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S1 - Theoretical background and early pigment use in eastern Africa 

 

Over the past few years different criteria have been proposed to assess the behavioural 

complexity of early hominins 1–3. Among these, systematic use of ochre is considered as 

a key behavioural marker to infer cultural complexity 4–6. Many interpret the use of ochre 

as a proxy for the origin of symbolic thinking 4,6–17. However, this view remains 

controversial as ochre may also have been used for utilitarian functions such as an 

ingredient in adhesives, a constituent of hide tanning compounds, an insect repellent, a 

sunscreen or an antiseptic 18–31. Today, the idea that the earliest use of ochre fulfilled 

multiple functions, supported by ethnographic evidence 32,33, has become widespread in 

the archaeological literature, though criteria to distinguish functional from symbolic uses 

or establish that both were in existence remain largely elusive 1,34. 

 

Evidence for ochre processing is reported in numerous Middle Stone Age (MSA) sites 

from Africa 1,3,7,10,13,35–43 and Middle Palaeolithic sites from Europe  17,44–48 and Western 

Asia 49–52. In East Asia, only a few sites have yielded ochre pieces older than 50,000 years 
53,54 and some of these instances still need an in-depth evaluation to verify their 

anthropogenic origin. Recent discoveries have revealed clear evidence for ochre 

processing around 40 ka in this region 55. 

However, as already mentioned, the way in which ochre was used at early sites and the 

role it played in these societies remains unclear. This is partly due to the rarity of 

comprehensive analyses of ochre collections. Only few studies combine technological 

and morphometric analysis with physico-chemical characterisation of ochre, and even 

fewer include the study of associated ochre-stained objects and artefacts 13,37,56–59. This 

problem is particularly evident in eastern Africa, where systematic studies of ochre 

assemblages have only started to be conducted in the past few years 7,60,61.  

 

The earliest possible evidence for pigment use in eastern Africa comes from the sites of 

Gadeb, Ethiopia 62 and Olduvai Gorge, Tanzania 63, and dates back to the Early Stone 

Age, around 1.5-1.0 Ma BP. By “eastern Africa”, we refer to the area including modern-

day countries of Eritrea, Ethiopia, South Sudan, Sudan, Somalia, Djibouti, Kenya, 

Uganda and Tanzania 64,65. At Gadeb, Ethiopia, evidence consists of fragments of 

weathered basalt producing red streaks 62. At Olduvai Gorge, Tanzania, two lumps of red 
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ochre were, according to the discoverer, clearly brought to the site by Homo erectus 63. 

At Garba I, Melka Kunture, Ethiopia, an area of two to three square metres, identified in 

levels dated to c. 500 ka BP, was stained red and associated with small elongated and 

rounded ochre lumps 66. In the Kapthurin Formation, GnJh-15 site, Kenya, >70 pieces of 

red ochre, with a weight of  >5 kg and possible grindstones stained with ochre were 

reported in layers dated 500–284 ka 3,65,67,68. Excavations conducted at Olorgesailie, 

Kenya, have revealed the presence of 86 lumps of potential black pigment and two red 

ochre pieces in levels dated from ~320 to ≥295 ka 7. Geochemical analyses show that 

these rocks are exogenous. The red pieces bear striations produced by grinding. One 

shows anthropogenic notches and the other a possible perforation attempt. 

MSA levels of site Sai 8-B-11, at Sai Island, Sudan 69,70, dated to c. 180 ka, yielded yellow 

and red ochre pieces associated with ochre processing tools (sandstone mortars shaped 

by knapping and small chert pebbles that show the presence of yellow and red residues). 

From 160 ka, systematic use of ochre becomes ubiquitous 42,43. Numerous late MSA sites 

from eastern Africa have yielded ochre pieces that are sometimes associated with 

grindstones. Their number is probably underrepresented. Interest in pigment use is 

relatively recent, and so it is likely that an undetermined number of finds were not 

systematically reported in the past. Except for a few cases, ochre assemblages from this 

region are only briefly described in the literature. 

In Tanzania, evidence for MSA ochre use was found in Mumba 65,71–75 and Nasera rock 

shelters 65,74,76. In Mumba, it consists of worked pieces of yellow and red ochre from 

levels dated to c. 100–50 ka 71. Grindstones were also found at both sites but it is unclear 

whether they preserve ochre residues. At Kisese II Rockshelter, Tanzania, red and more 

rarely orange and yellow ochre was identified in levels >45 ka cal BP 77–79. Ochre pieces 

showing wear-facets were also recovered from levels dated to >43 ka cal BP. “Stone 

palettes” with ochre-stained surfaces are reported in levels dated 39.6–34.3 ka cal BP.  

Recent excavations at Panga ya Saidi, Kenya, have revealed the presence of 17 ochre 

fragments probably used to produce ochre powder in layers dated to c. 48–14.5 ka 41,60. 

Two of them, recovered from layers dated c. 48–25 ka, bear traces of modification. Two 

flakes with traces of red ochre and one small ochre-stained lower grindstone were 

recovered at Enkapune Ya Muto, Kenya, in levels probably older than 41,400±700 BP 80. 

At Mochena Borago Rock Shelter, Ethiopia 81,82, ongoing research 83 has revealed the 

presence of more than 260 red, yellow, pink, purple, and brown ochre pieces, weighing 

nearly two kilograms, associated with ochre processing tools, in levels dated between c. 
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53 and 38 ka cal BP. More than half bear traces of modification, including rubbing, 

grinding and less frequently scoring and engraving marks. Red and grey pigments were 

found in MSA levels at Gorgora Rock Shelter, Ethiopia 84–86. The presence of ochre was 

also reported at Aduma 87 and Goda Buticha 88–90, Ethiopia. Porc-Epic Cave, Ethiopia, 

has yielded the largest late MSA ochre assemblage in the region 61,91,92, which is the 

subject of the present study.  
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S2 – Archaeological context 

 
Porc-Epic Cave is located 3 km south of Dire Dawa in Ethiopia, near the top of the Garad 

Erer hill, between the Afar Depression and the Somali Plateau (S2 Supplementary Fig. 

1). It opens at the base of a Jurassic limestone cliff, 140 m above the wadi Laga Dächatu, 

whose main channel course has a length of over 50 km. 

 

 
S2 Supplementary Figure 1. Location of Porc-Epic Cave. 
(a) Location of the site. (b) View of the top of Garad Erer hill. The arrow indicates the cave entrance. (c) 
View of the cave (photo A. Herrero). (d) View of Garad Erer hill and wadi Laga Dächatu. The arrow 
indicates the cave entrance (copyright: Google Earth). Modified after 91 under a CC BY license, with 
permission from PLOS ONE, original copyright 2016. 
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The cave was discovered in 1929 by Pierre Teilhard de Chardin and Henry de Monfreid, 

who excavated a test pit to evaluate the archaeological potential of the site 93. In 1933, 

Henri Breuil and Paul Wernert extended the excavation 94 and described the “later 

schematic style” of the cave’s rock art 95,96. John Desmond Clark excavated a trench in 

1974 95,97, and in 1975–1976 Kenneth D. Williamson directed an excavation over a 

surface of approximately 49 m2 and a depth of  3 m. In 1998, fieldwork conducted by a 

team from the Muséum National d’Histoire Naturelle, Paris, France, and the Authority 

for Research and Conservation of Cultural Heritage (ARCCH) of Ethiopia helped clarify 

the Porc-Epic stratigraphy 98. 

The stratigraphy of the cave comprises a succession of clayish levels, sandy levels and 

breccia and was divided into seven units (S2 Supplementary Fig. 2) that are described in 

detail elsewhere 92,95. MSA material was recovered from levels 2, 3C/D and 4A/B 95, 

approximately 60 to 220–230 cm below datum. The overlying layers (6, 7A and 7B) are 

composed of fine sands and loam with interstratified hearth material containing LSA and 

Neolithic artefacts 99.  

 

 
S2 Supplementary Figure 2. Porc-Epic Cave's stratigraphy. 
Eastern profile (09W-10W) at the end of the 1974 excavation. The gamma-spectrometry age of a human 
mandible and the obsidian hydration ages for artefacts recovered during the 1933 excavation are indicated 
in green and orange, respectively. 14C ages obtained from gastropod opercula are indicated in blue. Their 
stratigraphic position is approximate, as only the depth and square from which these objects were recovered 
is known, and therefore cannot be correlated with a specific layer. Reprinted from 91 under a CC BY license, 
with permission from PLOS ONE, original copyright 2016. 
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Different attempts have been made to date the sequence, but the chronology of the site 

remains unclear 92. Three artefacts were dated by obsidian hydration to 61,202 ± 958, 

61,640 ± 1083, and 77,565 ± 1575 100, but this dating method is now considered 

unreliable 101,102. High-resolution, low-background gamma-ray spectrometry analyses of 

a human mandible produced an age of c. 50 ka 88. Accelerator mass spectrometry (AMS) 

radiocarbon determinations for three Revoilia gastropod opercula 99 yielded uncalibrated 
14C ages of 33,700 ± 300 (Beta–193517), 35,600 ± 350 (Beta–193516), and >43,200 

(Beta–193518), suggesting that the sequence may have accumulated over at least 4,500 

years 92,103. The 95.4% probability range of the two finite ages 104 are 38,800–37,049 cal 

BP, and 41,084–39,421 cal BP (IntCal13; OxCal 4.2). The stalagmite that seals the 

breccia containing the main MSA levels yielded a 14C age of 4,590 ± 60 BP and U–Th 

age of 6,270 ± 1020 BP 95. Charcoal fragments recovered in the uppermost breccia have 

been dated to 5,700 ± 110 BP. 

 

 
S2 Supplementary Figure 3. Spatial distribution of ochre pieces, ochre processing tools and ochre-
stained artefacts. 
Bubble sizes reflect the frequency of ochre pieces per grid unit. Numbers indicate ochre processing tools 
and ochre-stained artefacts (OSA) when indicated. Reprinted from 61 under a CC BY license, with 
permission from PLOS ONE, original copyright 2017. 
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Finds from the MSA layers at Porc-Epic Cave include stone tools 88,95,98,105–112, faunal 

remains 99,113,114, a human mandible 114,115 and gastropod opercula 103, ochre and ochre 

processing tools 61,91,92. For a summary of previous research, see  61.  

Evidence for ochre use at Porc-Epic Cave was first reported by Breuil and Wernert 105. 

Clark and Williamson 95 recovered 214 ochre pieces and one limestone grindstone during 

the 1974 excavations. Ochre pieces and ochre-stained artefacts were also collected during 

the 1975–1976 excavations by Williamson but were not mentioned in the literature before 

their reassessment by us 92. They include 4213 pieces (c. 40 kg) of red, brown and yellow 

iron-rich ochre pieces 61, as well as 21 ochre processing tools and two ochre-stained 

artefacts 91 found throughout the sequence, in different areas of the cave (S2 

Supplementary Fig. 3). 
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S3 – Previous research: ochre processing tools 

 

 

 

S3 Supplementary Figure 1. Ochre processing tools and ochre-stained artefacts found at Porc-Epic 
Cave.  
Numbers correspond to the objects' identification number. Reprinted from 91 under a CC BY license, with 
permission from PLOS ONE, original copyright 2016. 
 



10 
 

 
S3 Supplementary Figure 2. Ochre residues from ochre processing tools on carbon adhesive tabs.  
a: sample AT1A (OPT 1); b: sample AT1B (OPT 1); c: sample AT2A (OPT 2); d: sample AT2B (OPT 2); 
e: sample AT3 (OPT 3); f: sample AT4 (OPT 4); g: sample AT5 (OSA 5); h: sample AT6A (OPT 6); i: 
sample AT6B (OPT 6); j: sample AT7 (OPT 7); k: sample AT8 (OPT 8); l: sample AT9 (OPT 9); m: sample 
AT10 (OPT 10); n: sample AT11 (OPT 11); o: sample AT12 (OPT 12); p: sample AT13 (OPT 13); q: 
sample AT14 (OPT 14); r: sample AT15 (OSA 15); s: sample AT16 (OPT 16); t: sample AT17 (OPT 17); 
u: sample AT18 (OPT 18); v: sample AT19 (OPT 19); w: sample AT22 (OPT 22). Reprinted from 91 under 
a CC BY license, with permission from PLOS ONE, original copyright 2016. 
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S3 Supplementary Figure 3. SEM images of ochre residues from Porc-Epic Cave's ochre processing 
tools and ochre-stained artefacts.  
All figures are in backscattered electron (BSE) mode. a: OPT 1, sample AT1 zone 1; b: OPT 1, sample AT1 
zone 2; c: OPT 2, sample AT2A; d: OPT2, sample AT2B; e: OPT 3, sample AT3; f: OPT 4, sample AT4; 
g: OSA 5, sample AT5; h: OPT 6, sample AT6; i: OPT 7, sample AT7; j: OPT 9, sample AT9; k: OPT 12, 
sample AT 12; l: OPT 13, sample AT13; m: OSA 15, sample AT15; n: OPT 22, sample AT22. Scales = 10 
μm.  Reprinted from 91 under a CC BY license, with permission from PLOS ONE, original copyright 2016. 
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S3 Supplementary Table 1. Results of SEM-EDS analyses on residues from Porc-Epic Cave's ochre 
processing tools and ochre-stained artefacts.  
 

 
Num:  number; aggl: agglomerate; irreg: irregular; plat: platy; ang: angular; subcirc: subcircular; oct: 
octahedral; acic: acicular; tab: tabular. (*) Interpretation in brackets. The objects' identification number is 
the same as presented in S3 Supplementary Fig. 1. Reprinted from 91 under a CC BY license, with 
permission from PLOS ONE, original copyright 2016. 
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S3 Supplementary Table 2. Results of μ-RS analyses on residues from Porc-Epic Cave's ochre 
processing tools and ochre-stained artefacts. 
 

Num: number; un: undetermined; alum: aluminosilicate; ox: oxide; C: carbon; abbreviations of minerals 
are based on the nomenclature suggested by 116 except for lepidocrocite (lep), and manganite (man). The 
objects' identification number is the same as presented in S3 Supplementary Fig. 1. Reprinted from 91 under 
a CC BY license, with permission from PLOS ONE, original copyright 2016. 

 

S3 Supplementary Table 3. Results of XRD analyses on residues from Porc-Epic Cave's ochre 
processing tools and ochre-stained artefacts. 

 

Num.: number; abbreviations of minerals are based on the nomenclature suggested by 116, except for 
bernalite (ber), halloysite (hal) and ramsdellite (ram). The objects' identification number is the same as 
presented in S3 Supplementary Fig. 1. Reprinted from 91 under a CC BY license, with permission from 
PLOS ONE, original copyright 2016. 
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S4 – Previous research: ochre pieces 

Visual characterisation 

Six types of raw material were identified macroscopically 61: 

Soft, fine-grained ferruginous rocks (SFG): homogeneous, fine-grained, clayish rocks 

with very few or no inclusions.  

• Colour: mostly red and dark red, but also grey, brown, orange or yellow and only 

rarely bear small black spots.  

• Morphology: most are slabs (n = 339) or irregular pieces (n = 218), although nodules 

(n = 117) and pebbles (n = 107) are also observed.  

• Texture and density: several examples have a compact structure; others are laminated 

or show small cavities. Generally light. 

 

Banded, fine-grained ferruginous rocks (BFG): rocks with the same texture and 

appearance as type SFG but with clearly differentiated layers of colours. 

• Colour: mostly red and yellow, or red and orange but also dark red, grey or brown. 

• Morphology: mostly found as nodules (n = 90), followed by smaller numbers of slabs 

(n = 23) and irregular pieces (n = 19) or pebbles (n = 14).  

• Texture and density: generally light, these materials usually have a compact 

structure. 

 

Hard, fine-grained ferruginous rocks (HFG): very hard and heavy iron oxides. 

• Colour: dark colours, mostly grey and red, but also black. They rarely show brown, 

yellow, dark red, grey and orange spots.  

• Morphology: usually occur as nodules (n = 51) and pebbles (n = 45) and more rarely 

as slabs (n = 33) and irregular pieces (n = 24). 

• Texture and density: hard and heavy. 

 

Coarse-grained ferruginous rocks (CG): heterogeneous agglomerates of grains of 

different colours and shapes. 

• Colour: mostly red, dark red and grey grains, and more rarely yellow, orange, and 

brown grains.  
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• Morphology: generally irregular in shape (n = 49) or occur in the form of nodules (n

= 42) and, to a lesser degree, pebbles (n = 25) or slabs (n = 28).

Ferruginous sandstone (FS): agglomerates of translucent grains (probably quartz) in a 

fine iron oxide matrix.  

• Colour: mostly red and orange, sometimes with dark red, grey, brown and yellow

spots.

• Morphology: commonly found as slabs (n = 5), nodules (n = 2) or pieces with

irregular morphologies (n = 2).

Platy fine-grained ferruginous rocks (PFG): agglomerates of platelets characterised by 

a shiny or metallic-like appearance.  

• Colour: usually greyish with red veins,

• Morphology: can be irregular (n = 2) or flat in shape (n = 1).

S4 Supplementary Table 1. Criteria for the determination of ochre types. 

G: grey; Y: yellow; BR: brown; BL: black; O: orange; R: red; DR: dark red; VF: very fine; C: coarse; F: 
fine; hom: homogeneous; het: heterogeneous; subcirc: subcircular; irreg: irregular. Reprinted from 61 under 
a CC BY license, with permission from PLOS ONE, original copyright 2017. 

Anthropogenic modifications 

Anthropogenic modifications, including traces of flaking, striations, facets, smoothed 

areas, incisions, and pits, were identified macro- and microscopically 61: 

• Pieces bearing traces of flaking include objects with simple or multiple flake scars

and flakes.

• Striations (S4 Supplementary Fig. 1a, b) produced by grinding the piece against an

abrasive surface are present as linear parallel marks arranged in groups 21,117,118.

Facets refer to areas flattened by grinding and covered with striations.
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• Incisions (S4 Supplementary Fig. 1c, d) are present as sub-parallel, slightly curved 

marks displaying multiple grooves (or micro-striations defined as microscopically 

visible parallel striations) produced by the asperities of lithic cutting edges or other 

sharp tools during scraping or scoring 21,57,118.  

• Smoothed areas (S4 Supplementary Fig. 1e) refer to homogeneous surfaces lacking 

irregularities and projections in comparison to neighbouring unmodified areas or 

those on which modification marks have been partially or fully erased 118.  

• Percussion pits (S4 Supplementary Fig. 1f) take the form of depressions produced by 

a pounding action 91,119,120. 

 

 
S4 Supplementary Figure 1. Modifications on ochre pieces. 
a, b: Striations produced by grinding (ochre pieces PE102 and PE987); c, d: incisions produced by 
scraping/scoring (ochre pieces PE306 and PE1419); e: Smoothed areas (ochre piece PE3067); f: Pits 
produced by a pounding action (ochre piece PE931, OPT21). Reprinted from 61 under a CC BY license, 
with permission from PLOS ONE, original copyright 2017. 
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S4 Supplementary Figure 2. Vertical distribution of ochre pieces per raw material type.  
Data are presented as number of pieces and percentages. Separate histograms are presented for ochre from 
the northeastern (NEA) and southeastern (SEA) accumulations. SFG: Soft fine-grained; BFG: banded fine-
grained; HFG: hard fine-grained; PFG: platy fine-grained; FS: ferruginous sandstone; CG: coarse-grained. 
Reprinted from 61 under a CC BY license, with permission from PLOS ONE, original copyright 2017. 
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S4 Supplementary Figure 3. Vertical distribution of ochre piece morphology.  
Data are presented as number of pieces and percentages. Pieces with undetermined morphologies were not 
included. Separate histograms are presented for ochre pieces from the northeastern (NEA) and southeastern 
(SEA) accumulations. Reprinted from 61 under a CC BY license, with permission from PLOS ONE, original 
copyright 2017. 
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S4 Supplementary Figure 4. Vertical distribution of modifications identified on ochre pieces.  
Data are presented as number of pieces and percentages; a: occurrence of each modification type throughout 
the sequence. Separate histograms are presented for ochre pieces from the northeastern (NEA) and 
southeastern (SEA) accumulations; b: occurrence of main combinations of modifications. Ochre pieces 
with only one modification or combinations that appear on less than 4 pieces were excluded. FK: flaking, 
G: grinding; SC: scraping; SM: smoothing; P: pitting. Reprinted from 61 under a CC BY license, with 
permission from PLOS ONE, original copyright 2017. 
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S5 – Ochre pieces: elemental data 

S5 Supplementary Table 1. Results of XRF analyses conducted on ochre pieces from Porc-Epic Cave 
and natural pieces found in the surrounding area. 
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Figures in italics indicate concentrations below the limit of detection. Num: number; raw mat: raw material; 
SFG: soft fine-grained; BFG: banded fine-grained; HFG: hard fine-grained; CG: coarse-grained; FS: 
ferruginous sandstone; PFG: platy fine-grained. 
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S5 Supplementary Table 2. Detailed results of SEM-EDS analyses conducted on ochre pieces from 
Porc-Epic Cave. 

 



28 
 

 
Num: number; raw mat; raw material; an: analyses; morph: morphology; cont: contrast; EDS: energy dispersive X-ray spectroscopy; 
SFG: soft fine-grained; BFG: banded fine-grained; HFG: hard fine-grained; CG: coarse-grained; FS: ferruginous sandstone; PFG: 
platy fine-grained; irr: irregular; plat: platy; aggl: agglomerate; subcirc: subcircular; acic: acicular; tab: tabular; clay min: clay mineral; 
W: white; G: grey; DG: dark grey; LG: light grey; submicr: submicrometric; ox: oxide; min: mineral; sulph: sulphate. 
* BSE cont. refers to the contrast observed on backscattered electron images. 
** Elements in brackets play no role in the mineralogical composition of the analysed items, elements in bold are present in a 
proportion equal to or greater than 40%. 
*** Text in brackets indicates the interpretation of detected elements surrounding the analysed area. 
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S5 Supplementary Figure 1. SEM images of ochre pieces from Porc-Epic Cave.  
All figures are in backscattered electron (BSE) mode. a: ochre piece PE17, SFG; b: ochre piece PE295, 
SFG; c: ochre piece PE538, SFG; d: ochre piece PE913, SFG; e: ochre piece PE919, SFG; f: ochre piece 
PE930, SFG; g: ochre piece PE987, SFG; h: ochre piece PE994, SFG; i: ochre piece PE1635, SFG; j: ochre 
piece PE1914, SFG; k: ochre piece PE1927, SFG; l: ochre piece PE306, BFG; m: ochre piece PE521, BFG; 
n: ochre piece PE102, HFG; o: ochre piece PE1419, HFG; p: ochre piece PE1752, HFG; q: ochre piece 
PE1510, CG; r: ochre piece PE1628, CG; s: ochre piece PE101, FS; t: ochre piece PE973, FS; u: ochre 
piece PE436, PFG; v: ochre piece PE1812, PFG. Scales = 50 μm. 
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Elemental composition and texture by raw materials 

 

Pieces attributed to HFG (Fig. 4n-p; Table 2; S5 Supplementary Fig. 1n-p; S5 

Supplementary Table 2) show a matrix rich in small Fe particles (submicrometric to 7 µm 

in length) containing few larger agglomerates or irregular grains (7-14 µm in length) rich 

in Si and submicrometric grains rich in Si, Al and Ca, that were interpreted as silicates 

and clay minerals respectively. 

PFG ochre pieces (Fig. 4u,v; Table 2, S5 Supplementary Fig. 1u,v; S5 Supplementary 

Table 2) are mostly composed of particles with a very high proportion of Fe. These 

particles, interpreted as iron oxides, mainly come in three shapes: (1) platy particles, the 

most frequent, variable in size (2-78 µm in length); (2) large acicular particles (32 µm in 

length); (3) agglomerates of irregular submicrometric particles. Other less frequent 

compounds found in the Fe-rich matrix include: agglomerates of small (1-3 µm in length) 

Si, Al and Ca-rich grains interpreted as clay minerals, small (1-2 µm in length) irregular 

grains rich in Si interpreted as silicates, and tabular grains (11-18) rich in Ba and S 

interpreted as Ba sulphates. 

CG ochre pieces (Fig. 4q,r; Table 2, S5 Supplementary Fig. 1q,r; S5 Supplementary 

Table 2) are characterised by large particles different in morphology and composition: (1) 

subcircular grains rich in Si (23-1126 µm in length), (2) platy particles rich in Si, Al, Ca 

(17 µm in length), and (3) platy particles (16-17 µm in length) rich in Ca and S. We 

interpret them as silicates, feldspars and calcium sulphates respectively. Smaller platy 

grains (2 µm in length) rich in Si, Al and Ca, are interpreted as clay minerals. Fe-rich 

grains, interpreted as iron oxides, appearing in the form of agglomerates of 

submicrometric grains and larger platy particles (1-15 µm in length), were also identified. 

FS ochre pieces (Fig. 4s,t; Table 2, S5 Supplementary Fig. 1s,t; S5 Supplementary Table 

2) feature irregular, angular and platy grains of variable size (8-30 µm in length), rich in 

Si, interpreted as silicates. These grains are surrounded by agglomerates of Fe-rich 

particles of variable size (submicrometric to 9 µm in length) featuring in some cases a 

platy morphology. Other identified particles include submicrometric agglomerates of 

particles rich in Si, Ca, Fe and Al interpreted as clay minerals and, more rarely, angular 

grains (14 µm in length) rich in Ca and S, interpreted as calcium sulphates. 

The analysis of SFG pieces (Fig. 4a-k; Table 2, S5 Supplementary Fig. 1a-k; S5 

Supplementary Table 2) revealed that this raw material, which appears homogeneous 

macroscopically, is in fact the most heterogeneous in composition and texture. Distinctive 
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features are agglomerates of small particles of iron oxides (submicrometric to 4 µm), 

mostly irregular in shape but also including platy, and more rarely, acicular morphologies. 

Many pieces also feature agglomerates of larger iron oxide particles (5 to 30 µm in 

length), irregular or angular in shape. These agglomerates are often embedded in or 

surrounded by other particles. Among these particles, those composed of Si are the most 

frequent. They generally appear in the form of irregular and more rarely platy or angular 

particles of variable size (submicrometric to 37 µm). Agglomerates of small platy and 

irregular grains rich in Si and Al, interpreted as clay minerals, are also detected. Other 

less frequent components include platy or irregular particles rich in Al and K with a length 

ranging from 16 to 28 µm, interpreted as micas. A few pieces are rich in irregular or 

angular grains (12-27 µm in length), mostly composed of Si, Al, K, interpreted as 

feldspars. Agglomerates of Ca sulphates (3-27 µm in length) in the form of small grains 

or larger angular grains, and Ba sulphates (submicrometric to 10 µm in length) were also 

identified. A single specimen (ochre piece PE538) shows the presence of an undetermined 

Ni-rich particle, interpreted as contamination.  

BFG pieces (Fig. 4l,m; Table 2, S5 Supplementary Fig. 1l,m; S5 Supplementary Table 

2) fall into the compositional and textural variability of SFG pieces. The main difference 

lies in a macroscopic feature: BFG pieces show layers of different colours. BFG also lacks 

micas, feldspars and sulphates. Such a difference, however, could be attributed to the few 

pieces of BFG analysed. As already mentioned for SFG, this raw material is characterised 

by the presence of iron oxides in the form of agglomerates of submicrometric grains, 

small (1-2 µm in length) irregular grains or larger (22 µm in length) tabular particles. 

Submicrometric agglomerates of grains interpreted as clay minerals, rich in Si, Al, Ca, 

and small platy and subcircular (submicrometric to 2 µm in length) silicates are also 

identified. On a single piece, large grains (9-16 µm) rich in Ca, P and Ca respectively are 

interpreted as Ca phosphates and carbonates. 
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S6 – Ochre pieces: mineralogical data 

S6 Supplementary Table 1. Results of XRD and μ-XRD analyses on Porc-Epic Cave's ochre pieces 
and natural samples from the surrounding area. 
 

 
 
Num: number; mat: material; type of an: type of analysis; SFG: soft fine-grained; BFG: banded fine-
grained; HFG: hard fine-grained; CG: coarse-grained; FS: ferruginous sandstone; PFG: platy fine-grained; 
XRD: X-ray diffraction; μ-XRD: micro-X-ray diffraction.  Abbreviations of minerals are based on the 
nomenclature suggested by 116. 
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S6 Supplementary Figure 1. Representative X-ray diffractograms obtained from the analysis of Porc-
Epic Cave ochre pieces. 
a: ochre piece PE615; b: ochre piece PE710; c: ochre piece PE994; d: ochre piece PE1635.  
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S6 Supplementary Table 2. Summarised results of μ-Raman analyses conducted on Porc-Epic Cave's 
ochre pieces. 
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N: number; mat: material; un: undetermined; ox: oxide; C: Carbon. Abbreviations of minerals are based on 
the nomenclature suggested by 116, except for hp (hydroxyapatite); fluorapatite (fluo), lepidocrocite (lep), 
manganite (man) and natrojarosite (nt); SFG: soft fine-grained; BFG: banded fine-grained; HFG: hard fine-
grained; CG: coarse-grained; FS: ferruginous sandstone; PFG: platy fine-grained. 
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S6 Supplementary Table 3. Detailed results of μ-Raman analyses conducted on Porc-Epic Cave's 
ochre pieces. 
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Num: number; mat: material; an: analyses; morph: morphology; SFG: soft fine-grained; BFG: banded fine-
grained; HFG: hard fine-grained; CG: coarse-grained; FS: ferruginous sandstone; PFG: platy fine-grained; 
aggl: agglomerate; irr: irregular; sub: subcircular; ang: angular; plat: platy; tab: tabular; B: black; R: red; 
Y: yellow; T: translucent; DR: dark red; W: white; G: grey; DG: dark grey; O: orange. Abbreviations of 
minerals are based on the nomenclature suggested by 116, except for hp (hydroxylapatite); fluorapatite 
(fluo), lepidocrocite (lep), manganite (man) and natrojarosite (nt). Und: undetermined; ox: oxide; C: carbon. 
* Minerals between brackets come from grains surrounding the analysed grain. 
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S6 Supplementary Figure 2. Representative μ-Raman spectra obtained from the analysis of Porc-
Epic Cave ochre pieces. 
The hematite and goethite reference spectra are indicated in red and yellow respectively: RRUFF ID 
R110013 and X050091121. 
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S7 – Methods 

S7 Supplementary Table 1. Number of analysed ochre pieces, ochre residues from ochre processing 
tools and ochre-stained artefacts from Porc-Epic Cave and natural ochre found in the wadi Laga 
Dächatu. 
 

 
 
μ-RS: micro-Raman spectroscopy; XRD: X-ray diffraction; μXRD: micro X-ray diffraction; SEM-EDS: 
Scanning electron microscopy coupled with energy dispersive X-ray spectroscopy; EDXRF: energy 
dispersive X-ray fluorescence; OPT: ochre processing tool; OSA: ochre-stained artefact. 
* Analyses conducted on ochre powder samples obtained from grinding loose ochre microfragments. 
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S7 Supplementary Table 2. Contextual, macroscopic and technological data of analysed pieces and 
detailed account of analyses conducted on ochre pieces, ochre residues from ochre processing tools 
and ochre-stained artefacts from Porc-Epic Cave and natural ochre found in the wadi Laga Dächatu. 
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Num: number; raw mat: raw material;  µ-RS: micro-Raman spectroscopy; XRD: X-ray diffraction; µ-XRD: 
micro X-ray diffraction; XRF: X-ray fluorescence; SEM-EDS: scanning electron microscopy coupled with 
energy dispersive X-ray spectroscopy; OP: ochre piece; OR: ochre residue; OPT: ochre processing tool; 
OSA: ochre-stained artefact; nat: natural ochre pieces; SEA: southeastern area; NEA: northeastern area; 
FK: flaking; G: grinding; SM: smoothing; SC: scraping; P: pitting; NA: not applicable; R: red; O: orange; 
Y: yellow; BR: brown; G: grey; BL: black; P: purple; SFG: soft fine-grained; BFG: banded fine-grained; 
HFG: hard fine-grained; CG: coarse-grained; FS: ferruginous sandstone; PFG: platy fine-grained. Numbers 
indicate the number of analyses conducted on the ochre pieces and residues. 
(*) Analyses on ochre processing tools (OPT) and ochre-stained artefacts (OSA) were conducted on ochre 
residues sampled from their surface. 
(**) In the case of OPT and OSA, piece numbers correspond to the artefact number where the ochre residue 
was found, not the ochre sample number. 
(***) In brackets, coloured residue visible under microscopy. 
(****) Analyses conducted on ochre powder samples obtained from grinding loose ochre microfragments 
originally attached to the indicated ochre piece or on ochre residues sampled from ochre processing tools 
and ochre-stained artefacts. 
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