are shown the elemental
distribution plots for Ca (b), Sr (c), Fe (d), and Pb (e). It should be noted that image (e) for Pb is mapping the X-ray intensity at 10.50 keV, which

is formed by an almost complete overlap of the As K-alpha and Pb L-alpha lines. Image (e) is therefore a mix of As and Pb. According to our
assessment, the pigment contains more Pb than As, wherefore image (e) has been given the designator “Pb”

Si, Ba and Au are present in concentrations over the ppb-
level. The isotopes present in appreciable amounts are
plotted in Fig. 17. Four groups of co-varying elements are
discernible. The first group of four elements, at the top
in Fig. 17 marked in red, Pb, Sb, Cu, and Ag are present
throughout the yellow paint layer with the highest con-
centrations in the lower part of the yellow paint layer.
The next group consisting of Sn and As (curves marked
in orange) features lower concentrations in the upper
part and higher concentrations in the lower part of the
yellow paint layer. Consequently, the first and the second
groups are mainly distinguishable by Sn and As occur-
ring in somewhat lower concentrations in the upper
part of the yellow layer. The third group, Fe (marked in
brown), is also present in the yellow paint layer, but with
its highest concentration in the outer layer indicating that
it is present in a separate mineral and has been applied
last. Finally, there is the group consisting of Ca and Sr

(marked in blue). They occur mostly in the white ground
layer.

The LA-ICP-MS data shows the presence of both Pb
and As in the yellow pigment in accordance with the
p-XRF data. The LA-ICP-MS data also irrefutably show
the presence of both Sn and Sb in substantial amounts.
In the yellow paint layer, the isotope Sn118 has an aver-
age count rate of 14,300 counts s~ (Sn118 has a natural
abundance of 24.2%), while Sb121 has a count rate of
380,000 counts s~ (this isotope has a natural abundance
of 57.4%). Judging from the low count rates it is likely that
Ag (645 counts s~*) and Cu (567 counts s—') are only pre-
sent in trace amounts. As described in the methodology
section, the LA-ICP-MS measurements were calibrated
to yield semi-quantitative concentrations (Table 7). The
semi-quantitative calibration was done using the count
rate for Ca in the white ground layer and assuming that
the concentration of Ca here was 40 wt%, consistent with
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Fig. 10 A single point u-XRF analysis of the yellow-painted area (point A3, £IN 1059); a OM picture field of view from the ARTAX. The cross hair and
the bright white laser spot marks the point of analysis; b energy dispersive X-ray spectrum. The main constituents are Pb and As. Calcium and Sr are

probably from the underlying white layer. Also seen is Sn and Sb, and minor amounts of Si, S, Ti, Mn, Fe, Cu and Zn
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Table 2 DCCR calibrated results of the energy dispersive
X-ray spectrum of a point analysis (A3, AIN 1059)
of the yellow paint

Element Line Conc./% Sigma/% RSD/%
Si K12 18 0.15 09
S K12 1.6 0.008 0.5
Ca K12 12 0.013 0.1
Ti K12 0.04 0.001 1.9
Mn K12 0.03 0.000 14
Fe K12 0.3 0.001 0.2
Cu K12 0.01 0.000 1.6
Zn K12 0.009 0.000 2.5
As K12 29 0.003 0.1
Sr K12 0.2 0.000 0.2
Pb L1 0.8 0.001 0.1

“Line” designates the detected X-ray line; Conc. is the calibrated concentration
of the element in weight %; Sigma is one standard deviation; and RSD is the
relative standard deviation expressed in %. The results should be interpreted
with some caution because the DCCR calibration is performed with the NIST
SRM 610 whose matrix is different from that of the sample

almost pure calcite. Using this assumption, we arrive at
a concentration of S and Sr in the white ground layer of
0.8 and 1.6 wt% respectively. This indicates that the cal-
ibration is fairly robust; in particular it is clear that the
amount of gypsum is relatively low in the ground layer,
c. 4.1 wt%, or even less if other sulphur-bearing minerals
are present.

To ascertain if these minerals are actually present in
the yellow pigment and if they are the only ones, a small
sample was extracted from the yellow-painted area on
of Z£IN 1060 (KLR-12084) and analysed using p-XRPD.
Due to the thinness of the layers it was impossible to pro-
cure a sample of pure yellow pigment; the sample also
contained visible fragments of the preparation layer and
translucent wax together with yellow pigment.

The sample was crushed in an agate mortar and poured
into a Pyrex capillary sample holder. The diffraction pat-
tern (Fig. 18) showed the presence of two calcium related
phases. Calcite was identified with many peaks fitting
with the experimental pattern (PDF card 01-072-1652).
Among them, the three peaks with the highest intensity
were seen at 29.45° (20), 48.58° (20), and 39.42° (20),
which correspond to the [104], [116], and [113] peaks
respectively. The gypsum (CaSO,-2H,0O) pattern was
also thoroughly consistent with the experimental dif-
fractogram (PDF card 18-01-2012). The four peaks with
the highest intensities are located at 20.72° (2@), 11.63°
(20),29.11° (20) and 31.16° (20). They correspond to the
[—121], [020], [—141] and [121] peaks respectively. The
low intensity of the peaks belonging to the gypsum phase
confirm the observation made in the LA-ICP-MS analysis
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on ZAIN 1059 about the small quantity of this mineral in
that sample. A small displacement (< 0.20°) for the second
and the third peaks of the gypsum can be seen. Reflec-
tions from wax were also present in the diffractogram,
which agrees with the previous finding in the analyses
of the binders [1]. The two main peaks were located at
21.48° (20) and 23.84° (20). Their high intensity reflects
the relatively large amount of wax in the sample analysed.

According to the LA-ICP-MS results in ZIN 1059, the
yellow pigments could theoretically, i.e. stoichiometri-
cally, be related to three specific phases in the sample:
orpiment, lead—antimonate oxide and lead—tin oxide.
The identification of orpiment (PDF card 01-071-2435)
in the u-XRPD pattern of ZAIN 1060 is mainly based on
the presence of the [020] peak with the highest inten-
sity located at 18.51° (2@®). This peak is clearly visible
despite the low intensity and it is not overlapped by any
other phase. The peak with the second highest intensity is
located at 32.99° (20) and corresponds to the [311] plane.
This peak can be seen in the experimental pattern accept-
ing a small shift (*0.3°), however, the intensity is very
low. The third and fourth peaks with higher intensities,
if present in the diffractogram, are overlapped by gyp-
sum and wax peaks. None of the other peaks with a lower
intensity can be seen. This lack of smaller peaks and the
slight shift for the second peak probably reflects a small
number of orpiment grains in the sample.

Lead and antimony were found under different forms in
the p-XRPD pattern of ZAIN 1060. The first oxide identi-
fied was the bindheimite (Pb,Sb,0O¢), which is the natural
mineral form of lead—antimony oxide (PDF card 00-018-
0687). However, this identification is mainly based on
the peak with the highest intensity located at 29.71° (20)
originating from the [222] plane. Despite being close to
a calcite peak [104], this peak is clearly visible even if the
intensity is relatively low. It should be noted that there
is also a very low intensity wax peak at 29.95° (20). The
other wax peaks with very low intensities are not visible
in the pattern, thus this peak is very likely linked to the
lead—antimony oxide phase. The peak with the second
highest intensity is located at 49.50° (20) with a [440]
plane. This peak was also identified in the experimental
pattern, but its intensity is very low. This can be due to
the difference between the relative intensities of the first
and the second peak in the theoretical pattern of bind-
heimite (the LR. of [440] peak decreases to 30%). None
of the other peaks with a lower intensity from this phase
can be seen in the diffractogram. Another lead—anti-
mony-based phase can tentatively be identified in the
pattern as an iron-lead—antimony sulphide (Pb,FeSbS, ;)
(PDF card 00-041-1401). This phase is identified as para-
jamesonite in the PDF database. However, Papp et al. [60]
have discredited this mineral identification by proving
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Table 3 DCCR calibrated results of the energy dispersive
X-ray spectrum of a point analysis ZIN 1060 of the green
paint

Element Line Conc./% Sigma/% RSD/%
Si K12 24 0.049 2.1
S K12 0.6 0.005 0.8
Ca K12 27 0.019 0.1
Ti K12 0.1 0.001 0.8
Mn K12 0.01 0.000 33
Fe K12 0.6 0.001 0.2
Cu K12 20 0.001 0.1
Zn K12 0.03 0.000 1.0
As K12 0.15 0.001 0.5
Sr K12 0.2 0.000 0.2
Pb L1 0.003 0.000 74

Conc. is the calibrated concentration of the element in weight %; Sigma is
one standard deviation; and RSD is the relative standard deviation expressed
in %. The results should be interpreted with some caution because the DCCR
calibration is performed with the NIST SRM 610 whose matrix is different from
that of the sample. Besides the listed elements there was Cl present, which,
however, cannot be properly calibrated

that the reference samples were mixtures of jamesonite
and other mineral phases. Thus, this phase will only be
named “iron-lead—antimony sulphate” according to its
chemical composition. The two peaks with the highest
intensity are located at 21.07° (20) and 23.49° (20). They
are overlapped by the wax peaks. The third highest inten-
sity peak is located at 19.09° (2@). This peak can be seen
in the pattern and is not overlapped by any other phase.
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The fourth highest intensity peak is located at 40.38°
(20@). The intensity of this line might be increased by the
low intensity gypsum [—152] peak which is close. For
this phase, the Miller index was not specified on the PDF
card.

The lead—tin oxide was the third compound suggested
by the LA-ICP-MS results of Z£IN 1059. However, a bet-
ter match can be found in the pu-XRPD pattern of ZAIN
1060 with a lead—tin-antimony oxide phase (PDF card
00-039-0928). The first peak with a [222] plane is located
at 29.22° (20) but it is overlapped by the calcite [104]
peak. The peaks with the second and the third high-
est intensity are also overlapped by the calcite [116] and
calcite [122] peaks, respectively. The peaks with lower
intensities cannot be seen in the XRD pattern. The pres-
ence of a goethite phase (COD card 96-900-2156) cannot
be identified in the XRD pattern. The first peak with the
highest intensity with a [101] plane is located at 21.35°
(20) but it would be overlapped by a wax peak. The
other peaks with a lower intensity cannot be seen in the
diffractogram.

In the u-XRPD pattern, wax, calcite, and gypsum are
the most abundant and visible phases. Their signals
somewhat conceal relevant parts of the other mineral-
ogical phases, the presence of which was suggested by the
LA-ICP-MS results on ZAIN 1059. Despite this drawback,
it is possible to confirm the use of orpiment in the yellow
pigment in ZAIN 1060. The use of Pb—Sb related miner-
als was also confirmed, but more precise mineralogical
identification cannot be achieved by way of the pu-pXRD
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Fig. 12 FTIR spectrum of a small sample of green paint from AIN 1060. Characteristic lines of atacamite and calcium oxalate is seen. Tentatively
marked are some minor lines of malachite. However, the major and medium intensity lines of malachite are not present in the spectrum
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Table 4 DCCR calibrated results of the energy dispersive
X-ray spectrum of a point analysis ZAIN 1060 of the yellow
paint

Element Line Conc./% Sigma/% RSD/%
Si K12 0.001 0.001 99
S K12 1.7 0.008 0.5
Ca K12 37 0.022 0.1
Ti K12 0.01 0.000 39
Mn K12 0.02 0.000 20
Fe K12 0.7 0.001 0.1
Cu K12 0.006 0.000 32
Zn K12 0.01 0.000 2.1
As K12 20 0.002 0.1
Sr K12 03 0.000 0.2

Conc. is the calibrated concentration of the element in weight %; Sigma is
one standard deviation; and RSD is the relative standard deviation expressed
in %. The results should be interpreted with some caution because the DCCR
calibration is performed with the NIST SRM 610 whose matrix is different from
that of the sample. Besides the listed elements Cl was detected as well, which,
however, cannot be properly calibrated

in this small sample. It seems possible that these phases
are the result of a mixture of different compounds. The
presence of sulphide and oxide could suggest that the
Pb-Sb oxide is, at least partially, the oxidation product of
Pb-Sb sulphide, or alternatively originates from the orpi-
ment. The Sn and Fe related phases cannot be confirmed
by u-XRPD, maybe because of overlap. However, it seems
very likely that these elements would have been embed-
ded in the Pb—Sb oxide. Iron oxides usually occur along
with other terrigenous minerals, such as clay, quartz or
micas, and none of these are seen in the diffractogram.
This particularity, together with the likely possibility of a
mixture between different Pb—Sb—Sn bearing phases sup-
port the idea, that the preparation steps for the yellow
pigment were very thorough (e.g. burning, sieving, water-
washing) in order for clay and quartz to be completely
removed from the pigment.

From a methodological perspective, it should be noted
that a lack of accuracy in the peak positions and miss-
ing peaks are well-known problems when using p-XRPD.
This can be caused by at least four possible errors: small
amounts of single crystals in the sample; the thinness of
the cross section analysed; the particle statistic (smaller
number of larger grains) and a possibly inhomogeneous
distribution of grains [61].

Therefore, taking the results in their entirety, the
most likely yellow pigment containing Sb is lead—anti-
monate yellow (Pb,Sb,0,), and the only viable yellow
pigment containing Sn is lead—tin yellow (Pb,SnO,).
These two pigments account for the presence of Pb, Sb,
and Sn, and probably small amounts of Fe and S also. It
must be stated, that although these two identifications
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are not only possible, but also likely candidates, there is
still room for other possible mineral identifications. The
third mineral containing As is orpiment. In Table 7 are
listed calculations of the amounts of the three mineral
phases, made on the assumption that all Sn is present
as lead—tin yellow, all Sb as lead antimonate yellow, and
all As as orpiment. Thus, the results of the LA-ICP-MS
on the yellow paint layer point to a mixture of lead—tin
yellow (Pb,SnO,, c. 9.9 wt%), lead—antimonate yellow
(PbySb,Os, c. 1.4 wt%) with traces of Ag and Cu, and
orpiment (As,S;, c¢. 0.95 wt%).These concentration cal-
culations are consistent with most elements, but leaves
c. 10 wt% of Pb unaccounted for. This extra Pb could
be speculated to be present as degradation products of
lead—tin yellow and lead—antimonate yellow.

Discussion

The palette identified therefore includes calcite, gypsum
(or anhydrite), Egyptian blue, probably atacamite, haema-
tite, lead—antimonate yellow, lead—tin yellow, and orpi-
ment. A summary of the pigments identified are listed in
Table 8.

Painting techniques
The investigation has shown that the limestone frag-
ments have all been primed with a white ground layer
[1]. This is consistent with the vast majority of examined
examples of painted decoration from ancient Egypt [3,
62, 63]. In addition to its function as a preparatory layer,
the white layer on the wall fragments also serves as the
background colour for the painted decoration. There are
countless examples of Egyptian decoration executed on
a white background reflecting the same practice [3, 62].
Interestingly, it would appear that the ratios of calcite to
gypsum depend on the pigments applied on top of the
white ground. Thus, yellow-painted areas seem to have
been painted on top of calcite with traces of gypsum or
anhydrite, whereas the rest of the decoration is painted
on top of gypsum or anhydrite with traces of calcite. A
similar approach has been observed in an 18th-Dynasty
wall painting at Thebes where orpiment has been applied
on top of huntite and the rest of the decoration directly
on the plastered walls. Although there may be an element
of aesthetics involved as suggested by McCarthy [64], we
believe this approach to be of a more practical nature.
Considering that orpiment is known to be unstable in
alkaline conditions and therefore incompatible with wet
plaster in particular [65], it would make sense to apply
an additional white ground layer of calcite or huntite in
areas to be painted with orpiment.

In the painted decoration, the pigments often appear
mixed with calcium-based compounds added for their
brightening effect. Additional colour mixing appears
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Table 5 DCCR calibrated results of the energy dispersive
X-ray spectrum of a point analysis ZIN 1060 of the white
paint

Element Line Conc./% Sigma/% RSD/%
Si K12 0.001 0.001 100
S K12 0.6 0.005 0.8
Ca K12 28 0.019 0.1
Ti K12 0.007 0.001 8.7
Fe K12 0.55 0.001 0.2
Cu K12 0.01 0.000 20
Zn K12 0.009 0.000 26
As K12 16 0.002 0.1
Sr K12 03 0.000 0.2
Pb L1 0.009 0.000 34

Conc. is the calibrated concentration of the element in weight %; Sigma is
one standard deviation; and RSD is the relative standard deviation expressed
in %. The results should be interpreted with some caution because the DCCR
calibration is performed with the NIST SRM 610 whose matrix is different from
that of the sample. Besides the listed elements Cl was detected as well, which,
however, cannot be properly calibrated

Table 6 DCCR calibrated results of the energy dispersive
X-ray spectrum of a point analysis £IN 1060 of the white
paint

Element Line Conc./% Sigma/% RSD/%
Ca K12 194 0.013 0.1
Sr K12 0.46 0.001 02

Conc. is the calibrated concentration of the element in weight %; Sigma is one
standard deviation; and RSD is the relative standard deviation expressed in %.
The DCCR calibration was performed with the BAM RS3, which has a matrix very
similar to that of the sample

to have been achieved by mixing the pigments before
application. Thus, the slightly blue-tinted green on ZIN
1048 appears to be applied as a mixture of atacamite and
a small amount Egyptian blue. Another example is the
mixture of calcite with traces of gypsum/anhydrite and
orpiment used for the shaft on ZIN 1060. Furthermore,
the painted decorations display superposing of paint lay-
ers which could be interpreted as intentional colour mix-
ing as well. A possible example of layered colour mixing
could be the red paint layer applied on top of the yellow
paint layer on ZIN 1058. Both kinds of colour mixing are
known from other Egyptian examples [4].

Pigments

The most dominant pigments of their respective col-
ours in ancient Egyptian painting, Egyptian blue and
red ochre, are expected finds. Atacamite has also been
attested in several other ancient Egyptian contexts
including wall decorations [2]. The small amount of
Sn detected in the green paint layer on ZAIN 1059 indi-
cates that bronze rather than copper was used for the
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manufacture of the atacamite. This is in concordance
with other studies of copper-based green and blue pig-
ments from ancient Egypt [9, 66, 67]. As mentioned, the
identification of atacamite has been disputed and the
suggestion made that the green copper chloride com-
pounds could originate from the degradation of Cu-
bearing, natural or synthetic phases rather than pigments
in their own right. Indeed, the formation of atacamite
from the degradation of Egyptian blue and malachite is
well documented. Assessing the remaining decoration on
the fragments from the Palace of Apries, several factors
are attesting against the hypothesis of the degradation
of Egyptian blue: (1) all areas painted with Egyptian blue
are well-preserved; (2) degradation products in relation
to these areas appear greyish rather than green; (3) the
blue- and green-painted areas are clearly distinguish-
able; (4) the figurative elements are rendered in appro-
priate tonalities; and (5) the low amounts of Si is too low
to match the hypothesis of degradation of Egyptian blue.
This last point is also relevant in rejecting the hypothesis
of the degradation of Egyptian green or the formation of
atacamite during the manufacturing process of Egyptian
blue and Egyptian green as suggested by Schiegl et al.
[23].

However, none of these points can discard the degra-
dation of copper carbonate such as malachite or azurite
as the origin of the formation of atacamite. Even if these
two carbonates have a different molecular structure [68]
their degradation process leading to the formation of ata-
camite is similar. As mentioned before, the degradation
of azurite into malachite can occur in humid and alkaline
conditions. However, azurite seems to have been very
rarely used in ancient Egypt and, as it will be discussed
below, the pH condition of the pigments is more likely
acidic. Therefore, the present investigation is focusing on
the hypothesis of a direct degradation of copper carbon-
ate into copper chloride rather than on a possible first
step implying the degradation of azurite into malachite.

The identification of calcium oxalate in the FTIR spec-
trum of the sample ZAIN 1060 suggests the presence of
oxalic acid (H,C,0,) probably produced by biodegrad-
ing organism such as fungi, lichen or bacteria, or by the
oxidation of the original binding media [69]. The oxalic
acid could also originate from the degradation of a mod-
ern organic material used as surface treatment such as
wax [70]. It has been noted that calcite and gypsum are
very reactive in the presence of oxalic acid even in low
concentration, leading to the formation of calcium oxa-
late. Therefore, oxalic acid in sample ZAIN 1060 would
have first consumed the calcium-rich minerals and
formed calcium oxalate before attacking the other pig-
ments [70]. Copper carbonates are less sensitive to
oxalic acid than calcite and gypsum, but they are soluble
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Fig. 15 FTIR spectrum of a small sample of white paint from AIN 1060. The characteristic lines of calcite are seen. Also the lines of an organic phase.
Tentatively marked are some minor lines of gypsum. However, some of the lines usually associated with gypsum are missing in the spectrum

Fig. 16 Optical photos of cross-sections of the yellow paint layer and white ground on AIN 1059. a Optical microscope image of £IN 1059_1a; b
optical image of &IN 1059_1b as viewed through the optics of the laser ablator unit after the trace has been ablated

in acidic solution [69]. Assuming a degradation of the
original copper carbonate minerals by oxalic acid, Cu*"
ions would be released. When no other anions are avail-
able, the Cu®* ions are combining with the oxalic acid
to form copper oxalate (corresponding to the natural
mineral moolooite: CuC,0,-nH,0). When CI~ ions are
presents, they can also react with Cu?* and precipitates
into copper chloride. If gypsum have been consumed by
oxalic acid, SO, ions would also combine with Cu** and
form copper sulphate (CuSO,-yCu(OH),-zH,0). Among

recent publications relating to the degradation process of
copper carbonates into copper chloride, it is shown that:
1) the analyses usually displayed a strong signal (FTIR,
RAMAN, XRD) belonging to the original copper car-
bonate minerals used in the pigment layer, proving that
the degradation is only partial [18, 26, 27, 29, 30, 71]; (2)
when the original copper carbonates are dissolved by
oxalic acid, copper oxalate has been detected [26, 70];
(3) when gypsum is first dissolved by oxalic acid, cop-
per sulphate has also been detected [30, 71]. The FTIR
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Table 7 Semi-quantitative concentrations of the average
composition of the yellow paint layer in £IN 1059

Element Yellow layer As,S; Pb,Sn0O, Pb,Sb,0,
orpiment lead-tin lead-
yellow antimonate
yellow
wt% 0.95 14 99
Mg 0.21
Si 3.90
S 0.79 0.37
K 0.27
Ca 8.99
Ti 0.06
Fe 0.97
As 0.58 0.58
Sr 0.15
Sn 028 028
Sb 3.12 3.12
Pb 16.2 097 530

Semi-quantitative concentrations of the average composition of the yellow
paint layer derived from LA-ICP-MS using an interpolation between the count
rates of a 1 ppb multi-element standard (ICP multielement standard solution
XXI for MS, by Accustandard), and using the average count rate of Ca 44 over
the white ground layer assuming the Ca concentration was 40 wt% here
corresponding to pure calcite

Using this assumption, the S and Sr concentrations of the white ground layer
were found to be 0.8 and 1.6 wt%, respectively. All concentrations are in weight
percent. The RSD uncertainties are probably not better than c. 20%

spectrum of ZIN 1060 displayed neither copper oxalate
nor copper sulphate. Furthermore, the detection of mala-
chite is uncertain and even if the low intensity peaks can
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be referred to this mineral phase, the signal is still very
weak. Therefore, our results are not pointing towards the
degradation of copper carbonates.

Assuming for a moment that the hypothesis of the
presence of an original copper chlorine-based pigment
is correct, oxalic acid would have attacked the calcium-
rich phases (calcite or gypsum) but the quantity was not
enough to degrade the copper chlorines. However, it is
unclear if a massive load of Cl™ ions or the long timescale
in which the reaction could have occurred could produce
the observed result after degradation of copper carbon-
ates. According to these facts, it seems most likely that
the atacamite found was an original pigment, but the
possibility of the degradation of copper carbonates can-
not be entirely dismissed.

Interestingly, the condition of the green paint layers
differs significantly. There appears to be a correlation
between the presence of yellow-painted areas and the
forming of a brown-black crust on the green-painted
ones (ZIN 1059 and 1060). Indeed, orpiment is known
to be incompatible with sulphur-sensitive compounds
including many Pb- and Cu-based pigments. When
decomposing, orpiment releases sulphur which can react
with the Pb and Cu, forming dark lead and copper sul-
phides [65, 72]. Egyptian blue, which is a very stable pig-
ment with a relatively low concentration of Cu, appears
much less affected by the presence of orpiment (ZEIN
1059). Interestingly, the Pb-based compounds present
in the yellow paint layer appear unaffected by the pres-
ence of sulphur. Indeed, lead—antimonate yellow is a very
stable pigment which is reported to be compatible with
all historical pigments [73]. Lead—tin yellow is also quite
stable and is unlikely to react with other pigments and
airborne impurities unless dispersed in a pure aqueous
medium such as gum Arabic [74].

Yellow pigments
The yellow paint layers contain a puzzling combination of
constituents. The identification of orpiment is consistent
with our current knowledge of ancient Egyptian painting:
the pigment has been identified in several ancient Egyp-
tian contexts from the 12th Dynasty onwards including a
26th-Dynasty coffin [38]. It would appear that pure orpi-
ment was reserved for the rendering of golden details on
sarcophagi and papyri whereas mixtures of orpiment and
yellow ochre were used for larger surfaces in wall paint-
ings [4]. The yellow pigment mixture identified in yellow-
painted areas on the fragments examined might reflect a
similar practice.

In addition to orpiment, Pb, Sb, and Sn have been iden-
tified in the yellow paint layers on ZAIN 1058, 1059, and
1060. For AIN 1059 and ZIN 1060, detailed analyses
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have been conducted with LA-ICP-MS and p-XRPD.
The most likely identification is a mixture of lead—tin
yellow (Pb,SnO,, c. 9.9 wt%), lead—antimonate yellow
(PbySb,Oy, c. 1.4 wt%) with traces of Ag and Cu, and
orpiment (As,Ss, c. 0.95 wt%). The fact that neither of the
lead oxides is known to have been used as a pigment in
Antiquity could suggest modern intervention. Indeed,
lead—antimonate yellow has been identified on eight-
eenth century repairs on a coffin from the late 22nd to
early 25th Dynasty [75]. However, several lines of argu-
ments make modern intervention unlikely.

Firstly, examining the paint layers and the cross-sec-
tions representing them, there is no reason to suspect
repainting. If repainted, the secondary application should
be easily distinguishable from the original one. The LA-
ICP-MS analysis confirms that the yellow paint layer
(ZIN 1059) is a somewhat heterogeneous pigment mix-
ture. In fact, the concentrations of the more exotic ele-
ments are highest towards the bottom of the paint layer

examined. Thus, all of the pigments identified were
clearly added as a mixture. It should also be noted that
the large, pale inclusions of variable sizes and shapes
seen in the cross-sections are not in congruence with
pigments and paints of the late eighteenth or nineteenth
century, which were of a much more heterogeneous
composition.

Secondly, since the fragments examined were acquired
directly from the excavation there would have been no
occasion to touch up the paint layers in order to accom-
modate the taste of potential buyers. According to the
conservation records at the Ny Carlsberg Glyptotek, the
fragments have not received any treatment since their
arrival. It is true that Petrie often applied wax to the sur-
face of objects from his excavations [76]. Indeed, paraffin
appears to have been applied to part of the decoration on
ZIN 1045 [1]. Although this is clearly an act of modern
intervention, it is very important to distinguish between
a conservation treatment carried out in order to preserve
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Table 8 Summary of the results of the analyses

Inv. no. Colour Pigments
AIN 1048  White Gypsum and possibly calcium carbonate
Blue Egyptian blue
Green Atacamite
AIN 1058  White Mostly calcium carbonate with traces of
gypsum
Green Atacamite
Yellow Lead-based component and orpiment
AIN 1059  White Calcite
Blue Egyptian blue
Green Atacamite
Red Haematite
Yellow Orpiment, lead-tin yellow, lead-antimonate
yellow
AIN 1060  White Calcite with gypsum
Green Atacamite
Light yellow  Calcite with orpiment
Yellow Orpiment, lead-tin yellow, lead-antimonate

yellow

what remains and restoration performed in order to
improve the appearance of it. Whereas the first appealed
to Petrie, the latter surely did not.

Thirdly, neither lead—tin yellow nor lead—antimonate
yellow appears to have been readily available at the
beginning of the twentieth century. In fact, lead—tin yel-
low has only been identified in European paintings from
c. AD 1300 to 1750 and was only rediscovered three dec-
ades after the acquisition of the painted fragments [8, 74].
Lead—antimonate yellow as well as similar ternary oxides
of lead, tin, and antimony (Pb,SnSbO ;) have been in use
since the early sixteenth century. Both antimony-based
yellows were gradually replaced by lead chromate and
cadmium sulphide pigments in the nineteenth century.
During this transitional period, the lead—antimonate
yellows were often adulterated with the pigments which
would eventually take their place [8, 73]. Thus, it cannot
be ruled out that it was possible to obtain unadulterated
lead—antimonate yellow and lead—tin—antimonate yel-
low in 1909. Summing up, the notion of Petrie partially
repainting the decoration appears groundless and out of
character. Furthermore, obtaining the pigments in ques-
tion at the beginning of the twentieth century appears to
have been quite difficult. More importantly, the choice of
these pigments seems completely unmotivated. It sim-
ply defies logic that Petrie should have made any kind of
effort to obtain historically incorrect pigments.

When assessing the possibility of an ancient ori-
gin, lead—antimonate yellow, the dominant pigment in
the mixture identified, is the obvious starting-point.
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Interestingly, lead—antimonate yellow was used as a
colourant and opacifier in ancient Egyptian glass and
faience production from the 18th Dynasty onwards [73,
77, 78]. However, the fact that lead—antimonate yellow
has been identified in the glass does not necessarily mean
that it was added to the melt in this form. For example,
Roman versions appear to have been produced by add-
ing e.g. lead—antimony-silica mixtures [79]. When pro-
duced from a silica mixture, the lead—antimony oxides
form in the melt and are thus not accessible in pigment
form. However, a replication study by Molina et al. [80]
concludes that ancient Egyptian lead—antimonate glass
was produced by adding an actual lead—antimonate pig-
ment to raw colourless glass. This pigment would have
been made by firing a mixture of lead and antimony
oxides [80] which is in congruence with the much later
European recipes for lead—antimonate-yellow pigments
for painting [8, 73]. Since the glass specimens examined
in the referenced as well as other studies are from the
New Kingdom [81-83], all of the conclusions drawn may
not apply to glass production in the 26th Dynasty. Thus,
lead—antimonate yellow glass from the reign of Apries
may contain Sn even though examined specimens from
the New Kingdom do not [77].

In contrast to lead—antimonate yellow, lead—tin yel-
low has not hitherto been attested in the archaeological
record from ancient Egypt. Tin-based opacifiers appear
to have been introduced during the Ptolemaic Period, c.
300 years after the palace was decorated [77]. As men-
tioned, Sn identified in copper-based glass, faience,
and pigments from ancient Egypt indicates that bronze
rather than copper was used for the production suggest-
ing recycling of materials [9, 67]. Judging from the mate-
rial published so far, lead, lead alloys, and tin alloys were
quite common in ancient Egypt, whereas tin and lead—
tin alloys were rare [84]. Considering the cost of metal,
it is likely that lead and lead—tin alloys were recycled as
well. The use of a, possibly recycled, lead—tin alloy could
explain the presence of Sn in the pigment mixture. Given
the seeming rarity of lead—tin alloys [84], it is worth con-
sidering the possibility of a natural tin-containing lead
compound. It is possible that the lead compound used
was sourced from a locality where it occurs together
with tin-bearing minerals. Ancient Egyptian glass con-
tains small amounts of Fe and Zn whereas Roman glass,
for instance, contains small amounts of Fe and Sn. The
compositional differences indicate that the lead was
sourced from different localities [81]. In Egypt lead was
extracted from cerrusite (PbCO;) and galena (PbS) ores
[84]. The latter often occur with sphalerite (Zn,Fe)S [8]
which seems a probable source of the Fe and Zn gener-
ally detected in glass from ancient Egypt and in the yel-
low paint layers examined in this study. It is possible



Hedegaard et al. Herit Sci (2019) 7:54

that Sn was included in the lead compound in a similar
manner via one of the tin-bearing minerals associated
with galena. Similar scenarios pertain to the antimony
compound.

Interestingly, the excess of lead identified in this study
(cf. Table 7) is concordant with the composition of lead—
antimonate-yellow glass from the New Kingdom [80].
It is generally argued that excess lead facilitates the ini-
tial formation of lead antimonate, the mixing of the pig-
ment into the colourless glass as well as the subsequent
stability of the lead antimonate within the glass [79, 83].
Thus, the excess of lead supports an origin in ancient
Egyptian glass making. In sum, it appears that a tin-con-
taining lead—antimonate pigment was available in Egypt
in the 26th Dynasty. Considering that both lead—tin yel-
low and lead—antimonate yellow, when (re)invented in
the fifteenth century, were first used in glass production
from whence it found its way to the painters’ palettes [73,
74], an analogue scenario for lead—antimonate yellow in
ancient Egypt seems quite feasible.

Apart from the addition of white pigments, mixtures
of three pigments are generally associated with deg-
radation products or otherwise unintended additions.
The few examples of mixtures containing three colour-
ful pigments all pertain to papyri [4]. As mentioned, low
concentrations of Fe detected in the yellow paint layers
could indicate the presence of ochre. However, ochre
was not detected in the p-PXRD pattern. Ochre could
also be associated with surface dirt or impurities in the
other components of the paint layer. Published examples
of pigment mixtures suggest a two-component approach.
Given our knowledge of ancient Egyptian pigment mix-
tures, Fe was probably not introduced intentionally.
It would appear that the yellow pigment mixture was
intended as a mixture of lead—antimonate yellow (con-
taining lead—tin yellow) and orpiment. Based on the
semi-quantitative concentrations presented in Table 7,
the lead—antimonate yellow pigment contains c. 14%
lead—tin yellow whereas the pigment mixture contains c.
8.4% orpiment.

Conclusion

This study gives an account of the inorganic pigments
found in the polychromy of the painted architectural
fragments from the Palace of Apries in Memphis, Egypt
(26th Dynasty, c. 589-568 BCE). The palette identi-
fied includes gypsum, calcite, Egyptian blue, haematite,
lead—antimonate yellow, lead-tin yellow, orpiment,
and probably atacamite. Most of these pigments are
paralleled by known examples of ancient Egyptian
painting. However, lead—antimonate yellow and lead—
tin yellow constituting the greater part of the pigment
mixture used for the yellow-painted areas have not
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hitherto been identified in ancient painting. It appears
unlikely that the paint layers have been applied since
the excavation in 1909.

Lead—antimonate yellow is known from Egyptian
glass production from the 18th Dynasty onwards.
Indeed, the composition of the pigment identified in
this study resembles the reported composition of the
lead—antimonate-yellow pigment used for glass pro-
duction in ancient Egypt. Thus, the small amounts
of Fe and Zn contained in the pigment used for glass
production could account for the small amounts of Fe
and Zn detected in the paint layer. Likewise, the excess
of lead, probably intentionally added to the pigment
for glass production, could account for the excess of
lead detected in the pigment. This would also serve
to emphasise that the pigment used for the painted
decoration was produced using a recipe for lead—anti-
monate-yellow glass. Unlike lead—antimonate yellow,
lead—tin yellow has not previously been attested in
ancient Egyptian glass. Tin oxide is known from Egyp-
tian glass production, but no Sn has been identified in
lead—antimonate-yellow glass thus far. However, given
the 500 years between the glass samples thus far ana-
lysed and the painted decoration examined here, it
is quite possible that the composition of the pigment
might have changed slightly. At present, we can only
speculate as to how Sn was included in the pigment—
most probable Sn was included in the firing of a lead
and an antimony compound producing a pigment con-
taining lead—antimonate yellow as well as lead—tin
yellow.

Fe detected in the paint layer could be present in the
form of surface dirt, impurities in the other components.
However, considering that ancient Egyptian colour mix-
ing is traditionally a two-component approach, Fe was
probably not introduced to the pigment mixture inten-
tionally. Thus, the yellow pigment mixture appears to
consist of lead—antimonate yellow containing lead—tin
yellow (c. 1/7) mixed with orpiment (c. 1/12).
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