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ARTICLE INFO ABSTRACT

Keywords: Red ochre pigments have been used since ancient times by many different civilisations on different continents. In
Bone the paper presented herein, ten manufactured artefacts and biological materials stained with a red pigment found

giniadri; in the Bronze Age burial site of Biniadris Cave (Menorca, Spain) have been characterised throught X-ray fluo-

Mronze ge rescence, X-ray diffraction, Raman and infrared spectroscopy techniques, scanning electron microscopy and
enorca . . . .

Pigment energy-dispersive X-ray spectroscopy. The surface analysis of the bones, hairs and ornaments allowed the

chemical composition of the pigment used in the funeral practices and rituals to be unequivocally established as
hematite-rich ochre. The finding of a gypsum preparation layer on a sample, below the ochre layer, suggests that
it could have been used as a primer before sprinkling with hematite ochre. Given the excellent degree of con-
servation and the worth of this archaeological record for the study of the symbolic practices in the island of
Menorca, these results call for further analyses on a larger set of archaeological artefacts to gain insight into the

funeral practices conducted in this cave.

1. Introduction

The use of red pigment of mineral origin, commonly ochre, has been
a constant feature of prehistoric mankind since the Middle Stone Age in
Africa when engraved stones from the Blombos site were daubed with
haematite (Watts, 2009). In Europe, there is also evidence that Nean-
derthals felt a similar fascination for the red colour (Roebroeks, et al.,
2012), but it was not until the Upper Palaeolithic when ochre became
the pigment par excellence in cave paintings (Marshack, 1981) and,
above all, when its presence became widespread in burials. The famous
Red Lady of Paviland, or the more recently discovered Red Lady of El
Mirén, are only the tip of the iceberg of a far-reaching phenomenon
—that of ochre-dusted tombs from the end of the Palaeolithic (Gambier,
2008, Giacobini, 2006)—, which includes dozens of emblematic burials
such as the triple inhumation at Barma Grande de Grimaldi, the mythical
Cromagnon burial discovered by Lartet, the infant burial at Lagar Velho
in Portugal, or some of the Pavlovian tombs from Dolni Vestonice
(Griinberg, 2012, Neugebauer-Maresch, 2012, Pettitt, 2011).

Rather than practical, the use of red pigments in tombs may have had
symbolic purposes: in the case of ochre from Palaeolithic tombs, apart
from the mere aesthetic consideration, a ritual intention is usually
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presumed (red as a symbolic colour for blood, life or menstruation), not
incompatible with a certain utilitarian character of haematite, as a
neutraliser of bad smells or as a tanning agent (Cortell Nicolau, 2016).
The same applies to Mesolithic sites (Griinberg, 2012), such as the Ibe-
rian burials at Los Canes, in Asturias (Arias and Garralda, 1996); Mas
Nou, in Castellén (Olaria Puyoles, 2002); or La Brana-Arintero cave, in
Ledn (Vidal Encinas, et al., 2008).

The presence of red pigments in burials persisted over time. In Iberia,
from the early 4th millennium BC it has been documented in a number of
Late Neolithic and Copper Age collective tombs. The most eloquent
testimonies are reported in Extremadura, Andalusia and southern
Portugal. With regard to the Balearic Islands, reports on the use of red
pigments are limited to two Menorcan caves: Rubia spp. extracts were
used for hair dying in the Es Carritx Cave (Lull, et al., 1999), and the
presence of a mineral pigment —presumably ochre— was referred by
Alarcon Garcia, et al. (2016) in Biniadris Cave.

Biniadris Cave is an 18 m? natural cavity located on a cliff face in the
southeast of the island of Menorca (Spain), excavated in a dolomitised
biocalcarenite (rudstone), typical of the Menorcan coastline, where the
lithology of calcarenites and calcisiltites is omnipresent (Fornos, 2003).
Discovered in 2009 by the UEM speleology group and first studied in
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2013, Biniadris Cave is part of the Cales Coves necropolis and is similar
to other funeral caves found in the area since 1990, such as Es Mussol, Es
Carritx and Es Pas, except for its exceptional degree of conservation
(Moreno Onorato, et al., 2019). It was inhabited around 3,400 years ago
(Naviform Period, 1740-1400 BCE) and, according to the preliminary
archaeological results, the cave would not have been just an ossuary, but
a sacralised space in which the practices of burial, together with the
trousseaux that accompanied the corpses, acquired a predominant
symbolic role (Alarcon Garcia, et al., 2016).

Skulls, ribs and other human bones from almost 100 individuals of
different ages and an assortment of clothing and personal objects were
buried inside (Altamirano Garcia and Alarcon Garcia, 2018). Among
these remains, a set of 14 buttons with V-perforation came to light —out
of which 11 were made from bone and the other 3 from wild boar tusk—,
2 pointed elements, 3 circular pieces of bone decorated with concentric
rings and a possible pendant on a swine tusk. These accessories were
deposited with the deceased during the funeral rituals. Moreover, a red
pigment was observed covering remains of human hair and most of the
surface of six of the buttons as an additional decorative element.

In the case of bone buttons with V-shaped perforation —a recurrent
element in archaeological sites from the third millennium B.C., coin-
ciding in time with the Bell Beaker culture—, it has been indicated
(Alarcon Garcia, et al., 2016) that in most cases they are segments ob-
tained from the diaphysis of long bones (metapodials or tibiae) from
large animals (deer, bovine) and, in three cases, from tusks of members
of the Suidae family (pig or wild boar). The worn-out surface of the
buttons would be consistent with prolonged use over time, suggesting
that they could have been inherited from generation to generation
(Altamirano Garcia, 2014). With regard to the impregnation of six of the
buttons with a red mineral, possibly ‘ochre’ (Altamirano Garcia and
Alarcon Garcia, 2018), it has been linked to a type of ritual previously
identified in Es Carritx, in which the hair of the deceased was dyed with
madder red and then cut and stored in small containers with worked
bone covers (Alarcon Garcia, et al., 2016).

Taking into consideration that pigment use in the Bronze Age in
Europe is poorly documented, that the context of burials may allow
addressing pigment use as part of complex symbolic practices, and that
the presence of red coatings on hairs and buttons is not a usual discovery
in prehistoric and proto-historic times in Europe, physico-chemical
characterisation of some the archaeological materials recovered from
Biniadris Cave in 2015 and 2017 archaeological campaigns was
required. Hence, in this work, X-ray fluorescence (XRF), X-ray powder
diffraction (XRPD), Raman and infrared spectroscopy techniques,
scanning electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDX) analytical techniques have been applied to identify the
aforementioned red pigment.

2. Materials and methods
2.1. Samples

Among the materials recovered from the cave in the 2015 and 2017
excavation campaigns, several manufactured artefacts and biological
objects/materials (bones, hairs), along with a mineral pigment, were
studied. A subadult rib with red pigment (#11671, Fig. 1); a fragment of
skull stained with red pigment (#1132-14, Fig. 2a); a non-defined piece
of human bone (#1584-10); and two samples of human hair presumably
impregnated with red pigment (#12493-15 and #12032-10) were ana-
lysed. The animal bone samples were four V-perforated buttons with red
pigment impregnation (#1903, #1904, #1905, and #1879-6; see
Fig. 2b-d), and finally a mineral sample with red-ochre aspect (#12969).

2.2. Characterisation

X-ray fluorescence spectroscopy was used to determine the elemental
composition of the materials, by means of a Niton XL3t GOLDD+
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Fig. 1. Photograph of a subadult rib with red pigment (#11671). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

portable analyzer (Thermo Fisher Scientific, Waltham, MA, USA). X-ray
tube: Au anode, 50 kV, 200 pA; spot size: 8 mm; 3 mm small-spot
collimation. TestAll™ Geo mode was used, with at least 3 measure-
ments per analysis, with a 240 s acquisition time/measurement.

The powder diffractograms of the samples were acquired using a D8
Advance Bragg-Brentano diffractometer (Bruker, Billerica, MA, USA),
with a CuKa (4 = 1.54 A) radiation source, in reflection mode. Crystal-
line silicon was used as a standard. Experimental conditions: 40 kV, 40
mA; 20 =5 — 80°, step: 0.02°, 1 s/step. DIFFRAC.EVA software was used
for phase analysis. Up-to-date International Centre for Diffraction Data
(ICDD) and Crystallography Open Database (COD) databases were used
for peak identification.

Raman spectra were obtained with a Jobin-Yvon T64000 apparatus
(Horiba Scientific, Kyoto, Japan). Spectra were acquired in the 4000-50
cm™! range at 3 cm™! spectral resolution on a micro-Raman spectro-
scope with a Nd:YAG laser excitation source (1064 nm line, 100 mW).
Experimental conditions: 0.64 m focal length, /7.5 aperture, 1800 gr/
mm diffraction gratings, single-channel detection (with a R943 photo-
multiplier), and a 1024 x 256 px nitrogen-cooled 1” CCD detector. A
minimum of three spectra were collected per analysis.

A Nicolet iS50 Fourier-Transform Infrared (FTIR) spectrometer
(Thermo Fisher Scientific) with a built-in attenuated total reflection
(ATR) module was used for infrared spectra characterisation. ATR-FTIR
spectra were collected in the 400-4000 cm ™" range at 1 cm™! spectral
resolution, co-adding 128 scans. The advanced ATR correction algo-
rithm available in OMNIC™ software suite (Nunn and Nishikida, 2008)
was used to correct band intensity distortion, peak shifts and non-
polarisation effects created by the ATR technique.

SEM and EDX analyses were conducted with an EVO HD 25 (Carl
Zeiss, Oberkochen, Germany) apparatus. Experimental conditions:
electron high tension (EHT) = 15 kV, probe current = 4-12 pA; working
distance (WD) = 8.5-10.5 mm.

3. Results
3.1. Elemental analyses by X-ray fluorescence spectroscopy

Major (Ca, S and P) and minor (Zn, Fe, K, Al, Si and Cl) elements
found in the ten samples from Biniadris funeral cave are summarised in
Table 1. Trace elements can be found in Table S1.

Ca and P are related and their high concentrations in all bone sam-
ples were consistent with the expected composition (i.e., hydroxyapatite
and apatite carbonate). The presence of Al Si, K and Cl would have an
edaphological origin.

Human remains, depending on whether they were bones or hair, had
different contents not only in S, K, Al and Cl main elements, but also in
trace elements such as As, Zn, W, Cu, Mn, Sc, Cs, Rb, Sb, Te, Sn, Cd and
Pd.
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Fig. 2. Micrographs of (a) a human skull (#1132-14) and V-perforated button samples ((b-c) #1903-003, (d) #1904) impregnated with red-ochre pigment. Credit:
Dr. E. Alarcon-Garcia (Departamento de Prehistoria y Arqueologia, Universidad de Granada, Spain). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Table 1

Elemental analysis of the Biniadris funeral cave samples by XRF. Results are expressed as wt% and as wt%/(Ca + P), respectively. Values are reported as an average of

three measurements.

Sample Zn Fe Ca K S Al P Si Cl
Human rib (#11671) -/- 8.0/38 70.5/- 0.7/3.5 6.2/29.7 -/- 8.4/- 3.4/16.3 2.1/9.8
H. bone (#1584-10) -/- 3.0/23.5 61.0/- 0.4/3.2 2.5/19.4 1.8/13.8 26.2/- 3.7/29.0 0.9/7.2
Skull (#1132-14) -/- 0.6/3.6 62.5/- 1.2/6.8 5.0/28.5 2.4/3.8 19.8/- 5.7/32.0 2.4/13.7
Hair (#12032-10) -/- 8.3/- 26.8/- 2.2/ 30.1/- -/- -/- 13.1/- 7.0/-
Hair (12493-15) -/- 4.4/- 44.4/- 2.3/ 30.0/- -/- 3.0/ 4.2/- 8.7/-
V-button (#1904) -/- 1/6.5 62.2/- 0.4/2.7 8.5/57.8 0.6/4.8 23.1/- 1.9/12.8 2.1/14.0
V-button (#1903) -/- 0.2/2.0 61.5/- 0.5/3.9 6.1/52.7 0.6/5.6 26.9/- 1.6/13.5 2.3/20.3
V-button (1905) -/- 0.2/1.6 62.0/- 0.4/2.7 9.3/68.7 -/- 24.4/- 1.3/9.8 2.0/14.8
V-button (#1879-6) 0.1/1.9 0.2/4.3 63.9/- 0.3/5.4 2.0/36.3 -/- 30.7/- 1.0/18.5 1.7/31.0
Mineral (#12969) -/- 2.5/- 51.4/- -/- -/- 8.1/ -/- 8.8/- 1.0/-

V-buttons made from animal bones showed significantly lower
contents in Fe, Al and Si —and in As, Cu, Ni and Sn trace elements— than
human bones.

The mineral sample with ochre aspect, #12969, showed high con-
tents of Si, Al and Mg, and of minor and trace elements (Cu, Cr, Th, V and
Sc).

3.2. X-ray powder diffraction analyses

The XRPD patterns from two samples are shown in Fig. 3. The dif-
fractogram of the red-stained bone (#1584-10) mainly corresponded to
carbonate-hydroxyapatite, with weaker peaks compatible with the
presence of hematite (at 260 = 33.19°, 35.67°, 49.52°, 54.13° and
64.08°), while the main diffraction peaks in the presumable ochre
mineral sample (#12969) could be attributed to gypsum (COD
2300258). The strong peak at 20 = 26.15°, not attributable to gypsum,
may be associated with presumable graphite impurities (COD 9012705)
in carbonaceous materials (such as carbon black or coal).

3.3. Raman vibrational analyses

The Raman spectra of the surface of a V-perforated button and the
subadult rib with red pigment are shown in Fig. 4. The peaks in the
spectrum of the white area (Fig. 4a) were associated with gypsum, while
those present in the spectra collected from red areas (Fig. 4b-c) showed a
good correspondence with iron compounds. Specifically, the peaks at
216-222, ~280 and 597-613 cm ™! are attributable to hematite (Fe-O
bending in the former, and the Fe-O stretching in the latter two); that of
1011 cm™ to gypsum, anhydrite or natrojarosite (S-O str.); that of 1123
em™! to gypsum or anhydrite (S-O str.) (Ambers, 2004); and those of
1280 cm ™! and 1582 cm ™! to D and G-modes of carbonaceous materials,
respectively (Legodi, 2008, Xie et al., 2019).

Among the iron oxides and hydroxides that can feature stronger
Raman scattering, such as hematite (a-FepOs), goethite (a-FeOOH),
lepidocrocite (y-FeOOH), and akaganeite (B-FeOOH), the former is the
most frequently found either in case of corrosion at high temperature
and for buried artefacts (Bellot-Gurlet, et al., 2009).
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Fig. 3. Powder diffractograms of: (top) a subadult rib sample (#1584-10); and (bottom) a red-ochre mineral sample (#12969). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3.4. FTIR analyses

An analysis of the FTIR spectrum (Fig. 5) of the red pigment that
covered the subadult rib (#11671) allowed to observe not only the
presence of hematite (LO and TO phonon modes at 669 and 526 cm ™,
respectively) and maghemite (LO and TO phonon modes at 457 and 444
cm_l, respectively) (Jubb and Allen, 2010), but also that of well-
preserved bone type I collagen (amide I, p-sheets at 1622 cm ™", amide
I at 1558 cm ™, and carboxyl group —wagging vibration of proline side
chains— at 1339 cm™ 1) (Chadefaux, et al., 2009, Wang, et al., 2006).
Additional bands could be assigned to carbonate apatite (1418 cm ™%,
COO™ str./COs% B str.; and 873 cm™}, CO5> out-of-plane bending)
(Antonakos, et al., 2007) and phosphate (1027 em! asymmetric P-O
stretching vibrations from hydroxyapatite and 1110 cm™! due to the
presence of mineral phase brushite, HPO,42, which occurs in bone frac-
tures) (Jastrzebski, et al., 2011, Spevak, et al., 2013, Vallejo-Valdezate,
et al., 2000).

3.5. SEM-EDX study

Although the optical microscopy images (Fig. 2) allowed us to
observe the location and even the density of the Fe-based pigment, both
the content in this element and its distribution were confirmed by EDX

analyses and by comparison of SEM micrographs with elemental map-
pings. Fig. 6 and Fig. 7 show the SEM base images and the elemental
mapping for Ca and Fe of the red accretions on samples #1904 and
#11671. The content of Fe and the distribution densities were higher for
the V-button sample (#1904) than for the human rib sample (#11671).

4. Discussion

It should be clarified that —as regards the study of the pigment
composition- the sensitivity to the surface composition of both XRF and
XRPD techniques would be limited by the fact that X-rays penetrate
deeply in the bulk medium and the pigment layers under study were
very shallow. Furthermore, in the case of XRPD, the inability to finely
grind the archaeological samples to fine powder would prevent the
creation of a flat upper surface. Thus, the results from these two tech-
niques should be taken with caution. On the other hand, Raman spec-
troscopy results may be regarded as the most reliable, provided that this
technique is particularly well suited to provide either functional group
or structural information about a surface (Tian and Ren, 2006). These
vibrational spectroscopy results were conclusive about the presence of
hematite.

Intentional uses of hematite-rich red ochres as pigments, partly due
to their good preservation, are global. Evidence of their widespread use
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Fig. 4. Raman spectra of: (a) white region and (b) red region on the surface of the V-perforated button (#1904); and (c) red region on the surface of the subadult rib
sample (#11671). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Infrared spectra of the red region on the surface of the subadult rib
sample (#11671).

may be found in works of art from all periods. The processing of iron
oxide ores to obtain pigments is simple and involves an operational
sequence (chaine opératoire) that consists in an initial removal of larger
impurities (e.g., plant roots) followed by comminution (viz., grinding,
sieving and/or elutriation (levigation)) and final dispersion in a medium
to yield a paint.

The red pigment found in the manufactured artefacts and biological
materials was allochthonous (the nearest iron mineral deposits would be
those reported in Ferrerias, ca. 25 km from the site) and, given the

parallels of the ritual process conducted in the cave with those reported
in other burial caves spread throughout the island (Moreno Onorato,
et al., 2019), the staining was clearly intentional (i.e., it did not come
from the environment sediment or as a secondary phase formed at the
surface of the bone after burying).

As regards ochre (hematite) distribution, some human remains (in
particular a rib and a hair sample) were the most covered with hematite,
suggesting direct and deliberate staining using this mineral. Animal
bone artefacts also showed ochre coating. Even though the covering of
human bodies with ochre was a frequent practice in Europe since Upper
Paleolithic, covering with red ochre animal bones or animal bone arte-
facts is not common (Larsson, 1989, Liesau, et al., 2013), which can be
regarded as a peculiar feature of the findings reported herein.

The finding of well-preserved bone type I collagen in the red pigment
that covered the subadult rib (#11671) would support the hypothesis of
Keeley (1980), who suggested that red ochre inhibits collagenase and
would be used for preserving purposes (e.g., to ‘tan’ animal hides).

The use of hematite ochres in combination with other minerals is a
matter of major discussion. As noted by Henshilwood, et al. (2011), the
combination and usage of substances as pigments can be regarded as a
reference point in terms of the evolution of complex human cognition. In
Biniadris Cave, human hair and bones appeared covered by hematite,
but —as noted above— some samples (#1904) also contained gypsum
(evident in Fig. 6a), which was the main constituent of the mineral
fragment (#12969). Although it cannot be ruled out that gypsum could
have been used as an extender to bulk out the pigment, its presence
below the red ochre layer suggests that it would probably have been
used as a ground for painting (i.e., as a primer on some bones before they
were sprinkled with hematite ochre) (Siddall, 2018).
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Fig. 6. (a) Optical micrograph, (b) EXD spectrum, (c) SEM base image, and (d) elemental mapping for Ca and Fe content of the surface of V-button #1904.

Fig. 7. (a) Photograph showing the sampled area, (b) EDX spectrum, (c) SEM base image and (d) SEM map image showing Ca and Fe distribution on a zone of the
subadult rib sample (#11671).

5. Conclusions confirmed the use of hematite-rich red ochre on bones, hair and artefacts
in burial rituals around 3400 years ago. The presence of a gypsum

Analytical data obtained from a variety of techniques (XRF, XRPD, coating on an ornament (a button) below the ochre layer suggests that it
Raman and FTIR spectroscopies and SEM-EDX) on a set of archaeolog- may have been used as a primer before it was sprinkled with hematite
ical remains objects retrieved from Biniadris Cave (Menorca, Spain) ochre, thus pointing to sophisticated knowledge of the use of this
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pigment. Future studies are needed to deepen our understanding of
Bronze Age ochre-centred funeral rituals on the island of Menorca.
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