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Abstract

Iron oxide-rich colouring materials exhibit substantial diversity across various contexts,
encompassing a wide range of physical, chemical, petrographic, and mechanical characteristics. The
identification of these materials holds the key to understanding exploited mineral resources and the
criteria of selections in Palaeolithic societies. Geochemical methods delve into the intrinsic properties
of rocks, offering insights into their historical records, including their formation, weathering
transformation, and technical applications. Therefore, for the comprehensive collection and analysis
of geochemical data pertaining to such archaeological materials, this paper proposes to establish a
foundation with diverse iron oxide-rich reference materials. This serves a triple purpose: 1)
formulation of measurement procedures tailored to the unique physical attributes of iron oxide-rich
materials, 2) elucidation of the geological formation and context in relation to material composition,
and 3) facilitating comparisons between geochemical analyses conducted on archaeological
specimens and compatible geological references, whether local, regional, or extra-regional. The aim is
to ensure a consistent basis for comparison.

This paper presents a comprehensive investigation of the geochemical composition of seven selected
iron oxide-rich reference rocks. The objective is to provide a robust framework for conducting
geochemical analyses and statistical data processing on archaeological specimens and relevant
reference rocks, leveraging non-invasive Proton-Induced X-ray Spectroscopy (PIXE) data.

Highlights
- Petrographical characterisation of iron oxide-rich rocks
- Geochemical data acquisition by PIXE method
- Statistical data exploration

- Implication on raw colouring material discrimination
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1. Introduction

Iron oxide-rich colouring materials, discovered in archaeological deposits since the Middle Stone Age
in Africa and the Middle Palaeolithic in Europe, also frequently utilized in cave art from the Upper
Palaeolithic onwards, hold a central role in the study of prehistoric societies. These materials exhibit
remarkable visual, tactile, and mechanical properties, enabling them to be used (e.g., Audoin
andPlisson, 1982; Culey et al., 2023; Dayet et al. 2016; Garate et al., 2004; Huntley et al., 2015;
MacDonald et al., 2019; Rosso et al. 2016; Salomon et al. 2021; Sajnerova-Duskova et al., 2009;
Svoboda, 2008; Velliky et al. 2018 , ). They serve as tangible evidence of the various technical and
decorative practices among diverse prehistoric human groups. These materials bear witness to the
choices of raw materials made in the past, the locations of their extraction, and the skills and
knowledge required to achieve production goals.

To address questions pertaining to the use of these materials, the establishment of geological refer-
ences becomes a prerequisite to assess the selections and uses of mineral resources by Palaeolithic
hunter-gatherer populations. The examination of networks involving colouring materials gains its full
significance within the broader context of resource exploitation shells, fauna, flint, and diverse miner-
al resources.

The trajectories of colouring materials, from their formation to acquisition and transformation, un-
folds through the lens of their natural history: genesis, diagenesis, weathering (in line with the "evolu-
tionary chain" concept as proposed by Fernandes, 2012) and cultural ("chaine opératoire™ sensu Leroi-
Gourhan 1964, Pelegrin 1995), where human-induced transformations come into play. Grinding and
mixing with other substances, destroy the petrographic characteristics of the original rock, rendering
identification by observation and most analytical methods unfeasible (Salomon et al, 2021).

To describe the selection and procurement of raw colouring materials by Palaeolithic societies, espe-
cially when petrographic information is lacking or insufficient, the geochemical approach has gained
wide acceptance (Beck et al., 2011; David et al., 1993; Dayet et al. 2022; Eiselt et al., 2012; Green
and Watling 2007; MacDonald et al. 2018; Mathis et al., 2014; Mauran et al., 2019; Menu and Walter,
1992; Lebon et al., 2018; Pierce et al. 2020; Popelka-Filcoff et al. 2012; Zipkin et al. 2020). This ap-
proach scrutinizes the ability of rocks to retain a chemical signature of their geological origin in their
major, minor, and trace element composition ( . However, building a geological reference collection is
a requirement to gather adequate information about these diverse colouring rocks within a region of
study. This diversity encompasses various rock types and lithologies (sedimentary claystone, sand-
stone, limestone, weathering rocks, hydrothermal mineralization, etc.), mineral compositions (com-
prising nature, shape, size, abondance, distribution, and chemical composition of minerals), and
chemical compositions that span a wide range of iron-oxide content, from 20% to over 95% (as illus-
trated in Figure 1; Salomon et al., 2021).



85  Given that archaeological colouring remains are considered vulnerable heritage artifacts, a precise
non-invasive approach is essential, and p-Proton Induced X-ray Spectroscopy (U-PIXE) stands out as
a dependable and efficient technique for determining the geochemical signatures of various material
types: obsidian, garnet, variscite, lapis lazuli (Bellot-Gurlet et al., 2005; Calligaro et al., 2002; Lo
Giudice et al., 2017; Mathis et al., 2008; Orange et al., 2017; Querré et al., 2008; Querreé et al., 2014).

90 In addition, these archaeological colouring materials are often retrieved as small pieces or fragments
(under a centimeter size) offering limited analysis areas (< mm?) restricting petrographic identifica-
tion. Moreover, applied residues and paintings on other substrate materials require analysing strategy
of p-samples that allows their comparison with a diverse reference sample (block and fragment
patinated or showing fresh break, powder, thin section, polished section, etc.).

95  This paper presents a method grounded in a dataset of geochemical information obtained from docu-
mented geological collections. The goal is to identify rock type markers (e.g., sedimentary, weather-
ing, hydrothermal) by utilizing geochemical measurements in conjunction with petrographic data
from reference samples, in order to identify the provenance of archaeological iron oxide-rich rocks.
To ensure the reliability of the geochemical data, analytical conditions were carefully selected to yield

100  pertinent and robust data for subsequent statistical analysis. The resulting statistical chemical space is
aligned with the petrographic groupings of reference materials, employing supervised statistical
methods. This approach yields valuable insights for comparing reference samples with groups of ar-
chaeological artifacts of both unknown geological origin and geographical provenance.
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105 Figure 1: lllustration of chosen iron oxide-rich rocks formation as geological references

2. Material
2.1 Selection of geological references

Seven reference materials were selected from the Pigment Library's collection (Figure 2) to illustrate
110  the diversity of iron oxide-rich rocks and highlight the significant petrographic and geochemical dif-
ferences among colouring rocks. The selection criteria were based on characteristics such as the type
of formation (genesis), petrographic features (structures, grain content, binding phase — matrix and/or



cement), mineralogical assemblage, and their variable iron content (Salomon et al., 2021 ; Chalmin et
al. 2020)).
115
o Hydrothermal hematite mineralization filling a vein in arkosic Triassic sandstone (Bordezac,
south-east France). Rare tabular micas (100 pm) and quartz are inherited from the hostrock (min-
eralogy is described in the SSHADE/PIG (OSUG Data Center) Dataset/Spectral Data.
https://doi.org/10.26302/SSHADE/EXPERIMENT BS_20200422_100).

120
¢ Qolitic ironstone (Clinton type) interbedded between Frasnian and Lower Famennian shales (Huy,
Wallonia, south-east Belgium). The rock shows well-sorted ferruginous flax-seed ooids with
bioclastic, quartz (100 um), or rare lithoclastic nuclei. The ooids are embedded in dolomite and
ferruginous  clayey  matrix and  cement  (mineralogy is  described  here:
125 d0i:10.26302/SSHADE/EXPERIMENT _BS_ 20200813 100).

e Stratiform hematite vein and metasomatism in Oxfordian limestone (Pierremorte, south-east
France). The ferruginized limestone contains ferruginized bioclast fragments in a partly
ferruginized carbonated matrix (mineralogy is described here:

130 d0i:10.26302/SSHADE/EXPERIMENT _BS_20200815_100).

e Hettangian crinoidal limestone ferruginized by hydrothermal injection (Thoste, Burgundy, France).
The limestone is partly replaced by iron oxides. It is composed mainly of entirely ferruginized cri-
noid fragments in a ferruginized carbonated cement (mineralogy is described here:
135 https://doi.org/10.26302/SSHADE/EXPERIMENT _BS 20200812 100).

e Allochthonous bauxite trapped in a Middle Jurassic karst (Pierrerue Hérault, France). The refer-
ence samples are made of irregular ferruginous pisoliths coming from an iron duricrust in a
bauxitic profile and containing mainly hematite and kaolinite (mineralogy is described here:
140 doi.org/10.26302/SSHADE/EXPERIMENT _BS 20200814 100).

e Ferricrust from an ochre profile in the weathered Albian-Cenomanian glauconitic sand (Roussil-
lon, Vaucluse, south-east France). Samples from the crust at the top of the ochre profile contain
corroded quartz grains (200-400 um) embedded with a kaolinitic and ferruginous matrix (mineral-

145 ogy is described here: https://doi.org/10.26302/SSHADE/EXPERIMENT _BS 20191012 400).

e Fragments of ferruginous crust, remnants of a weathering profile developed on Urgonian limestone
(Connaux, France) were used. This crust shows a lack of accessory minerals and a solely iron ox-
ides and hydroxides content. REF. PIG rapport
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Figure 02: Localization map of the seven iron oxide-rich rocks used as references, associat-
ed to petrographic pictures on cross-sections

180  To illustrate the method a set of data acquired on archeological colouring remains from the Grotte aux
Points are used as a small “case study”. These artefacts, coming from a Gravettian layer under the
porch of the cave (Monney et al. 2018), measure between 2 and 5 mm in diameter. They show no
trace of technical modification, including abrasion, scraping, heating or mixing with other minerals.
However, they are certainly the remaining fragments of colouring powder production by crushing and

185  grinding. From this corpus, the lithology A has been chosen for its well-known petrographic
characteristics: iron oxide-rich clayish matrix (>60%) with green clayish inclusion:
celadonite/glauconite, poor content in terrigenous detrital grains (quartz, heavy minerals rich in
zirconium and titanium rich minerals) (Chanteraud et al. 2021, Chanteraud et al. 2019).

190  2.2. Sample preparation

The experimental dataset was generated by preparing polished cross-sections of geological references.
This approach allowed for the identification of chemical variations associated with petrographic
features and ensured the use of analytical conditions suitable for archaeological remains.

Rock samples were cut, embedded in an epoxy resin, sawed, and polished to a quarter micron
195  (detailed protocol in Chalmin et al. 2021).

Archaeological items were not subject to a specific preparation such as cross-section, polishing and
embedded. Only a surface of 400 um x 400 um was cleaned with a sterile scalpel blade to ensure that
the burial sediment would not contaminate the analysis of the colouring material.
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3. Method: PIXE analysis
3.1. Experimental conditions & parameters

For the UPIXE analyses AGLAE facility (C2RMF, Paris), we used a 30-um extracted beam and
filtered the signal by placing a 50-um-thick aluminium film and a 13-um chromium filter in front of
the three high-energy detectors. As well as minimising the influence of Al, Si, Ca and Fe, these filters
reduced pile-up effects caused by the high content of iron in the matrix, thereby improving the
detection and quantification of trace elements. Detection limits are between 10 and more than 100
ppm according to the element. The analyses were performed under environmental condition (at air
atmospheric pressure), with a helium flow to increase the detection performance and reduce the loss
of signal for light elements (Z<26). The X, Y, Z motorized sample holder allowed us to realise
mappings, with a minimal step size of 10 um (Lebon et al. 2018, Mauran et al. 2022).

The various analytical constraints linked to the physics of the particles as well as the specificities of
the device and set up (Cr filter) were considered in the choice of marker elements. The chromium and
vanadium contents were exploited from the low-energy detection of the corresponding photons, to
avoid the mask induced by the chromium filter on the high-energy detection. Particular attention was
paid to the pile-up effect (stacking of X-ray photons on the detector), which can be observed in the
spectra around 13 keV and is known for the very energetic Kal excitation line at 6.4 keV of iron,
which creates a mask or a possibility of confusion with several K and L lines of other elements (Table
1). This stacking can result in false element recognition by the peak assignment software, which is
particularly true for the KB1 line of bromine at 13.2 keV, the Kal of rubidium at 13.37 keV and L of
lead at 12.6 keV. This false positive can in turn generate quantification errors on the Kp1 line of
arsenic at 11.72 keV which can be confused with the Kol of bromine at 11.9 keV.

2015

Dose
counts

Acquisition
Time

Map size pm
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13 um CR + 50 pm Al
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Time
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13 um CR + 50 pm Al

RBS

13 um CR + 50 pm Al
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*********Tab I e O 1

3.2. Data processing

Analytical parameters: dose, acquisition time, mapping size, used in the 2015,
2018 and 2019 analytical campaigng*******xkkkkkikx
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In order to compare the geochemical signatures of various geological ferruginous rocks and establish
a usable geochemical reference for archaeological ferruginous artifacts (including rocks, powders,
residues, and paintings), we conducted a comprehensive analysis of iron oxide-rich mineral phases
within the rocks. As iron is a common element across different rock types and artifacts, it serves as a
key focal point for our study.

To identify the geochemical signature of the pigmentaceous mineral phase carrying the iron element,
we considered the specificities of the rocks, each composed of distinct mineral phases with unique
geochemistry. Accordingly, we processed the acquired chemical maps while accounting for this
heterogeneity.

Our approach aims to construct a statistical reference that accommodates the diversity and variability
of the rocks. To achieve this, we focused on the geochemical maps of iron content in the seven
reference samples.

Firstly, we employed iron concentration mapping, where colour variation ranging from red (indicating
the highest iron concentration) to blue (indicating the lowest iron concentration) was utilized (see
Figure 3a). To grasp the chemical variability within these rocks, composed of diverse mineralogical
constituents, and to enable the recognition of distinct rocks based on real analysis, we applied
threshold-based mapping according to iron content (count/pixel). Depending on the rock under
analysis, we identified 2 to 3 areas corresponding to iron content levels under 30%, between 30% and
60%, and above 60% (as depicted in Figure 3b). Subsequently, we quantified the elemental content
within each threshold. Each extracted quantification was then used to illustrate the chemical
variability of each reference sample.

This process resulted in the individual processing of 51 chemical maps across the seven geological
reference samples, yielding 97 spectra that express the chemical diversity of the references and their
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Figure 03: iron content mapping on the “Roussillon” reference, a) observation of variation in iron
content linked to different mineral phases (quartz, clay-iron matrix) by selecting iron peak on the
spectrum, temperature colour scale expressed the iron content (count/pixel) and b) selection of pixels
(20 x 20 pm) by thresholding the map above 400 counts/pixel (high iron content).***** kb

The second step involved quantifying the elemental contents using GUPIXWIN (Campbell et al.
2021, 2010, 2000, 1995, 1989and TRAUPIXE software, applying the spectrum modelling and peak
area calculation protocol as outlined by Pichon et al. (2010). Quantification in GUPIXWIN utilized a
configuration file adapted from the works of Beck et al. (2012), Mathis et al. (2014) (Pichon et al.
2015).

As the third step, we applied a mathematical test to the quantification data to select measurements
with an acceptable error, typically averaging less than 27%. This selection was based on a comparison
between the calculated quantification and the fit error (calculated error) in relation to the detection
limits (LOD). The threshold for data acceptability was determined using the following function:

[elem] — Alelem]
100

< LOD[elem] = null(notmeasured)

[elem] is the calculated element concentration.

A [elem] is the incertainty in the calculation of the concentration.

LOD is the detection limit on the measurement

This sieving method retained only robust data suitable for chemical data analysis.

The fourth step involved the preparation of matrix data in tabular form. To identify specific finger-
prints for each reference rock and to apply this method to archaeological artifacts, we focused on the
signature related to iron content. In addition to the mapping threshold, we normalized the contents of
major, minor, and trace elements by iron (in the form of ratios), followed by applying a base 10 loga-
rithm to these ratios (log ratio, Aitchison, 1986).

Iron, being the common and sometimes major element in the analysed materials (often exceeding
70% concentration), can mask a significant portion of the information carried by other elements
present in smaller quantities. Normalization by the iron content brings all elements to a comparable
informative level, facilitating material differentiation even when elemental contents differ slightly
(Popelka-Filcoff et al. 2008).

4. Study of the geochemical composition

4.1 Supervised statistical analysis by Linear Discriminant Analysis (ADL)
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In the field of provenance research for archaeological materials, multivariate statistical tools play a
pivotal role due to their capacity to process large volumes of data (Baxter, 1995, 2001, 2008;
Aitchison, 1982). These tools operate by projecting the elemental content variables of each analyzed
rock into a geometric space and measuring the distance between the chemical compositions of the
compared references (Aitchison, 1982; Pearson, 1901).

Among the various statistical tools available, Linear Discriminant Analysis (LDA) stands out for its
ability to predict the membership of a sample or archaeological artifact in a predefined group of
references with known characteristics. LDA accomplishes this by leveraging the maximum difference
(variance) between the data of each analyzed sample to construct a model that visually and
mathematically distinguishes the references. Our choice to utilize LDA was driven by the need to
assess its effectiveness in distinguishing well-known geological references through a comparison of
their geochemical compositions. This approach aims to identify the key elements responsible for this
distinction and the geological and mineralogical information they convey. Past 4.0 is employed for
statistical analysis (Hammer et al., 2001).

4.1.1 Application of LDA on major and minor elements

Initially, we applied LDA to a selection of major elements known for their significance: Al, Si, Ca, K,
and P. These elements were chosen because of their detectability and their association with major and
minor mineral phases, rock types, and rock genesis. For instance, quartz is prevalent in continental or
marine rocks, while calcite is characteristic of limestone and low-sea-level sedimentary rocks.
Phyllosilicates like Al and Si are indicative of weathered minerals. This analysis of major and minor
elements capitalizes on the expected robust signal provided by the host rock in which iron
mineralization occurs. Additionally, this element selection minimizes the potential for contamination
(e.g., Na, S, Cl) and focuses on elements consistently detectable, excluding those not systematically
observed (e.g., Mg, Ti, Mn).

As a result of this approach, we were able to distinguish the Roussillon ochre from other geological
samples due to the presence of quartz grains (Si) and kaolinite (Al silicate). The bauxite from
Cazouls-les-Béziers/Pierrerue stood out due to its high content of clay minerals with low alkaline and
Al-hydroxide content. The ferruginized limestone from Pierremorte was well-defined by its elevated
calcite content, while the oolithic hematite from Huy was characterized by its medium calcite content
and the presence of illite and mica (Al, Si, and K). The Bordezac hematite mineralization exhibited a
low content of mica (K, Al, Si) and quartz, distinguishing it from the other reference samples. Finally,
the mineralized limestone from Thoste displayed contributions of calcite and K-rich silicates,
although the exceedingly high iron content limited the differentiation of this set of measurements.
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Figure 04: LDA results on the set of compositional data of major and minor elements (normalised to
iron concentration and log 10 transformed), that illustrate a geological signification. The ellipses
(probabilistic space) are set at 95% (2 sigma) & 63% (1 sigma) and constructed from the uncertainty
of the statistical calculations. The results explain 84% of the variance between the 6 geological
references. The individual prediction (confusion matrix) is good: no misclassification.

The graph and confusion matrix in Figure 4 demonstrate the profound influence of each rock's
mineral composition on their geochemical characteristics. These chemical traits are shaped by various
processes, including impregnation by mineralizing fluids from the host rock, such as in the cases of
Pierremorte and Thoste limestones, or weathering of parent rocks, as observed in Roussillon's
glauconitic sandstone (containing quartz and kaolinite) and Cazouls-les-Béziers/Pierrerue bauxite
(with Si and Al trapped in limestone depressions). Within this diverse family of rocks, minor elements
like P and K exhibit differences corresponding to minor mineral phases, such as apatite in Thoste
ferruginous limestone, illite and micas in Huy's oolithic ironstone (K), and micas in Bordezac (K).

Rocks containing iron oxide can be effectively discriminated based on major and selected minor ele-
ments. This result can be reached by observation at mesoscopic scale using petrographic charts of
qualitative and quantitative descriptions (Cayeux 1929; Choquette and Pray, 1970; Deer et al., 2013;
Dunham, 1962; Folk, 1951; Pettitjohn et al. 1987; Tucker & Wright (1990); Raymond, L. A., 1984,
Petrography Laboratory Manual, vol. 1: Hand specimen Petrography. Geology Services International,
NC, 170 p.; Terry and Chillingar (1955); Terry, R. D. and Chilingar, C. V. (1955) Summary of "Con-
cerning some additional aids in studying sedimentary formations" by M. S. Shvetsov. Journal of
Sedimentary Petrology, 25,229-214; In addition, major and minor elements like Si, Al, K, P, and Ca
are often found in the sediments of archaeological sites and post-depositional concretions. As for
pigments applied on walls and artefacts, these major elements belonging to the pigment and the sup-
port cannot be distinguished. The analysis has to be performed on fresh breaks or cleaned areas. Fur-
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thermore, when two rocks originate from the same type of formation (e.g. two ferruginous limestones
or ferricretes, etc.), the major elements may not be sufficiently discriminating to differentiate them
(Mathis et al, 2014).

4.1.2 Application of LDA on trace elements

In order to avoid the influence of ubiquitous major elements, multivariate analysis was conducted
(Figure 5) using four minor and trace elements related to iron content, which provided the best
explanation of variance among the six references: V, Cr, Zn, and As. Discrimination was less efficient
when using these minor and trace elements related to ferruginous minerals. Chromium and vanadium
differentiated the Roussillon samples due to their high relative content in comparison to iron. Zinc
was the key element distinguishing the bauxite samples, while arsenic was primarily associated with
Thoste's hydrothermal hematite mineralization. Bordezac's hydrothermal deposit, impregnated
limestone from Pierremorte, and oolithic hematite from Huy grouped together without strong
chemical links to these selected elements.

Pierrerue (Bauxite)

@ Bordezac (Hematite) 451
@ Huy (0I8) :
@ Thoste (Limestone Fe} Cr
Pierremorte (Limestone Fe)
Roussillon (Ochre)
=
b
Loadings ﬁ
Axis 1 Axis 2 p
V60252 0.2243 g ‘
2 45
Cr 14801 2.8679 g
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As  2.8803 2477
Confusion mairix
Bordezac Pierrerue Huy Pierremorte Roussillon Thoste Total
Bordezac 12 0 1 3 0 0 16
Cazouls 0 19 0 4] 0 0 19
Huy 0 Lo 1 0 0 11 454
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Roussillon 0 0 0 0 25 0 25
Thoste 0 0 1 0 0 o2 s0d ON
Total 14 20 13 15 25 11 98 Componant 1: 56.5 %

Figure 05: LDA results on the set of compositional data of trace elements normalised to iron content
and log 10 transformed, that can have a geological signification. For readability the ellipses
(probabilistic space) are set at 63% (1 sigma) purpose and constructed from the uncertainty of the
statistical calculations. The results explain 85% of the variance between the 6 references. The
prediction of group membership is confused: 4 analysis points on the Bordezac hematite and one
point on the Thoste ferruginous limestone are misclassified.

4.1.3 LDA on trace element: Importance of reference selection

Among the six well-distinguished references, major elements carried the majority of the information,
facilitating their differentiation from one another. In this case, trace elements were less informative
and did not allow for differentiation as easily as major elements, particularly in the case of Bordezac
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and Pierremorte, originating from the same hydrothermal region. Host rock and surrounding rock
markers, such as Ca or Si, played a crucial role in differentiating them in the statistical analysis.

To emphasize the significance of carefully selecting references before conducting a statistical
analysis, we introduced the Connaux reference into the discriminant analysis. Despite its high iron
content, geographical origin, and genesis, Connaux reference exhibited geochemical similarities to
other references in terms of major elements, such as Bordezac, Huy, and Thoste.
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Figure 06: LDA results on the set of 6 references with the addition of analysing points on Connaux
reference. For readability the ellipses (probabilistic space) are set at 63% (1 sigma) purpose and
constructed from the uncertainty of the statistical calculations. The results explain 81.5% of the
variance between the 7 references. The prediction of group membership is confused: 4 analysis points
on the Bordezac hematite, 1 on Huy (OIS), 4 on Pierremorte (Limestone Fe) and one on Connaux are
misclassified.

In the case of trace elements, the introduction of Connaux's reference could be distinguished by its
arsenic content. However, this elevated arsenic content grouped the other references (Bordezac,
Pierrerue, Pierremorte, and Huy) with lower arsenic content, making them appear similar in the
discriminant analysis (figure 6). Consequently, for a statistical analysis based on geochemical data
from archaeological remains, the use of Connaux's reference may not be suitable if the arsenic content
is not comparable.

4.2 Application on Grotte aux Points s colouring materials

Geological references Thoste and Huy are not used in the following statistical analysis because these
are marine shallow sedimentary rocks, containing bioclasts and ooides, which are absent of the Grotte
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aux Points artefacts. We rather concentrate on the regional references representing each category of

rock.

In addition, Connaux was ruled out because of the high Arsenic content which is not comparable into

410

the other references and archaeological artefacts.

1019
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Figure 07: Integration test of a set points on raw colouring material from the Grotte aux Points
(Lithology A) in the previous contrasted model. LDA was run on the set of major elements content log
ratios calculated on 4 suitable references and the A lithology from the Grotte aux Points. The ellipses
415 are set at 95% (2 sigma) & 63% (1 sigma). The results explain 94% of the variance between the 5
groups, and the prediction tend to put the A lithology in the Bodezac-hematite group.
The patterns shown in Figure 7 tell that the lithology A of the Grotte aux Points shows proximity to
the Bordezac reference materials based on the ratios of major element compositions to the iron that
420  have the same range order. The presence of both quartz and K-phyllosilicates in Bordezac and

lithology A also explain this proximity.
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Figure 08: Integration test of a set points on raw colouring material from the Grotte aux Points
(Lithology A) in the previous constructed model. The model was reduced to 4 references in
accordance with the A lithology specificities. The ellipses are set at 63% (1 sigma). The results
explain 93.5% of the variance between the 5 groups, and the prediction tend to put the A lithology in
430 the Bordezac-hematite group.
The trace element compositions show a strong affinity to the data on the archaeological objects
composed of hydrothermal hematite (Bordezac and Pierremorte). But, another subset of the data
shows a remarkable affinity with the bauxite of Cazouls-1és-Béziers/Pierrerue. It is important to
understand here that heterogeneity of the rock, carried by the different mineral phases, determines its
435  geochemical signature. This demonstrates, despite the affinity of the hydrothermal hematite with the
materials of the Grotte aux Points, that these geological deposits are not the source of raw materials.
The source of the materials used at the Grotte aux Points must have similar compositional
heterogeneity because it must contain the same mineral assemblage in similar proportions. By way of
example, titanium used as an adjustment variable, in this case, can lead to a biased interpretation: that
440  the archaeological colouring material corresponds to the hydrothermal hematites of the Gard. This
element makes it possible to group together the data from Bordezac, Pierremorte and the Grotte aux
Points and to separate it from the data of Pierrerue (Figure 9). However, titanium is present in
Roussillon and Pierrerue in the form of detrital grains resisting to leaching (Ti and, Fe-Ti oxides)
whose abundance is heterogeneous, whereas titanium content is correlated to iron content and very
445

weakly represented in the three other rocks mentioned above, which groups them together just as

artificially as the arsenic of Connaux brought together impregnated limestone and sandstone, oolitic
hematite and bauxite.
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Figure 09: Integration test of a set points on raw colouring material from the Grotte aux Points
(Lithology A) in the previous contrasted model. LDA was run on the set of traces and minor (Ti
added) elements content log ratios calculated on 4 suitable references and the A lithology from the
465  Grotte aux Points. The ellipses are set at 95% (2 sigma) & 63% (1 sigma). The results explain 90% of

470
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485

the variance between the 5 groups, and the prediction tend to put the lithology A in the Bodezac-
hematite group.

5. Conclusion

Cohesive coloring materials are composed of mineral associations, each with its own physical and
chemical properties. Consequently, a rock doesn't have just one, but multiple geochemical signatures
corresponding to each mineral phase composing it. These various compositions, illustrating the min-
eral heterogeneity of the material, serve as evidence of the genesis of the rock and the natural or hu-
man history behind the coloring material found in archaeological sediments or on application supports
like cave or shelter walls, bone or lithic industries, etc.

In addition to the question of the material's intrinsic heterogeneity, there's the inquiry into its history,
whether natural or human-induced. Here, we refer to everything that can be added to the signal (pe-
trography, mineralogy, and geochemistry) of the coloring material (cohesive or powder) after its dep-
osition in a sedimentary sequence or as a powder or a mixture applied on a support.

A detailed and thorough description of the coloring material, its deposition context, and its human and
natural history are essential to construct a meaningful geochemical analysis that corresponds to the
reality of the material and its environment, regardless of its form and deposition mode.

Hence, without a comprehensive understanding of the petrography and mineralogy of the studied
coloring materials, whether in cohesive or powder form (applied or not), conducting geochemical
analyses is not reasonable. Microscope-based examination (optical and electron) allows for under-
standing mineral organization, describing geological formation modes, observing human and trans-
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formation of the material, and comprehending the organization and interactions among applied color-
ing materials (powder), supports (walls, bones, flint, etc.).

This initial observational step generally helps determine major rock types (marine sedimentary, conti-
nental sedimentary, igneous, metamorphic, or volcanic) or morphologies and mineral associations (in
the case of powders), facilitating initial comparisons. This visual identification of rock types also ren-
ders comparing major elements of geochemical composition unnecessary due to geological charts'
availability for describing rocks.

Consequently, it becomes possible to select suitable mineral references (rocks) with similar character-
istics for comparison with the studied archaeological objects and to build statistically relevant models
considering the genesis, history, and evolution of the material.

These models are constructed step by step: based on trace element compositions (<1%) whose pres-
ence and origin can be understood and traced. Ubiquitous elements measurable in sediment, support,
host rock, or any other mineral phase resulting from taphonomy are excluded. These elements must
also fall within the detection limits of the device used and be adequately quantified (see detection
limit).

Bridging the gap between applied powders and cohesive materials presents another challenge that
cannot be addressed without this rigorous preliminary method, allowing an in-depth understanding of
both the deposition and evolution conditions of the deposited material and the petrography of cohe-
sive materials before constructing a comparative framework, avoiding false associations.

In conclusion, a comprehensive approach encompassing rock understanding, petrographic observa-
tion, archaeological observation (use/preparation), taphonomy, and a step-by-step approach to geo-
chemistry consistent with observational elements is indispensable: without petrography, there's no
geochemistry, so can we do without geochemistry?

We advocate the necessity to pose this question in a general context where scientific sobriety must
prevail on the attraction generated by sophisticated cutting-edge technologies and complex statistical
analysis. Therefore, in the study of coloring materials, petrographic observation (with and without
preparation) aligns with both a robust and critical scientific approach as well as an ecological ap-
proach aiming to reduce research impacts on our environment, while enabling complex archaeological
inquiries.

6. Data

S.1.1. Macroscopic pictures and SEM data and description of the Pigmentotheque references

Emilie Chalmin, Héléne Salomon, Aurélie Chassin de Kergommeaux, Claire Chanteraud.
Construction d'une Pigmentothéque : un outil pour comprendre I'approvisionnement en
matériaux colorants durant la Préhistoire. : Rapport d'activité 2019. [Rapport de
recherche] DRAC/SRA; Auvergne Rhone Alpes. 2019. (hal-02429867)

Emilie Chalmin, Héléne Salomon, Claire Chanteraud, Aurélie Chassin de Kergommeaux, B
Schmitt, et al.. Constitution d'une "pigmentotheque™ : un outil pour comprendre
I'approvisionnement en matériaux colorants durant la Préhistoire : rapport intermédiaire
2020. [Rapport de recherche] DRAC/SRA Auvergne Rhone Alpes. 2021. (hal-03161478)
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Héléne Salomon, Emilie Chalmin, Claire Chanteraud, Aurélie Chassin de Kergommeaux,
Marianne Le Turnier, et al.. Constitution d'une "Pigmentothéque” : un outil pour
comprendre I'approvisionnement en matériaux colorants durant la Préhistoire. Rapport
intermédiaire 2021. [Rapport de recherche] 2213729, DRAC - SRA Auvergne Rhone
Alpes. 2022. (hal-03539914)

Emilie Chalmin, Bernard Schmitt, Claire Chanteraud, Aurélie Chassin de Kergommeaux,
Faycal Soufi, 2020. The contribution of diffuse reflectance spectroscopy to the
knowledge of prehistoric red colouring matter, in: Proceedings of the AIC Interim
Meeting Natural Colors-Digital Colors. Presented at the Natural Colors-Digital Colors,
Avignon, p. 10.

S.1.2. PIXE data set

Chanteraud, Claire; Chalmin, Emilie (2019). pixe_rich_iron_standards_dataset. figshare.
Dataset. https://doi.org/10.6084/m9.figshare.9798431.v2

S.I.3 AGLAE Map

Pichon, L., T. Calligaro, Q. Lemasson, B. Moignard, & C. Pacheco. (2015). "Programs for Visualiza-
tion, Handling and Quantification of PIXE Maps at the AGLAE Facility." Nuclear Instru-
ments and Methods in Physics Research Section B: Beam Interactions with Materials and At-
oms, 363, 48-54. https://doi.org/10.1016/j.nimb.2015.08.086

https://sourceforge.net/projects/aglaemap/

S.1.4. Past - statistical analyses Software

Hammer, @., Harper, D.A.T., and P. D. Ryan, 2001. PAST: Paleontological Statistics Software
Package for Education and Data Analysis. Palaeontologia Electronica 4(1): 9pp.

https://www.nhm.uio.no/english/research/resources/past/

https://www.nhm.uio.no/english/research/resources/past/downloads/past4manual.pdf
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