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Abstract In this article, we discuss the geological, min-
eralogical, and geochemical characteristics of the pro-
posed sources of pigments used in the Wadi Sura rock
art, southwestern Egypt. Colors used in the paintings
include white, yellow, and several reddish hues ranging
from pale red to dark reddish brown, rare black, and
greenish hues. The results of Raman spectroscopy and
pXRF techniques on both raw coloring materials and
archaeological pigments show that the ancient artists
made extensive use of inorganic clay-based pigments,
e.g., kaolinite, associated with anhydrite and gypsum.
White raw coloring materials were recorded in the field
as thin laminated beds and lenses within the Silurian
sandstone bedrock and are also present in paleosol
layers and reworked fragments mixed with ocher. Raw
materials for red and yellow colors are represented by

clay-based mixtures of aluminosilicate with iron oxide,
hematite, goethite or magnetite, and gypsum. The amor-
phous carbon and romanechite, as well as goethite and
magnetite, could have been the components of the dark
brownish pigments widely used in the rock art of the
study area. Surprisingly, a content of lazurite was also
recognized among the raw materials, although this blue
pigment does not seem to have been used in the Wadi
Sura rock art panels (however, bluish and greenish
traces as violet reddish hues, along with bluish-
greenish yellow colors, are reported in the paintings).
Lazurite is not well known in the geology of Egypt and
has been detected in this study for the first time. The
results of our work indicate that access to the Silurian
sandstones, mainly located on the northwestern slope of
the plateau, may have been one of the factors for
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choosing this area of the Gilf Kebir for producing rock
art images.

Résumé Dans le présent article, nous examinons les
caractéristiques géologiques, minéralogiques et
géochimiques des sources de pigments qui auraient été
utilisés pour les peintures de l’Oued Sura au sud-ouest
de l'Égypte. Les couleurs présentes dans les peintures
comprennent le blanc, le jaune et même certaines nu-
ances de rouge, allant du rouge pâle au brun rougeâtre
foncé, ainsi que de rares exemples de nuances de noir et
de vert. Les résultats de la spectroscopie Raman et de
fluorescence des rayons X portable sur les matières
colorantes brutes et les pigments archéologiques
montrent que les anciens artistes employaient
généralement des matières premières de nature
inorganique à base d’argile: par exemple, kaolinite
associée à anhydrite et gypse. Des matières colorantes
blanches ont été également détectées sur le terrain sous
forme de minces couches stratifiées et de lentilles dans
le substrat rocheux de grès du Silurien, et ils sont
également présents dans des couches de paléosol et
des fragments retravaillés et mélangés à l'ocre. Les
matières colorants rouges et jaunes sont représentés
par ailleurs par des mélanges d’aluminosilicates à base
d’argile avec de l'oxyde de fer, de l'hématite, de la
goethite ou de la magnétite et du gypse. En outre, une
certaine quantité de carbone amorphe et romanèchite,
avec la goethite et la magnétite, pourrait être la
composante des pigments brun foncé largement em-
ployés dans l'art rupestre de cette zone archéologique.
Étonnamment, parmi les matières premières, la lazurite
a été identifiée, bien que ce pigment bleu ne semble pas
avoir été utilisé dans les panneaux d’art rupestre de
l’Oued Sura (cependant, nous avons observé des traces
bleuâtres et verdâtres sous forme de nuances violet-
rougeâtre, ainsi que des couleurs jaune bleu-
verdâtredans les peintures). La lazurite est mal connue
dans la géologie de l'Égypte, et vient d'être détectée pour
une première fois par la présente étude. Les résultats de
nos travaux peuvent indiquer que l’accessibilité aux grès
Siluriennes, situées principalement sur le coté nord-
ouest du plateau, peut avoir été l'un des facteurs qui
ont conduit à utiliser cet endroit du Gilf Kebir pour la
production de l’art rupestre.

Keywords WadiSura .GilfKebir . Rock art . Pigments .

pXRF . Raman spectroscopy

Introduction

The Gilf Kebir is a huge sandstone plateau in the Eastern
Sahara, located in southwestern Egypt. It is one of the
largest hyperarid regions on earth with ca. 2 mm of
average annual rainfall and potential evaporation of
several meters (Kröpelin 1987). The Gilf Kebir consists
of two extensive flat-topped plateaus connected by a
narrow rocky bridge (Embabi 2004): the northwest
Abu Ras Plateau and the southeast Kamal el Din Plateau
(Fig. 1). The height of the plateau surface decreases
from ca. 1000 m above sea level (asl) at its southern
part to ca. 500 m asl in the northern section, where it
merges with the dune fields of the Great Sand Sea of
Egypt. The Gilf Kebir is generally bounded by steep to
vertical cliffs (especially from south and western sides)
and rises more than 300 m above the surrounding desert
plains.

We investigated the Gilf Kebir plateau in the frame-
work of a program launched by the Egyptian-Italian
Environmental Cooperation that aimed at preserving
the natural biodiversity and cultural heritage through
the establishment of the Gilf Kebir National Park
(GKNP). We carried out a pilot study of this program
from 2010 to 2013. Our work focused on safeguarding
the prehistoric paintings at the three sites of Wadi Sura,
on the western side of the Abu Ras plateau (Fig. 2): the
Cave of Swimmers and the Cave of Archers (both also
known as Wadi Sura I) (Rothert 1952) and the Cave of
Beasts (Wadi Sura II or Foggini-Mestekawi Cave)
(Kuper 2013). All three areas are testimony to the cul-
tural heritage of the people who inhabited the region
during the early- and mid-Holocene.

Conservation work took place at the Cave of Swim-
mers and the Cave of Archers (Fig. 2a). The details of
that multidisciplinary study have been presented in pre-
vious publications (Barich 2010; Barich et al. 2018;
Tomassetti et al. 2016). This article focuses on the
sources of the pigments used to execute the rock art
paintings. From a general point of view, the analysis of
the ancient pigments can allow an in-depth understand-
ing of the technical process involved in producing the
painted scenes. More specifically, identifying the raw
material sources can allow a precise link to be
established between paintings and rawmaterial procure-
ment areas. In this article, we compare the results of
analyses conducted on the geological outcrops at Wadi
Sura with the results of the analysis on archaeological
pigments performed by Darchuk and colleagues atWadi

Afr Archaeol Rev



Sura and west of Dakhla Oasis (Darchuk et al. 2011).
We are aware that optimal standard procedures for the
analysis of archaeological and geological samples re-
quire the use of the same equipment for all materials
being compared, but this is currently impossible in
Egypt. Egyptian regulations do not allow pigment sam-
ples to be collected from any archaeological site for
analysis. We do not know the kind of authorization that
Darchuk and colleagues received for collecting the sam-
ples they analyzed in their study. Nevertheless, the
availability of this published data allowed us to under-
take the very first comparative study of archaeological
and geological data for ancient Egyptian rock art pig-
ments. Our initial objective was to increase the number
of raw material samples during the following field sea-
sons in the Gilf. However, due to the deterioration of the
security situation, the whole region, west of the Nile,
had become inaccessible since 2015.

Geological and Archaeological Contexts

The exposed rocks of Wadi Sura area are mainly of
Silurian strata (Fig. 1), made of thick-bedded white

fluvial to deltaic and partly shallow marine sandstone,
interbedded with some well-bedded siltstone and shale
(Issawi 1971; Klitzsch and List 1978). Generally, in the
southeastern part of the Abu Ras Plateau, the Silurian
strata are overlain by different stratigraphic units of
Jurassic to Upper Cretaceous age, which rest directly
on Precambrian basement rock south of Gilf Kebir
(Klitzsch 1983). The western, central, and northern parts
of the Abu Ras Plateau consist of glacial and fluvio-
glacial rocks of Devonian and Carboniferous age (Fig.
1). Basaltic hills and lava flow, apparently associated
with the northwest-southeast, northeast-southwest, and
north-south striking fault system, exist at the top of the
plateau (Franz et al. 1987). Generally, the plateau in the
Wadi Sura area is dissected north-south by deep, nar-
row, and short gullies surrounded by steep sandstone
cliffs. The floor of Wadi Sura is filled with Quaternary
sediments, which consist of Pleistocene alluvial sand
and gravels forming two terraces (T1 and T2); Holocene
alluvial and playa sediments in the deepest part of the
basin; and recent windblown sand and dunes (Fig. 3).

The Cave of Swimmers has a large entrance, facing
west-northwest and measuring between 15 m and 18 m
in width and about 9 m in height. The cave’s chamber is

Fig. 1 Geological map of the Gilf Kebir (Conoco Coral 1987); small white box shows the location of Wadi Sura
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c. 8-m deep, and its floor is covered by a thin layer of
windblown sand. The smaller Cave of Archers opens
just 40 m to the south of the former one. Its entrance is
10-m wide and 5-m high and has a west/southwest
orientation (Tomassetti et al. 2016, p. 914-915). They
were first explored during the expeditions carried out in
1933 by L. Almasy, L. Frobenius, H. Rhotert, and E.
Pauli (DIAFE XI), and in 1935 by L. Frobenius, H.
Rhotert, K. Marr, and others (DIAFE XII) (Rothert
1952). The Cave of Beasts, located ca. 10 km northwest
of the Caves of Swimmers and Archers (Fig. 2a), was
accidentally discovered onMay 11, 2002, by J. Foggini,
M. Foggini, and A. El Mestekawi. It bears thousands of
well-preserved painted human and animal figures, en-
graved animals, and a large number of hand stencils
(Kuper 2013).

The New Cave andWater Mountain are the two rock
art sites that yielded the archaeological pigments sam-
pled by Darchuk et al. (2011), which we compared with
our geological samples. New Cave is located on a west-
ern tributary of Wadi Sura, ca. 5 km north of the Caves
of Swimmers and Archers (Fig. 2a) (Darchuk et al.
2011, p. 34). It is a small shelter bearing several layers
of very well-preserved animal and human figures.
Zboray (2003, p. 123-125) had already reported the site
in 2002 under the name of WG 45 (erroneously
captioned in the paper's figures 38-42 as WG 47). In
his full inventory of the Libyan Desert rock art sites,
Zboray (2009) renamed the site as WG 35. It must be
stressed that only Fig. 1 of the article by Darchuk et al.
(2011, p. 35), showing a remarkably well-preserved
multilayered scene dominated by bovids, allows the

Fig. 2 Wadi Sura, Gilf Kebir: (a)
Location of the Wadi Sura caves;
(b) location of the proposed
sources of raw coloring materials
(PS) around Caves of Swimmers
and Archers
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reader to understand that New Cave and WG 45 are
indeed the same rock art site. For this reason, and in
order to avoid further confusion, we decided to refer to
the site as New Cave/WG 45 in this article. In his very
detailed description of the rock art panel, Zboray (2003,
p. 123-125) reports eight layers of paintings, mainly
showing the presence of bovids, but also characteristic
of the Wadi Sura style. In spite of this, the lack of
description of the site by Darchuk and colleagues makes
it impossible to infer which specific areas/layers were
sampled and whether particular sampled pigments were
associated with specific figures/styles.

Likewise, in the case of Water Mountain, the arti-
cle by Darchuk et al. (2011, p. 34) does not provide
any useful information that can help the reader un-
derstand the precise location of the rock art site or the
exact location of the sampled area. The site’s descrip-
tion is limited to the following generalization: “pre-
historic rock-paintings of probably around 8000
years old have been discovered on the ceiling and…
the wall of the Water Mountain.” This likely refer-
ences “Djedefre’s water mountain,” which is c.
80 km southwest of Dakhla Oasis, and c. 360 km
northeast of Wadi Sura. Taking into consideration
that the area, according to Peter Schonfeld, is

reported to have more than a hundred prehistoric rock
art sites (Riemer 2009, p. 36), the lack of information
about the precise area of sampling prevents any fur-
ther interpretation.

Generally, the painted surface of Wadi Sura is very
rough, and the sandstone is mainly fine to medium
grained with few cementing materials (Fig. 4a). Paintings
of Wadi Sura are generally monochromatic with occa-
sional bichromatic elements. A few color types were used
in the paintings: dark and light red, yellow, and white
(Krause et al. 2013, Fig. 5). Several small details made in
yellow or white are also present on different figures.
Other commonly used colors are dark yellow (10YR
6/8) (Fig. 4b), bright yellow (10YR7/8) (Fig. 4c), dark
red brown (10R 3/2) (Fig. 4d), light red, and rare yellow-
ish brown (10YR 5/8) (Tomassetti et al. 2016, p. 917). In
most cases, a white layer, presumably kaolinite, is record-
ed underneath the red or yellow pigments (Fig. 4b, c, and
d). The palette of colors in the paintings of Wadi Sura
could easily have been obtained from the three sources
we have identified (Krause et al. 2013, Fig. 5).

The entire Gilf Kebir has yielded evidence of human
occupation dated to the Late Pleistocene and Holocene.
The Holocene occupation of Gilf Kebir is attributed to
three main phases: Gilf A, 8500–6500 cal. BC; Gilf B,

Fig. 3 Schematic, geologic cross section of the area, Wadi Sura, Gilf Kebir
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6500–4400 cal. BC; and Gilf C, 4400–3500 cal. BC
(Riemer 2013; Riemer et al. 2017, Fig. 6). The motifs of
the Wadi Sura paintings are typical for the so-called
Wadi Sura style (Zboray 2009), thought to be associated
with the Gilf B phase (Riemer et al. 2017, Fig. 6), while
some cattle figures are possibly related to the Gilf C
phase. Human figures are among the most commonly
occurring images (Fig. 7a). The figures are of different
sizes and are depicted in various postures (standing,
walking, dancing, swimming, or floating). Among ani-
mal figures, wild species include giraffes, gazelles, and
ostriches (Fig. 7b). The rock art of the Gilf Kebir indi-
cates significant changes in the human responses to
fluctuating climatic conditions. The climate of Gilf
Kebir changed from hyperarid into a savannah-like en-
vironment due to a monsoonal rain front shifting from
the south during the ninth millenniumBC (Gilf A phase)
(Kröpelin 1987; Riemer et al. 2017). The Gilf Kebir
plateau was subsequently re-occupied by human
groups, who were pottery-using hunter-gatherers (Gilf

B phase). The appearance of the first domestic livestock
(c. 6000 cal. BC) was followed c. 5300 BC, by the
retreat of the monsoonal rains that triggered the gradual
return of desert conditions in the northern part of the
Eastern Sahara (Riemer et al. 2017, Fig. 6).

Materials and Methods

Materials

The geological fieldwork included the identification of
rock types and their stratigraphic settings in Wadi Sura
and the collection of iron-bearing mineral samples from
three different outcrops that we named “proposed
sources 1–3” (Figs. 2b and 3):

Proposed Source 1 (PS1) is represented by
paleosols and pedogenetic iron-rich crusts within
the Silurian Um Ras Sandstone. These paleosols are
also reworked from their primary setting to form

Fig. 4 Caves of Swimmers and Archers, Wadi Sura, Gilf Kebir.
Digital microscope images of the archaeological pigments: (a)
highly porous, rough surface of the sandstone; (b) irregularly
distributed dark yellow pigments with scattered reddish pigments;

(c) bright yellow pigments with few reddish brown pigments; (d)
intensive reddish pigments with streaks of white pigments. The
presence of white kaolinite underneath the painted layer can be
noticed in b, c, and d
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large blocks and boulders at the top of Terrace 2 and
the floor of Wadi Sura at the front of the caves (Figs.
3, 6a; Table 1). Lithologically, the mudstone of PS1
includes different colors, textures, and mineral com-
position: a mixture of pink-red and yellowish clay
minerals (Fig. 5a); reddish brown clay minerals dis-
seminated in large white kaolinite fragments (Fig.
5b); banded iron oxides mineral and white kaolinite
(Fig. 5c); and kaolinite clastic in reddish brown iron
oxide clayey matrix (Fig. 5d).

Proposed Source 2 (PS2) is characterized by iron-
rich mudstone strata of the Um Ras Formation, located
ca. 100 m south of the Cave of Archers (Fig. 6b). The
mudstones were deposited in a floodplain sedimentary
environment and occur mainly as lenses and thin layers
within the cross-bedded sandstone of Um Ras
Formation.

Proposed Source 3 (PS3) consists of ferruginous
sandstone, occurring as thin layers in the Um Ras Forma-
tion bedrock, and fractures and joints (Fig. 6c). Kaolinite
clasts are also present in the sandstone bedrock (Fig. 6d).

The analysis of the samples collected from these
three sites was compared with the published data of
archaeological pigments (samples 1–5) collected by
Darchuk et al. (2011). The latter show inhomogeneous
textures typical of natural earth, with grains of different
colors ranging in size, 4–10 μm (Darchuk et al. 2011, p.
35). Samples 1–3 came from New Cave/WG 45, while
samples 4 and 5 from the Water Mountain (Darchuk
et al. 2011, p. 34). The classification of the color of the
archaeological pigments is reported here following the
original study (Darchuk et al. 2011, p. 37-38).

Methods

Six samples from five locations of PS1 and one sample
each from PS2 and PS3 were analyzed using pXRF and
Raman spectroscopy (Fig. 2b; Table 1). These samples
were selected based on color, bedrock setting, geologic
formation, and their presence on the different terraces. In
the current study, we selected five samples from PS1
because this proposed source is in different geological

Fig. 5 Hand specimen photographs of PS1: (a) mixture of color
hues of red, violet, and yellow; (b) dark brown (goethite and
magnetite), red, and yellow minerals associated with large

kaolinite; (c) banded red hematite and white kaolinite; (d) white
kaolinite clasts in red (hematite) and reddish brown (goethite)
matrix
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settings characterized by bedrock, reworked fragments
in the Wadi Sura floor, and terraces (see Fig. 2). There-
fore, we selected one sample representing each setting.
On the other hand, only one sample was collected from
PS2 and PS3, respectively, because each of these pro-
posed sources is in a single geologic setting.

The colored parts of each sample were separated for
analysis, and some samples were subjected to both geo-
chemical and Raman analyses. In contrast, others, espe-
cially from PS2 and PS3, were subjected to pXRF anal-
ysis only (see Table 1). The six samples of red, reddish
brown, and yellow colors from PS1, one sample from
PS2, and one from PS3 (Fig. 2b; Tables 1 and 2) were
subjected to pXRF analysis using an Oxford Instruments
X-MET 7500 portable XRF analyzer in the Sedimentol-
ogy Laboratory of Cairo University, Egypt. The X-ray
tube is a 45KV Rh target with a silicon drift detector. The
dwell time is 25.6 s, and the acquisition time is 60.5 s
under a Mining LE FP setting. The samples were ground
into a fine powder (~ 100μm) and analyzed in a sample
cup fitted with thin polypropylene film (6 μ in thickness).

Finally, we applied one single pXRF measurement on
each sample. Measuring was carried out using two
modes: the mining mode for Fe, Mn, and Ni; and the soil
mode for K, Al, and Ca. Before measuring the samples,
two standards were measured to calibrate the instrument:
standard GBM306-12 for mining mode and standard
CRM043 for soil mode.

The same six samples were also analyzed using
Raman spectroscopy (Table 1). The Raman measure-
ments of the fresh rock fragments were performedwith a
commercial micro-Raman setup (HR LabRam inverse
system, Jobin–Yvon Horiba) at the Institute of Physical
Chemistry, Friedrich Schiller University, Jena, Germa-
ny. The Raman scattering was excited by a frequency-
doubled Nd/YAG laser at a wavelength of 532 nm with
a laser power 20 μW incident on the sample. The laser
beam was focused on the sample, using a Leica PL
Fluotar × 50 microscope objective down to a spot di-
ameter of approximately 0.7 mm. The Raman scattered
light was deployed by a Peltier-cooled charge-coupled
device (CCD) detector. The integration time for each

Fig. 6 Field photographs of (a) blocks of PS1 on the floor ofWadi Sura; (b) ferruginous mudstone of PS2; (c) ferruginous sandstone of PS3;
(d) kaolinite clasts in the sandstone bedrock
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Raman spectrum is 120 s. To obtain a more comprehen-
sive understanding of the characteristics of colors and
painting techniques, we carried out an observation of
archaeological pigments in the Caves of Swimmers and
Archers using a USB digital microscope at magnifica-
tions up to 500 ×. The USB digital microscope was
placed in direct contact with the rock art pigments to
recognize the different colors, intensity and distribution
of color, and the substrate of the pigments.

Results and Discussion

Raw Coloring Materials

All the raw materials from PS1 have colors correspond-
ing to the archaeological pigments, where red, red
brown, and yellow colors are distributed within white

kaolinite. Reddish colors, and to a lesser extent, yellow,
are available in PS2, mixed with white kaolinite. Due to
the thin laminated structure of PS2, small colored frag-
ments of raw material up to 10-cm long and few milli-
meters wide are present as loose pieces. In samples from
PS3, colored reddish brown raw materials only occur as
the coating of quartzose sandstone. The raw materials,
selected for their chromatic variety and different quali-
ties, were collected and then crushed and pulverized
using grinding stones, which may also have been used
as palettes (di Lernia et al. 2016). One grinding stone
was found close to the Cave of Swimmers, showing
clear reddish color residues (Fig. 8). Once reduced to
powder, the material could have been dispersed in water
and then applied to the surface. Although no specific
analyses have been carried out to identify organic
binders, our study (see below) suggests that binders
were not used to execute the Wadi Sura paintings.

Fig. 7 Human and animal figures
painted in the Cave of Swimmers
(a) and in the Cave of Beasts (b),
Wadi Sura, Gilf Kebir
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Geochemical Characteristics (pXRF)

Geochemical Composition

The chemical composition of the raw coloring materials
from the proposed Wadi Sura sources shows similar
elemental distribution to the archaeological samples,
especially those from New Cave/WG 45 (Table 2). For
example, PS1 shows silicon (Si) content ranging from
29% (PS1-5–brownish-red) to 35% (PS1-3–yellow) and
aluminum (Al) from 2.1% (PS1-2a–yellow) to 3.6%
(PS1-2b–red and PS1-5–brownish-red). These corre-
spond, respectively, to the Si content range of 28.1–
33.8% detected in the samples from New Cave/WG 45
and the 2.07–3.04% Al range from the New Cave/WG
45 andWater Mountain archaeological pigments. Much
like the archaeological pigments, samples from PS1
show low potassium (K) and calcium (Ca) contents.
On the other hand, raw coloring materials from PS2
and PS3 show markedly different elemental composi-
tions from the PS1 samples. The sample from PS3
(ferruginous sandstone) has low Al, K, and Ca contents

but the highest Si and iron (Fe) contents (55% and 23%,
respectively) of all the samples analyzed. On the other
hand, the PS2 sample (ferruginous mudstone) shows the
highest Al, K, and Ca contents (9.2%, 2.3%, and 4.2%,
respectively).

The elemental composition of the archaeological pig-
ments from New Cave/WG 45 comprises Si, Al, Fe,
titanium (Ti), Ca, K, vanadium (V), chromium (Cr),
manganese (Mn), and zinc (Zn). The Si content ranges
from 28.1% (sample 1—violet reddish) to 33.8% (sam-
ple 2—yellow gold); only sample 4 (orange red) from
Water Mountain shows a lower Si content. The ranges
for Al are between 2.07% (sample 3—dark yellow) and
3.04% (sample 1—violet reddish). The Fe contents from
New Cave/WG 45 range from 1.45% (sample 1—violet
reddish) to 3.48% (sample 3—dark yellow); samples 4
and 5 from Water Mountain show a lower Fe content
(respectively, 0.51% and 0.89%). The New Cave/WG
45 samples have Ti contents ranging between 0.448%
(sample 3—dark yellow) and 0.60% (sample 1—violet
reddish); samples 4 and 5 fromWater Mountain show a
lower Ti content, 0.092% and 0.245%, respectively

Table 1 Provenance, colors, method of analysis, and references of all archaeological pigments and raw coloring materials samples

Sample Site/location Color Method Reference

Archaeological
pigment 1

New Cave/WG
45

Violet reddish X-ray fluorescence; micro-Raman spectros-
copy

Darchuk et al.
2011

Archaeological
pigment 2

New Cave/WG
45

Yellow gold X-ray fluorescence; micro-Raman spectros-
copy

Darchuk et al.
2011

Archaeological
pigment 3

New Cave/WG
45

Dark yellow X-ray fluorescence; micro-Raman spectros-
copy

Darchuk et al.
2011

Archaeological
pigment 4

Water Mountain Orange red X-ray fluorescence; micro-Raman spectros-
copy

Darchuk et al.
2011

Archaeological
pigment 5

Water Mountain Brown red X-ray fluorescence; micro-Raman spectros-
copy

Darchuk et al.
2011

PS1-1
Raw coloring material.

23° 35′ 43″ N
25° 14′ 15″ E

Red Portable X-ray fluorescence; Raman spec-
troscopy

Present work

PS1-2a
Raw coloring material

23° 35′ 42″ N
25° 14′ 05″ E

Yellow Portable X-ray fluorescence; Raman spec-
troscopy

Present work

PS1-2b
Raw coloring material

23° 35′ 42″ N
25° 14′ 05″ E

Red Portable X-ray fluorescence; Raman spec-
troscopy

Present work

PS1-3
Raw coloring material

23° 35′ 41″ N
25° 14′ 10″ E

Banded iron oxides
mineral and white kaolinite

Portable X-ray fluorescence; Raman spec-
troscopy

Present work

PS1-4
Raw coloring material

23° 35′ 38″ N
25° 14′ 03″ E

Kaolinite clastic in reddish
matrix and orange yellow

Portable X-ray fluorescence; Raman spec-
troscopy

Present work

PS1-5
Raw coloring material

23° 35′ 34″ N
25° 14′ 01″ E

Greenish and bluish-yellow;
brownish-red

Portable X-ray fluorescence; Raman spec-
troscopy

Present work

PS2
Raw coloring material

23° 35′ 32″ N
25° 14′ 10″ E

Red and brown Portable X-ray fluorescence Present work

PS3
Raw coloring material

23° 35′ 30″ N
25° 13′ 47″ E

Red and brown Portable X-ray fluorescence Present work
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(Darchuk et al. 2011, p. 36, Table 2). Potassium (K) and
Ca are present in low percentages in all the samples,
while V shows high values (281 and 310 ppm, respec-
tively) in samples 2 (yellow gold) and 3 (dark yellow)
from the New Cave/WG 45. The Cr, Mn, and Zn levels
are generally homogeneous in the different colors, but
sample 4 (orange red) fromWater Mountain shows low
Cr and Zn contents. The archaeological pigments’
chemical composition indicates sedimentary clay and
non-carbonate sources (Darchuk et al. 2011). The com-
parison between the geochemical composition of the

archaeological pigments and proposed source materials
shows some significant differences in the element con-
centration. These differences probably reflect transfor-
mation processes carried out by the prehistoric artists.
For example, archaeological samples show a lower con-
tent of V than the raw materials. Vanadium (V) is
always concentrated in feldspar mineral, which mostly
occurs in sand grain size. Coarse grains are most likely
to be removed during the mixing of raw materials in
water before painting, leading to a lower concentration
in the final product than the raw material.

Table 2 Chemical composition of the archaeological pigments (Darchuk et al. 2011) and raw coloring materials from PS1, PS2, and PS3

Archaeological pigments (Darchuk et al. 2011) Raw coloring materials (this study)

Sample 1 Sample
2

Sample
3

Sample
4

Sample
5

PS1-1 PS1-
2a

PS1-
2b

PS1-3 PS1-4 PS1-5 PS2 PS3

Violet
reddish

Yellow
gold

Dark
yellow

Orange
red

Brown
red

Red Yellow Red Yellow Orange
yellow

Brownish-
red

Red/
brown

Red/
brown

Si (%) 28.1 33.8 31 18.5 29 34 31 32 35 32 29 30 55

Al (%) 3.04 2.89 2.07 2.73 2.57 3.2 2.1 3.6 3 2.6 3.6 9.2 2

Fe (%) 1.45 3.17 3.48 0.51 0.89 4.23 4.4 4.7 4.93 5.95 6.56 15 23

Ti (%) 0.60 0.507 0.448 0.092 0.245 0.414 0.456 0.458 0.46 0.468 0.377 0.02 0.3

Ca (%) 0.033 0.068 0.046 0.096 0.196 0.08 0.03 0.04 0.07 0.05 0.08 4.2 0.04

K (%) 0.037 0.162 0.079 0.127 0.739 0.0327 0.0294 0.094 0.1527 0.088 0.079 2.3 0.02

V (ppm) 101 281 310 43 38 420 277 279 121 115 227 100 320

Cr (ppm) 15 18 16 4 15 23 4 21 18 16 23 30 11

Mn (ppm) 32 54 46 32 20 48 28 67 68 64 64 600 700

Zn (ppm) 152 184 128 57 187 66 70 68 80 61 73 200 100

Fig. 8 Lower grinding stone with
traces of coloring material, found
close to the Cave of Swimmers
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Binary Relationships

We explore the binary relationships between the elements
mentioned above to understand the geochemical similar-
ities between the archaeological pigments and the raw
material sources (Fig. 9). A binary relationship between
Al vs. Si (Fig. 9a) shows that the samples of raw coloring
materials from PS1 are clustered in two distinct fields,
corresponding to yellow and red colors. Red samples
show higher Al content than yellow samples. In terms
of elemental composition, yellow raw materials match
well with the archaeological pigments from New Cave/
WG 45. The PS3 sample is plotted outside these two
fields, in an area with higher Si content, while the PS2
sample (ferruginous mudstone), characterized by high Al
content, plots outside the diagram range.

The Ca vs. K diagram shows that the raw materials
from PS1 are mainly plotted in two fields made up of
two red and one yellow samples, with relatively high Ca
and variable K contents, and two yellow and one red
samples, showing lower Ca and K contents (Fig. 9b).
The PS3 sample is consistent with the second field
above, while the PS2 sample, characterized by higher
Ca and K contents, plots outside the diagram range.
Once again, as for elemental composition, the raw ma-
terials match well with the archaeological pigments
from New Cave/WG 45. Sample 4 from Water Moun-
tain shows Ca and K values consistent with that of the
first field above, but sample 5, characterized by the
highest Ca and K contents, plots in an entirely different
area of the diagram.

Generally, Ti is concentrated in the end-products
resulting from intense weathering; but Fe is retained in
the final residue only in oxidizing conditions, typically in
paleosols of semi-arid savannas with high temperature
and wetting/drying alterations. Previous geological stud-
ies (Issawi 1971) show that the Gilf Kebir area was
located close to the Equator during the Silurian period,
the time of the deposition of the PS1 paleosol. The Fe vs.
Ti diagram (Fig. 9c) shows that the analyzed raw mate-
rials are mainly clustered in one field, including two red
and two yellow samples, with a relatively high content of
both Ti and Fe. The remaining two samples (one red and
one yellow) show even higher Fe content. Raw materials
from PS2 and PS3, represented by higher Fe and Ti
contents, plot outside the diagram range. PS1 raw mate-
rials, however, plot close to the yellow archaeological
pigments 2 (yellow gold) and 3 (dark gold) from New
Cave/WG 45. Sample 1 (violet reddish) from New Cave/

WG 45, which shows relatively high Ti content, and
samples 4 (orange red) and 5 (brown red) from Water
Mountain, characterized by a low content of both Fe and
Ti, plot in a completely different area of the diagram.

Fig. 9 Binary relationships of different chemical elements of the
archaeological pigments (Darchuk et al. 2011), and raw coloring
materials from PS1, PS2, and PS3: (a) Al vs. Si (PS2 plots out of
range); (b) K vs. Ca (PS2 plots out of range); (c) Fe vs.Ti (PS2 and
PS3 plot out of range)
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Hierarchical Cluster and Principal Component
Analyses

Hierarchical cluster analysis of the geochemical data
provides a rapid method for obtaining an initial impres-
sion of possible groupings. The data points within each
cluster are similar, whereas the data points in different
clusters have different characteristics. TheWardmethod
of cluster analysis was used to confirm the similarities of
the total chemical composition of the archaeological
pigments and raw coloring materials (Fig. 10). The
Ward method minimizes the total within-cluster vari-
ance in the data, i.e., at each step, the pair of clusters
with the minimum cluster distance is merged. TheWard
method consistently placed eight samples in one cluster:
two archaeological pigments (sample 2—yellow gold
and sample 3—dark yellow) along with the six raw
material samples from PS1. Two samples of archaeo-
logical pigments (sample 1—violet reddish and sample
5—brown red) are present in one cluster as a first-order
cluster with the previous one. The dendrogram also
shows that only one archaeological pigment (sample
4—orange red) coexists in the same cluster as PS2.

Using PCA, the large multivariate dataset can be
simplified by reducing it to a set of principal com-
ponents (PCs), which are the eigenvectors of the
dataset’s correlation matrix. The PCA results of 10
geochemical elements from 13 archaeological pig-
ments and raw material samples are shown in Ta-
ble 3 and Figs. 11 and 12. The three major princi-
pal components (PC1, PC2, and PC3) explain the
84.6% variance of the original data structure
(Table 3, Fig. 11a and b). The data, shown in bold
in Table 3, indicate relatively higher loading and

contribution to the responding components. PC1
explains 48.24% of the total variance and has high
loadings on Al, K, Ca, Co, and Zn (Fig. 11a). PC2
accounts for 25.4% of the total variance, which is
positively correlated with Si, Fe, and Mn, indicat-
ing the impact of Fe- and Mn-bearing minerals on
proposed sources PS2 and PS3. Among total vari-
ance, 11% is explained by PC3. It is characterized
by Ti and V (Fig. 11b).

Additional comparisons between the archaeological
pigments of Wadi Sura and potential sources of raw
coloring materials were explored using PCA to deter-
mine which elements in our dataset contributed most
significantly to the data variance. A plot of the loadings,
based on the correlation of the principal components
with the original variables, is used to achieve this pur-
pose (Fig. 12). From the plot, two principal components
characterize approximately 73.6% of the variation in the
elemental data. PC1 is the dominant component, which
is consistent in that most of the scored data variation lies
along the x-axis, i.e., mostly driven by the presence (or
lack) of Ca, K, Al, Co, Zn, and Ti. PC2 is a much
weaker factor, as indicated on this plot, because few of
the chemical elements are strongly parallel to the y-axis.
However, most of the information driving PC2 is pro-
vided by V, Si, Fe, and Mn. The raw material samples
from PS1 are plotted in one cluster, which also includes
two archaeological pigment samples (1 and 3) from
NewCave/WG 45. The archaeological pigment samples
4 and 5 from theWater Mountain plot further away. The
raw material samples from PS2 (associated with K and
Al) and PS3 (associated with Si) are plotted far from
each other and from the cluster, which includes the
archaeological samples (Fig. 12).

Fig. 10 Results of hierarchical
cluster analysis of archaeological
pigments and proposed sources of
raw coloring materials
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Based on the geochemical composition data
(Table 2), the binary element relationships, and the
hierarchical cluster and principal component analyses,

it can be confirmed that the rawmaterials from PS1were
the ones mainly used in the production of the Wadi Sura
rock art paintings. Raw materials from PS1 might be
derived from the primary setting in the paleosols with
Silurian bedrock or from the nearby reworked blocks on
the floor of Wadi Sura (Fig. 3). The geochemical anal-
ysis shows that the raw coloring materials from PS2 and
PS3 were probably not used to create the paintings.

Mineral Composition (Raman Spectroscopy)

Red Color

The characteristic Raman bands of the archaeological
red pigment from New Cave/WG 45 reveal the exis-
tence of hematite (Fe2O3) at 225, 290–294, and 408
cm−1, goethite (Fe+3O(OH)) at 250 and 395 cm−1, rutile
(TiO2) at 445 and 610 cm−1, and manganese oxide
(MnO2) at 640 cm−1 (Darchuk et al. 2011, p. 37)

Table 3 Principal components PC1, PC2, and PC3 of the chem-
ical data of archaeological pigments and raw coloring materials
(bold numbers indicate higher correlation)

PC1 PC2 PC3

Al 0.942 0.121 − 0.241

Si − 0.180 0.866 0.373

K 0.875 0.224 − 0.381

Ca 0.874 0.255 − 0.356

Ti − 0.395 − 0.273 0.719

V − 0.100 0.326 0.824

Co 0.881 − 0.048 0.245

Fe 0.199 0.967 − 0.019

Zn 0.531 0.037 − 0.195

Mn 0.349 0.908 − 0.203

Fig. 11 Principal component
scatter plot between (a) PC1 and
PC2, and (b) PC1 and PC3
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(Table 4). The Raman bands of PS1-1 raw coloring
materials show hematite at 216, 244, 287, 396, 607,
653, and 1314 cm−1 (Fig. 13a); goethite at 248, 302,
and 396 cm−1 (Fig. 13b); and rutile at 222, 439, and 603
cm−1. Generally, the hematite’s peak positions can be
influenced by the presence of other iron oxides, such as
magnetite, which occurs in natural ocher deposits, and
by the grain size distribution (Bonneau et al. 2012,
2017; Dayet et al. 2017; Prinsloo et al. 2008).Moreover,
Bersani et al. (1999) report that the hematite’s aniso-
tropic character may also be due to the laser polarization
and the position of the crystal under the laser, which can
affect the band intensity ratio and the FWHM (full width
at half maximum).

The archaeological pigments from Wadi Sura show
broad hematite Raman spectra at 225, 290–294, and 408
cm−1. These spectra indicate disordered hematite
formed after goethite dehydration at a temperature not
higher than 400°°C (Kustova et al. 1992). Such temper-
atures could have been easily attained in ancient times.
However, heat is not the only agent that can produce
disordered hematite. Grinding, biodegradation, and
weathering can have the same effect (Tournié et al.
2011). Table 4 shows the chemical and mineralogical
compositions of the archaeological pigments and raw
coloring materials. The composition differences are

Fig. 12 Principal component analysis (PCA) of chemical compo-
sition of archaeological pigments and raw coloring materials from
Wadi Sura and Water Mountain

Table 4 Chemical and mineralogical composition of the archae-
ological pigments and raw coloring materials fromWadi Sura and
Water Mountain paintings

Color Type of sample Chemical
composition

Mineral
composition

Red Archaeological
pigment 1
(New
Cave/WG 45)

Si: 28.1%
Al: 3.04%
Fe: 1.45%
Ti: 0.60%

- Hematite at 225,
290–294, and 408
cm−1

- Rutile at 445 and 610
cm−1

- Manganese oxide at
640 cm−1

Red PS1-1
Raw coloring

material

Si: 34%
Al: 3.2%
Fe: 4.23%
Ti: 0.414%

- Hematite at 216, 244,
287, 396, 607, 653,
and 1314 cm−1

- Goethite at 248, 302,
and 396 cm−1

- Rutile at 222, 439,
and 603 cm−1

Yellow Archaeological
pigment 2
(New
Cave/WG 45)

Si: 33.8%
Al: 2.89%
Fe: 3.17%
Ti: 0.507%

- Goethite at 250 and
395 cm−1

Yellow PS1-2a
Raw coloring

material

Si: 31%
Al: 2.1%
Fe: 4.4%
Ti: 0.456%

- Goethite at 248, 302,
and 396 cm−1

- Rutile at 222, 439,
and 603 cm−1

Dark yellow Archaeological
pigment 3
(New
Cave/WG 45)

Si: 31%
Al: 2.07%
Fe: 3.48%
Ti: 0.448%

- Goethite at 250 and
395 cm−1

- Quartz at 465 cm−1

- Rutile at 445 and 610
cm−1

Dark yellow PS1-3
Raw coloring

material

Si: 35%
Al: 3%
Fe: 4.93%
Ti: 0.46%

- Goethite at 248, 302,
and 396 cm−1

- Rutile at 222, 439,
and 603 cm−1

Orange red Archaeological
pigment 4
(Water
Mountain)

Si: 18.5%
Al: 2.73%
Fe: 0.51%
Ti: 0.092%

Orange
yellow

PS1-4
Raw coloring

material

Si: 32%
Al: 2.6%
Fe: 5.95%
Ti: 0.468%

- Hematite at 216, 244,
287, 396, 607, 653,
and 1314 cm−1

- Goethite at 248, 302,
and 396 cm−1

- Rutile at 222, 439,
and 603 cm−1

Brownish-red Archaeological
pigment 5
(Water
Mountain)

Si: 29%
Al: 2.57%
Fe: 0.89%
Ti: 0.245%

Brownish-red PS1-5
Raw coloring

material

Si: 29%
Al: 3.6%
Fe: 6.56%
Ti: 0.377%

- Goethite at 248, 302,
and 396 cm−1

- Rutile at 222, 439,
and 603 cm−1

White PS1 and PS2
Raw coloring

material

- Kaolinite-rutile

- Anhydrite-calcite

- Gypsum-quartz

- Anatase
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related to the preparation processes, which include
crushing and powdering of the raw materials and then
decanted in water. Only the floating part would have
been collected to make the paint. In that case, some of
the heaviest components of the raw materials would
have been lost. The main elements in both the archaeo-
logical pigments and raw coloring materials, such as
hematite, clay, and rutile, would have remained in the
floating fraction. Other minerals such as amorphous
carbon, lazurite, magnetite, and ilmenite may bemissing
in the archaeological pigments.

Yellow Color

Archaeological yellow pigments from Wadi Sura show
that the Raman spectra corresponded to goethite at 250
and 395 cm−1, quartz (SiO2) at 465 cm−1, and rutile at
445 and 610 cm−1 as well as limonite (hydrated iron
oxides) (see Krause et al. 2013, p. 59). Similarly, raw
yellow coloring materials (PS1-2a) show characteristic
Raman bands of goethite at 248, 302, and 396 cm−1and
rutile at 222, 439, and 603 cm−1. No hematite bands
were detected in either archaeological pigments or raw
material samples. Similar Raman spectra of yellow pig-
ments are recorded on several artifacts from the early-
and mid-Holocene site of Takarkori in the Tadrart
Akakus region (southwestern Libya); these are com-
posed of goethite as an almost pure constituent, or in
mixture with kaolinite and quartz (di Lernia et al. 2016,
p. 393). The Tadrart Akakus region’s geological forma-
tion shows some similarities with that of the Gilf Kebir
area. It is thus not surprising that the raw materials for
the rock art paintings in Tadrart Akakus were obtained
from the Silurian shale of the Tanezzuft Formation
(Galeĉiĉ 1984; di Lernia et al. 2016, Fig. 2a). Therefore,
the ocher from Silurian rocks could be one of the main
sources of pigments in the Gilf Kebir region.

Black Color

The samples from PS1 exhibit a Raman band at 1373
and 1583 cm−1, thus indicating the presence of amor-
phous carbon (aC) in PS1 (Fig. 13c). The absence of
carbon in the archaeological pigments mentioned by
Darchuk et al. (2011) is probably due to the limita-
tions of their technique since their Raman spectra
ended at 800 cm−1. Moreover, traces of black pig-
ments are detected by a Raman spectrum of manga-
nese oxide at 640 cm−1 in archaeological sample 1
(Darchuk et al. 2011, p. 37). In fact, the main Raman
bands of various manganese oxides are located in the
wavenumber region 500–650 cm−1. In the raw mate-
rials, romanechite ((Ba,H2O)2(Mn4+,Mn3+)5O10) at
492 and 644 cm−1 (Fig. 13d) was recorded instead
of the manganese oxide present in the archaeological
pigments (see Ciobotă et al. 2012).

White Color

Unfortunately, no Raman data have been published
for the white archaeological pigments of Wadi Sura.
The available infrared data and XRD show that the
white pigment is represented mainly by kaolinite
(Al2Si2O5(OH)4), gypsum (CaSO4·2H2O), barite
(BaSO4), and some quartz and illite (K,H3O)
(Al,Mg,Fe)2(Si,Al)4O10 (Krause et al. 2013; Poggi
2010). The Raman spectra of the samples from PS1
and PS2 are represented mainly by kaolinite, as well
as anhydrite (CaSO4) at 412, 498, 624, 1015, and
1122 cm−1 (Fig. 14a), gypsum at 415, 618, 1007,
and 1130 cm−1 (Fig. 14b), anatase (TiO2) at 141,
388, 513, and 631 cm−1 (Fig. 14c), rutile at 222,
439, and 603 cm−1 (Fig. 14d), calcite (CaCO3) at
1085 cm−1 (Fig. 15a), and quartz at 199, 252, 458,
and 797 cm−1 (Fig. 15b).

Blue Color

Raman spectra from PS1 samples show the presence of
lazurite (Na3Ca (Al3 Si3O12)S) at 255, 542, 574, 799,
1095, and 1644 cm−1 (Fig. 16a). Blue pigments were not
used in Wadi Sura painting panels; however, traces of
bluish and greenish hues existed, and bluish and greenish
yellow colors are reported. In fact, lazurite is poorly
known in the current geology of Egypt. This study pre-
sents the first report of lazurite, detected in the Gilf Kebir.
However, it was used as a semi-precious stone in

Table 4 (continued)

Color Type of sample Chemical
composition

Mineral
composition

Black PS1
Raw coloring

material

- Amorphous carbon at
1373 and 1583
cm−1

- Romanechite at 492
and 644 cm−1

Blue PS1
Raw coloring

material

- Lazurite at 255, 542,
574, 799, 1095, and
1644 cm−1
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Predynastic Egypt (Aston et al. 2000, p. 39). Lazurite
was only present in the raw materials from PS1 (Figs.
16b and c) in a microscopic fragment of ca. 25 μm.
Considering this, we believe that the absence of blue
color paintings and the rarity of the bluish and greenish
hues could be due to the scarcity of lazurite in the region.
The source for lazurite has not been confirmed in Egypt.
Hussein and El-Sharkawi (1990, p. 564), quoting a pre-
vious work (Ibrahim 1949), suggested a possible source
in the Uweinat area, but this has not been verified.

Considering the proximity of this region to the Gilf
Kebir, our discovery seems particularly important. There-
fore, a further investigation of the topic is necessary as
soon as the security conditions allow us to return to the
field.

Binder Media

Binders are the components of paints used to hold
pigments together and adhere them to the object

Fig. 13 Raman spectra of red,
brown, and black raw coloring
materials from PS1: (a) hematite
(Fe2O3); (b) goethite
(Fe+3O(OH)); (c) amorphous
carbon (aC); (d) romanechite
((Ba,H2O)2(Mn4+,Mn3+)5O10)
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(Surowiec 2008). The materials used as binders in other
Sahara region archaeological sites include egg white,
fats, blood, saliva, or urine (Clottes 1993; di Lernia et al.
2016). In the analyzed contexts of the Gilf Kebir, neither
Raman spectroscopy nor infrared spectroscopy exami-
nation detected traces of organic substances (Darchuk
et al. 2011; Krause et al. 2013, p. 59). As already
reported by Krause et al. (2013, p. 59-60), the absence
of binders can be due to their degradation or to the
porosity of sandstone surfaces that would have allowed
water-based pigments to absorb easily even without the

help of binders. The pigments used in Wadi Sura paint-
ings are naturally clay-based, formed by kaolinite mixed
with iron oxide and impurities of various hydrated forms
of iron oxide, making them naturally less likely to
require additional binding media. XRD analysis showed
that the caves’ sandstone consists primarily of quartz
and clay minerals (dickite, Al2Si2O5(OH)4), a mineral
belonging to the kaolinite group, and rare calcite and
zeolite minerals (Poggi 2010; Tomassetti et al. 2016, p.
924). In samples from PS1 and PS2, kaolinite also
represents the main component and occurs as clasts

Fig. 14 Raman spectra of white
raw pigments from PS1 and PS2:
(a) anhydrite (CaSO4); (b) gyp-
sum (CaSO4·2H2O); (c) anatase
(TiO2); (d) rutile (TiO2)
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and grains mixed with iron oxides of hematite and
goethite (see above). Therefore, kaolinite is a common
component of the archaeological pigments, the caves’
bedrock, and the samples from PS1 and PS2.

Kaolinite is a 1:1 dioctahedral aluminosilicate min-
eral with a sheet structure, forming flat, platy hexagonal
crystals (Klein and Hurlbut Jr 1985). When these platy
particles are suspended in water, they link to each other,
and when dry, they are attached to other clay minerals
present in the bedrock. This probably improved

adhesion between the pigments and bedrock and made
it a good binder for the Wadi Sura rock art paintings. In
addition, white kaolinite may have been used on uneven
surfaces as a substrate for the paintings. This would
havemade painting on rough and highly porous bedrock
surfaces much easier since kaolinite gives smoothness
and gloss to the painting surface and fills holes, thus
reducing porosity and preventing “bleeding” of pig-
ments. Indeed, the observations made with the USB
digital microscope on paintings in the Cave of

Fig. 15 Raman spectra of white and yellowish raw coloring materials: (a) calcite (CaCO3); (b) quartz (SiO2); (c) nitratine (NaNO3)

Fig. 16 (a) Raman spectra of
lazurite (Na3Ca (Al3 Si3O12)S);
(b) micro picture; (c) map of the
distribution of lazurite in PS1
sample (Raman band at 542
cm−1)
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Swimmers revealed a white substrate that is often visible
underneath some yellow and red painted layers (Fig. 4b,
c, and d). This white substrate could be kaolinite, which
was applied to make the surface less rough and porous
for painting.

The good state of conservation of the paints is likely
because the kaolinite is chemically inert and resistant to
chemical weathering. As reported by Krause et al.
(2013, p. 59), this good state of preservation may also
be attributed to a thin natural patina that formed after the
paintings were made. The preservation of theWadi Sura
paintings is also related to the nature of the bedrock,
which contains a very low concentration of total soluble
salts, with conductivity values similar to ordinary dis-
tilled water (2 μS/cm), as well as very low concentra-
tions of fluorides and chlorides of ˃ 0.01 (Poggi 2010).
An additional factor is the raw yellowish coloring ma-
terials from PS1, containing traces of nitratine (NaNO3)
with spectra at 189, 716, 1068, and 1388 cm−1 (Fig. 15c)
as a weathering product, which probably increased the
color fixation. Therefore, these results exclude any
chemical reaction between the rock and pigments and
confirm that the paintings may have been fixed without
organic binders.

Distribution of Rock Art Sites Based on Pigment
Availability

The majority of rock art sites reported in the Gilf Kebir
region are located on the edges of the Abu Ras plateau,
especially in the Wadi Sura area (Zboray 2009). There
are few rock art sites in the southern and eastern borders
of the Gilf Kebir, although several prehistoric sites dated
to the early- and mid-Holocene were recorded there
(Linstädter and Kröpelin 2004; McHugh 1980; Schön
1996).We explain this different distribution considering
that most rock art sites are constrained to areas where the
lower Paleozoic (Silurian) sandstones are exposed. The
geological map of the Gilf Kebir shows Silurian sand-
stone outcrops in the lower part of the cliffs along the
northwestern side of the Gilf Kebir, in the region of
Wadi Sura, Wadi Abd el Malik, and Wadi Hamra
(Fig. 1). The absence of these rocks in the southeastern
area of the Gilf Kebir Plateau (i.e., Kamal el Din Pla-
teau) is probably due to a northeast-southwest subsur-
face fault that separates the two plateaus of the Gilf
Kebir. This fault records continuous rejuvenation of
the northeast Precambrian Pleusium mega-shear zone
(Ramadan et al. 2009). The Um Ras Formation consists

of fine- to medium-grained and partly coarse-grained,
white kaolinitic sandstone of deltaic origin, interbedded
with nearshore marine sandstone and beach silty shale
and siltstone. Several lateritic paleosols horizons are
associated with fluvial and deltaic facies. Ramadan
et al. (2009) described five localities with highly ferru-
ginous paleosol layers, 2-m thick in the northwest and
north of Gilf Kebir, and related their coloration to vol-
canic activities. These paleosol mudstones (PS1) were
reworked by fluvial and mass wasting processes to the
floor of the wadis in the northwest Gilf Kebir, and these
were used by prehistoric groups as raw materials for
producing rock art.

Although most rock art sites seem to follow the Um
Ras Formation outcrops, we cannot ignore the existence
of other sites that are far from the Silurian sources (e.g.,
SG 1 in the southern Gilf Kebir). Even if they are few,
they seem to prove that rock art paintings could have
also been produced in areas with low or no raw coloring
materials. In contrast, there are areas of the Gilf Kebir
plateau where raw materials are available, but no, or a
few, rock art sites exist. We could explain this
unhomogeneous distribution also in terms of the pres-
ence of different groups of people characterized by
distinctive symbolic behavior, as also suggested by
Honoré (2019, p. 266). The Wadi Sura’s topographical
characteristics may also have provided a particularly
inviting thoroughfare for different groups in the region,
a condition that favored the concentration of rock art
sites. Last but not least, although the Gilf Kebir has been
the focus of very detailed survey campaigns and rock art
studies, we cannot exclude the possibility that the dis-
tribution of rock art sites may be, at least partially, a
biased result of research strategies/agendas, which
privileged some areas over others.

Conclusions

This article has discussed the geological, mineralogical,
and geochemical characteristics of likely raw material
sources for the Holocene paintings in Wadi Sura by
comparing results of our analysis with similar data ob-
tained on the archaeological pigments previously pub-
lished by Darchuk et al. (2011).We have proposed three
sources of coloring materials for the Wadi Sura paint-
ings: PS1, reworked paleosols blocks located on the
floor of Wadi Sura; PS2, iron-rich mudstone strata of
the Silurian Um Ras Formation; and PS3, thin layers of
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ferruginous sandstone occurring in the Um Ras Forma-
tion bedrock. The colors used in the paintings include
white, yellow, several reddish hues ranging from pale
red to dark reddish brown, and rare black and greenish
hues. The results of Raman spectroscopy and pXRF
analyses of both raw and archaeological materials indi-
cate that inorganic earthen pigments were widely used
for the paints.

White coloring materials, intensively used as the
substrate for the rock art paintings, are represented
mainly by kaolinite and anhydrite, gypsum, quartz, an-
atase, and rutile. Reddish archaeological pigments con-
sist mostly of silicon, aluminum, and relatively high
iron, titanium, and manganese. The mineral composi-
tion is a clay-based mixture containing iron oxide, gyp-
sum, hematite, goethite or magnetite, and quartz. Red-
dish and brownish colors in raw materials contain traces
of amorphous carbon, while romanechite is the source
of the black pigments. In addition to goethite and mag-
netite, the high content of these components produced
the dark brownish pigments widely used in Wadi Sura
rock art. Yellow pigments show similar chemical com-
position to the reddish ones but with relatively higher
silicon, low aluminum, and higher iron and calcium
contents. Mineral compositions indicate goethite, gyp-
sum, and calcite, in addition to kaolinite as the main
component. Raw yellowish coloring materials contain
traces of nitratine as a weathering product, which prob-
ably increased the color transparency and fixation. The
existence of disordered hematite and manganese oxide
in the archaeological pigments probably indicates that
the pigments were slightly heated before theywere used.

Our research highlighted notable similarities in the
mineral and chemical composition of the raw coloring
materials collected in the proximity of the Caves of
Swimmers and Archers, and the archaeological
pigments sampled by Darchuk et al. (2011) in the New
Cave/WG 45. On the contrary, similarities were not
highlighted in the mineral and chemical composition
of the analyzed raw materials and the pigments
sampled in Water Mountain. This is not surprising
considering the long distance that separates the two
sites. It is also noteworthy that all the proposed earthen
coloring materials have high binding media properties
that make them very suitable for rock art without using
organic binders.We know that rock art paintings usually
require organic binders, but infrared spectroscopy by
Krause et al. (2013, p. 59) on paintings in the Cave of
Beasts did not yield any trace of organic substances.

Therefore, we conclude that the Holocene painters did
not use organic binders because the natural sandstone
surfaces at Wadi Sura are incredibly porous and form an
ideal substrate for binder-free painting. However, they
smoothened the uneven rock surface with the kaolinite
found in the local bedrock before rendering the
paintings.

The current geochemical and mineralogical investi-
gations indicate that the primary raw material source for
the Wadi Sura rock art paintings was the iron-rich
paleosol ocher (PS1), found in the primary setting with-
in the Silurian Um Ras Formation and in a secondary
setting on reworked blocks at the floor of the wadi. The
extensive on-site presence of Silurian raw ocher mate-
rials from which the prehistoric artists could easily ob-
tain the pigments may have played a decisive role in the
distribution of the art complexes we have analyzed. Not
surprisingly, as mentioned above, the three main caves
mentioned in this article (Archers, Beasts, and Swim-
mers) and the New Cave/WG 45 explored by Darchuk
et al. (2011) overlook the Wadi Sura within a range of a
few kilometers. Therefore, the ease of obtaining the raw
materials may be one of the main factors responsible for
the concentration of rock art in the northwestern Abu
Ras sector of the Gilf Kebir plateau.
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