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Abstract

In iron-bearing rock provenance researches the definition of what is a source vary from an
author to another. Issues might occur when the sources are associated with complex
weathering profiles. How may the definition of the source influence the results of provenance
studies when different types of iron-bearing rocks are encountered within the same
weathering profile? In order to deal with this research question, we used a geochemical
dataset previously obtained from the study of the ochre geological collection collected around
Diepkloof rock shelter, South Africa. We tested the efficiency of Linear Discriminant
Analyses (LDA, supervised analysis) and Principal Component Analysis (PCA, non-
supervised analysis) in source discrimination and in the attribution of archaeological pieces to
the right source. Different assumptions were made: sources were defined by separating or
grouping the different lithologies (shale and ferricrete) encountered at the same location. The
results show that grouping the different lithologies allows a good attribution of the
archaeological pieces to the source it comes from when elements positively correlated with

iron are used in the analysis. Separating the different lithologies do not allow a rate of success
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in archaeological pieces attribution as high as when the lithologies are grouped together. This
result might be explained by a highest number of samples that define a source when the
different lithologies are grouped together. Further research should be considered in this

direction in order to define if this is a general trend.
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1. Introduction

In archaeology, the definition of the sources is a pre-requisite of any provenance researches of
geological materials. Iron-bearing geological materials, also called ‘ochre’ (sensu lato, see
Popelka-Filcoff & Zipkin, 2022) due to their wide use in various archaeological contexts,
makes no exception. Most of the research done on the provenance (or more specifically on the
provenience) of iron-bearing rocks are based on the analysis of major and trace elements
(Attard Montalto et al., 2012; Dayet et al., 2016; Eiselt et al., 2011, 2019; Kiehn et al., 2007;
MacDonald et al., 2011; Macdonald et al., 2013; MacDonald et al., 2018; Mathis et al., 2014;
Mauran et al., 2021; McGrath et al., 2022; Pierce et al., 2020; Popelka-Filcoff et al., 2007,
2008, 2012; Scadding et al., 2015; Tarbska et al., 2008; Velliky et al., 2019, 2021; Zarzycka
et al., 2019; Zipkin et al., 2015, 2017, 2020). The geochemical data are then used in statistical
analyses aiming at discriminating the different sources. The definition of the source is of great
importance. In ochre provenance researches, the geological source can be submitted to
different definition. It can be an outcrop of a certain raw material (Dayet et al., 2016;
Scadding et al., 2015), a locality (a GPS point) whatever the raw materials encountered (Eiselt
et al., 2011; Popelka-Filcoff et al., 2007, 2008; Zipkin et al., 2015, 2017, 2020), a geological
formation (Mathis et al., 2014), or geological region (Mauran et al., 2021). Sometimes,
samples from different localities are grouped together to form larger sources (MacDonald et
al., 2011; Macdonald et al., 2013; Velliky et al., 2019, 2021). In other terms, the geochemical
signature of iron-bearing rocks varies at different scales.

It has been shown that samples from the same locality may not present the same geochemical
trends (Dayet et al., 2016). That’s why at the same location two different sources were
defined in a previous provenance study (Dayet et al., 2016). However, iron-bearing rock

outcrops might be characterized by complex weathering profiles where many different
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lithologies can be observed at the same place, each corresponding to a different horizon of
alteration. Making different sources for each type of lithology might become complex and
may result in biases in the statistical analyses of the geochemical data. The aim of this study is
to evaluate how changes in the definition of iron-bearing rock sources influences the results of
multivariate statistical analyses. In order to do so, we reinvestigated the dataset of
geochemical analyses of the geological outcrops sampled around the archaeological site
Diepkloof rock shelter, South Africa (Dayet et al., 2013, 2016). We decided to separate or
group together the different types / lithologies of iron-bearing rocks observed at the same
locality, namely within the same weathering profile. The chosen context is ideal as two of the
locations sampled and studied are simplified weathering profiles, which means that different
horizons of alteration are present at the same place (same GPS point but different lithologies).
We used Principal Component Analysis (PCA), an unsupervised learning method, and Linear
Discriminant Analysis (LDA), a supervised learning method, by considering the different
lithologies from the same place grouped together or separated. We evaluated the results

obtained in source discrimination and archaeological pieces attribution.

2. Background

Iron-bearing rocks’ provenance researches based on the analysis of geochemical data
Several methods can be used to obtain geochemical data, the two most common being neutron
activation analyses (NAA) and inductively coupled plasma mass spectrometry coupled or not
with a laser (ICP or LA-ICP-MS) (see e.g. Dayet, 2021). Geochemical data are usually treated
by using multivariate statistical analyses (Attard Montalto et al., 2012; Dayet et al., 2016;
Eiselt et al., 2011, 2019; Kiehn et al., 2007; MacDonald et al., 2011; Macdonald et al., 2013;
MacDonald et al., 2018; Mauran et al., 2021, 2022; McGrath et al., 2022; Pierce et al., 2020;

Popelka-Filcoff et al., 2007, 2008, 2012; Scadding et al., 2015; Velliky et al., 2019, 2021;
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Zarzycka et al., 2019; Zipkin et al., 2015, 2017, 2020). These analyses allow to determine
whether the different sources can be considered as different groups with different
compositional features. This is a particular efficient way to control if the sources respond to
the provenance postulate (Weigand et al., 1977). The definition of what is considered as a
group in the supervised statistical analyses (multivariate methods that require a classification
with predefined groups), will conditioned the results. A group is composed of samples that are
assumed to be representative of the source variability. But a source can have various
definition as described above, which means that the way the groups are made in the
supervised statistical analyses may vary from a study to another. The archaeological question
in particular may have an influence on source definition. For instance, Mauran et al. (2021)
aimed at questioning the existence of raw material circulation between different rock art
massifs, while Velliky et al. (2021) mostly aimed at identifying non local material to question
the “modernity” of past populations in Europe. The first defined a source as a geological
region in relation with the rock art massifs. The second grouped together part of the local
outcrops in order to separate them from distant outcrops. However, a major issue in group
making is the importance of lithological features. Should lithological features be taken into
account or not when the groups are defined? Or in other words, is the intra-source variability
not too high when iron-bearing rocks with different composition in major elements are

considered as coming from a single source? This is the issue we explore in this paper.

Statistical data treatment

Two main multivariate analyses are used to treat the geochemical data in ochre provenance
researches: the PCA (Dayet et al., 2016; Eiselt et al., 2011; MacDonald et al., 2011;
Macdonald et al., 2013; MacDonald et al., 2018; Mauran et al., 2021; Pierce et al., 2020;

Popelka-Filcoff et al., 2007, 2008, 2012; Tarbska et al., 2008; Zarzycka et al., 2019; Zipkin et
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al., 2015, 2020) and the LDA, with a variant called canonical discriminant analysis, CDA
(MacDonald et al., 2011; Macdonald et al., 2013; Mauran et al., 2021, 2022; McGrath et al.,
2022; Pierce et al., 2020; Popelka-Filcoff et al., 2008; Scadding et al., 2015; Velliky et al.,
2019, 2021; Zipkin et al., 2015, 2017). In a PCA, there is no assumption about the groups that
should be made. The variability of the dataset is explored and synthesized in new variables
that are called principal components. They represent the highest variability that can be
observed amongst the geological samples. This variability can be in relation with the sources
or can be in relation with other factors. For instance, the PCA performed by using a selection
of trace elements based on their correlation with iron, on the geological sources sampled
around Diepkloof rock shelter, South Africa, allow to group the raw materials depending on
their lithology: shale pieces on one hand, ferricrete pieces on the other (Dayet et al., 2016).
The sources of shale were not clearly separated. In this particular case the variability between
the two categories of rocks is higher than the variability between the outcrops of one category
of rock. A second selection of trace elements and the selection of the shale outcrops only in a
second PCA allow to separate the outcrops of shale.

Another multivariate analysis used in ochre provenance researches is the LDA. In this
supervised analysis, there is an assumption about what the groups should be. The analysis
allows finding the variables that account the most in the discrimination of the groups. It
calculates new variables, the linear discriminant variables or canonical discriminant variables,
that are responsible for the best separation between the groups. It also allows predicting the
affiliation of an unknown sample to a group. This is the analysis that requires the highest
attention in the definition of the sources as designated groups. For instance, the results will be
different if samples from the same location are grouped together or if a difference is made in
function of the rock category encountered at one particular location. In other terms, if we

consider that the outcrops are consistent within the same location or if we consider that there
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are two different outcrops of two different raw materials at the same location the results will
be different. After carrying out PCA in order to determine if the data are comparable, we will
evaluate the influence of the grouping or the separation of the samples of different lithologies

from the same locality on the results of the LDA.

Attribution of archaeological pieces

Both the PCA and LDA allow in a second step that consists in projecting the data of
archaeological pieces. The projection into the multivariate space of the archaeological data
will allow to attribute the pieces to one or the other source. We usually used graphic interfaces
to estimate the attribution to a source, for both multivariate analyses and biplots of elements.
For instance, the 11 archaeological pieces from the French Palaeolithic site Ormesson plot
into the ellipse with one sigma confidence of the samples from the Sparnacian geological
stage (Mathis et al., 2014). The interpretation is that the archaeological samples were
collected within this formation. In some cases, the samples plot aside the geological sources.
In this condition it is not possible to attribute the pieces to a source. In some other cases, a
cloud of points representing archaeological pieces fall at the frontier of a geological group. In
these conditions most authors considered that the archaeological pieces belong to this group
(MacDonald et al., 2018; Velliky et al., 2021). In LDA analyses, a prediction of attribution of
unknown samples to one or the other designated group can be done. Such predictions were
done by Mauran et al. (2021) in order to affiliate archaeological samples to different
geological massifs. The results allow them to attribute a provenience to part of the
archaeological samples. Velliky et al. (2021) also used Mahalanobis distance equations to
calculate group membership probability.

At Diepkloof rock shelter, there is a source right back in the shelter. This outcrop of shale can

be considered as a reference for most of the shale pieces found in the archaeological levels.
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Here we will consider that the shale pieces attributed to this source according to a previous
work (Dayet et al., 2016) do come from this source. We will then rediscuss this conclusion in

the light of a the new PCA and LDA results.

Archaeological background

Diepkloof rock shelter is located near the west coast in the Western Cape in South Africa,
about 200 km north of Cape Town (32° 23" 12" S, 18° 27" 10" E; Fig. 1). The shelter
dominates the small Verlorenvlei River valley about 14 km from the present shoreline. From
1999 to 2013, it was investigated by a South African-French team led by J.-P. Rigaud, P.-J.
Texier, and C. Poggenpoel. Middle Stone Age (MSA) and Later Stone age (LSA) occupations
were recovered (Parkington et al., 2013). The MSA occupations are dated from about 110 to
55 ky (Tribolo et al., 2013). The MSA sequence is composed of major lithic industries in
South Africa such as the Still Bay and the Howiesons Poort (Porraz et al., 2013). Also
noticeable, hundreds of engraved ostrich egg shells were recovered in Howiesons Poort units
(Texier et al., 2010, 2013). The MSA occupations as a whole yielded several hundreds of
ochre pieces (Dayet et al., 2013). The samples studied in the present work come from the
‘main sector’ (squares M6 and N6). The small collection of 11 samples selected for analysis is
mainly composed of shale featuring high clay mineral contents and ferricrete featuring high

iron oxide contents (Dayet et al., 2016).
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Fig. 1 — Location of Diepkloof Rock Shelter, geological map of the surroundings of the

site and pictures of the outcrops of shale and ferricrete studied (modified after Dayet et

al. 2016).

Geological background
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In the vincinity of Diepkloof rock shelter two main categories of rocks containing iron oxides
are described: coloured shale (laminated rocks rich in clay minerals) and ferricrete (iron-
enriched nodules). Shale outcrops occur throughout the three main geological formations
present around Diepkloof (Besaans et al., 1973; Fig. 1):

- The closest shale outcrop is located inside the rock shelter itself: it occurs as a thin dusky red
bed in the back of the shelter, outcropping within quartzitic sandstones of the Table Mountain
group (Paleozoic). This outcrop is called Shalel. It will be our reference for shale attribution.

- Klipheuphel beds (proto-Paleozoic) are located along the Verlorenvlei River which runs
below the Diepkloof hill, the nearest being 10 km south of the site. Two outcrops were
studied here, Shale2 and Shale3, that share similar lithological features.

- Malsmebury’s red beds of shale (proto-Paleozoic, Nama System) were observed at more
than 20 km south-west of the site. They are finely laminated phyllitic shale (Saggerson &

Turner, 1995). One outcrop was studied, Shale6.

Ferricrete nodules are observed within tertiary to quaternary soils (Roberts, 2003; author’s
observations; Fig. 1). The reported ferricrete outcrops are located near Malmesbury
formations, south-west from the site, and some of them are clearly associated with phyllitic
shale beds. Localized lateritic weathering profiles explain such association. Two outcrops
were studied, Ferrl and Ferr2. The first is located just aside Shale6, they are from the same
locality and belong to the same alteration profile although their petrological features and
composition in major elements are different. Shale6 is the saprolite (the altered parent rock)
and Ferrl are the nodules of the dismantled ferricrust usually found above a first horizon of
alteration. This horizon has disappeared. Ferr2 is partially composed of highly weathered
shale pieces enriched in iron oxide. It can be separated in two subgroups, Ferr2a which is

composed of indurated shale with a similar structure than the shale but with higher iron

10



228  contents, and Ferr2b which is composed of true ferricrete. They come from the same parent
229  rock. Ferr2 is located at more than 20 km from the site. The sources described above can be
230  either considered separately (sources Shale6 and Ferr2a considered as separate from sources
231 Ferrl and Ferr2b), or grouped together (source Shale6-Ferrl and source Ferr2). The samples
232 of each locality come from the same geological context but their lithological features are
233 different.

234

235 3. Material and methods

236 3.1 Geological materials

237 At each outcrop, samples were taken at different position, horizontally and vertically. At least
238  one sample per position were studied. From 10 to 19 samples were analysed per locality
239  (Table 1) with a total of 64 samples. Pictures of some samples are presented in Fig. 2. Rock
240  category and outcrop features were precisely defined by using Scanning electron microscopy
241 coupled with energy dispersive spectrometry (SEM-EDS) and X-ray diffraction (XRD)

242  (Dayet et al., 2016, 2013; Fig. 3).

243
Source Number Locality Rock category Geological formation Texture Fabric
of samples

Shale 1 12 Redelinghuysl  Shale Table montain series Fine-grained Laminated

Shale 2 10 Elands Bay Shale Klipheuwel formations Fine-grained Laminated

Shale 3 10 Redelinghuys2  Shale Klipheuwel formations Fine-grained Slightly laminated

Shale 6 10 Redelinghuys3  Phyllitic shale = Malmesbury formations Fine-grained Finely laminated

Ferr 1 9 Redelinghuys3  Ferricrete Tertiary/quater., associated Fine-grained Massive
with Malmesbury form.

Ferr2a 4 Eendekuil Indurated shale Tertiary/quater., associated Fine-grained Slightly laminated,
with Malmesbury form. laminated

Ferr2b 9 Eendekuil Ferricrete Tertiary/quater., associated Fine-grained, fine and  Massive, globular
with Malmesbury form. coarse-grained

TOTAL 64

244  Table 1 — Macroscopic features of the different iron-bearing rock outcrops.

245
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247  Fig. 2 — Pictures of geological (A to G) and archaeological (H to K) ochre samples. A:

248  sample of shale from Shalel. B: sample of shale from Shale2; C: sample of shale from

249  Shale3; D: sample of shale from Shale6; E: sample of indurated shale from Ferr2a. F:
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270

sample of ferricrete from Ferrl. G: sample of ferricrete from Ferr2. H: sample of
ferricrete Archeol, unknown provenance. I: sample of ferricrete Archeo3, associated to
Malsmebury formations. J: sample of shale Archeo7, attributed to the Shalel source. K:

sample Archeo8, attributed to Malmesbury formations.

MACROSCOPIC LB Finely laminated Lightly laminated/
EXAMINATION S e el structure massive structure
SEM-EDS | |
Platelets Al, Si, Mg, Fe Platelets Al, Si, K Platelets Si, Al, K Fe >50%

XRD Mixed-layered Chlorite WC illite Pyrophyllite WG illite No or few
clay mineral + PC illite WC illite clay minerals

Rock category Shale
Formations Table Mountain,
lower stages

Fig. 3 — Specificity of each category of raw material and each geological formation and

diagram of attribution of an unknown sample to a rock category or a geological

formation. PC: Poorly crystallised; WC: well-cristallised.

3.2 Archaeological material

A total of 11 archaeological pieces were selected for ICP analyses. The petrological features
of these samples were carefully analysed before their ICP analyses. Macroscopic, SEM-EDS
and XRD analyses allow a first attribution of the pieces to one or the other source or
geological formation based on their fabric and mineralogical composition (Dayet et al., 2016,
2013; Fig. 3). Finely laminated shale can be attributed to the phyllitic shale from the
Malmsbury formations. Samples with a peak of well-crystallized illite can also be attributed
to this formation. Samples with a mixture of poorly and well crystallysed illite, kaolinite and

no other clay minerals can be attributed to the Shalel source. Samples with a mixed-layered

13
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clay mineral or with chlorite can be attributed to the shale sources from the Klipheuwel
formations. Samples with no or very low content of clay minerals can be attributed to the
ferricrete rock category.

The five first archaeological samples are ferricrete pieces (Table 2). Most ferricrete pieces
have an unknown provenience while two could be associated with the Malmesbury formation
according to the crystal shape of the iron oxides (Archeo3 and 4). The six last are shale
pieces. Amongst the shale pieces, four are attributed to Shalel source according to
macroscopic, SEM-EDS, XRD and ICP analyses: Archeo6, Archeo7, Archeol(, Archeoll
(Table 2). The two other shale samples could come from the Malmesbury formations

(Archeo8 and 9).

14



282

283

Stratigraphic

Sample N° Ref. unit Square Lithic industry Mass  Texture Fabric Rock category Provenience

Archeol BDX13690 EBEN N6B Late HP 11,2 CLAY-SILT MASSIVE FERRICRETE Unknown

Archeo2 BDX13722 DEBBIE M6A Late HP 8,2 CLAY FOLIATED FERRICRETE Unknown

Archeo3 BDX13741 ERIC M6C Late HP 6,4 CRYSTALLINE MASSIVE, POROUS FERRICRETE Associated with Malmesbury formations
Archeod BDX13749 ERIC Mo6C Late HP 39 CRYSTALLINE MASSIVE, POROUS FERRICRETE Associated with Malmesbury formations
Archeo5S BDX13793 JUDE N6A Und., above early HP 4,4 CLAY-SILT MASSIVE FERRICRETE Unknown

Archeo6 BDX13681 CLAUDE N6D Post HP 6,7 CLAY-SILT LAMINATED SHALE Shalel

Archeo7 BDX13715 DARRYL MO6A Late HP 4,1 CLAY-SILT LAMINATED SHALE Shalel

Archeo8 BDX13718 DEBBIE M6A Late HP 1,9 CLAY-SILT FINELY LAMINATED SHALE Malmesbury formations

Archeo9 BDX13752 ESTER M6A Late HP 24 CLAY-SILT LIGHTLY LAMINATED SHALE Malmesbury formations

Archeol0 BDX13758 GOVERNOR N6D Intermediate HP 73 CLAY-SILT LAMINATED SHALE Shalel

Archeoll BDX13777 KIM N6B SB 3,7 CLAY-SILT LAMINATED SHALE Shalel

Table 2 — Macroscopic features of the archaeological pieces and attribution to a geological formation or an outcrop.

15
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3.3 Sample preparation

Geological and archaeological pieces were reduced into powder before being analysed by ICP
methods. Their surface was cleaned with demineralised water, and then samples were
prepared using a diamond blade: a fragment was cut and the external surface was removed by
abrasion against the diamond blade. Each fragment was subsequently crushed into powder
with an agate milling bowl and then finely ground with a micro-grinder equipped with an

agate bowl.

3.4 ICP-MS and ICP-OES analyses

Elemental analyses were carried out by the Service d’Analyse des Roches et Minéraux
(SARM) at Nancy, France. Major and minor elements were determined by Inductive Coupled
Plasma Optical Emission Spectroscopy (ICP-OES). The instrument used is ICP-OES iCAP
Pro (Thermo Scientific). Trace elements were analysed by Inductive Coupled Plasma Mass
Spectrometry (ICP-MS), with an iCAP Q spectrometer (Thermo Scientific). After being
ground into powder, 200 mg of each sample was melted with LiBO; and then dissolved in
nitric acid. A total of 43 trace elements (dosed by ICP-MS, expressed as ppm) and 10 major
or minor elements (dosed by ICP-OES, percentage calculated as oxides) were quantified. The

raw data are given in Table S1 and S2.

3.5 Statistical data treatment

Data pre-treatment

Variables with missing values, which means, elements with values lower than detection limits
of the ICP analyses, were not taken into account in the statistical analyses, as advocated by
Popelka-Filcoff & Zipkin (2022). An exception was made for Sb with only 3 % of missing

values (geological samples alone), because of its interest as an element positively correlated

16
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with Fe (Dayet et al., 2016). In this case missing values were replaced by 0.6 x the minimum
value (Comas Cufi & Thi6 i Fernandez de Henestrosa, 2011). The element Pb was not taken
into account due to its presence in the fuel of cars and the proximity of roads near some
geological outcrops. In order to decrease the number of correlated variables (for LDA
analyses the variables must not be collinear), a PCA of all the trace and major elements were
carried out. Then, by using the variable coordinates’ biplot (Dim1-Dim2), elements with
collinear vectors were removed. A first set of elements results from this selection: MgO, KO,
AlO3, V, Cr, Fex03, Co, Ni, Ga, Ge, As, Rb, Zr, In, Cs, Hf, Th, U (setl). A second PCA with
the trace elements only were carried out. Again, we used the variable coordinates’ biplot
(Dim1-Dim2) to graphically select the variables that are not highly correlated. A second set of
elements results from this treatment: V, Cr, Co, Ni, Ga, Ge, As, Rb, In, Cs, Hf, Th, U (set2).
Biplots of the loadings of the two PCA can be found in Fig. S1. A third set of elements were
used: elements that are positively correlated with Fe in shale outcrops, according to the
procedure proposed by Popelka-Filcoff et al. (2007). This allow selecting the Fe oxide
element signature. To be more accurate, in this study we kept only elements whose correlation
with Fe is higher than with Al for the shale outcrops. This is the set of elements that were
used in a PCA in a previous study, allowing to separate shale and ferricrete geological pieces
(Dayet et al., 2016). This set of elements (Pb excepted) was reinvestigated in the present
work: V, Cr, Co, As, Nb, Sb, Ta, Ba, U (set3).

The elemental composition cannot be used as percentages in a multivariate analysis. The data
must be transformed. Centered logarithm ratios (clr) of the elemental percentages were used
for setl and set2 (Aitchison, 1986). Clr transformation normalizes the compositional data by
the geometric mean of the variables (transformed into logarithm). Clr transformation was used
in two previous ochre provenance studies (Mauran et al., 2021; Pierce et al., 2020). Additive

logarithm ratios (alr) of the elemental percentages were used for setl, set2 and set3. Alr
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transformation normalizes the data by the concentration of one element (transformed into
logarithm). In this work, ratios to Fe were used as already described in many ochre
provenance studies (Dayet et al., 2016; Eiselt et al., 2011; MacDonald et al., 2011; Macdonald
et al., 2013; MacDonald et al., 2018; Pierce et al., 2020; Popelka-Filcoff et al., 2007, 2008,
2012; Velliky et al., 2019, 2021). We used ratios to Fe,Os considering that data are given in
mass oxide, using the following formula: log ([element]/[Fe>Os]). These data were calculated
by using the software CODAPAK 2.03.01 (Comas Cufi & Thi6 i Ferndndez de Henestrosa,

2011).

Mulivariate analyses

PCA were carried out by using the FactoMineR package (L& et al., 2008) of R software
version 4.1.2. LDA were carried out by using the MASS package (Venables & Ripley, 2002)
of R software version 4.1.2. Kfold cross-validation were done by using the caret package
(Kuhn, 2008). The sample is divided into k smaller sets (folds) and the model is trained on k-1
folds and validated with the last one. A number of three folds were used for the kfold cross
validation considering the small number of samples included in the analysis. The closer from
1 the accuracy and the kappa statistic are, the better the LDA (Kuhn, 2008). The Kappa
statistic is a measure of concordance for categorical data (the groups) that measures
agreement relative to what would be expected by chance. All the graphics were made by
using the ggplot2 R package. Codes are given in Supplementary Information. The loadings of
the PCA and the coefficients of the linear discriminants of the LDA are given in
Supplementary Information (Table S3 to S14). They will not be discussed in the text as they

are not the main aspect this paper deals with.
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4. Results

4.1 Unsupervised learning method, PCA

4.1.1 All the sources

We will explore the results of PCA analyses done without any assumption about what the
sources should be. When all the sources are considered, the alr ratios to Fe,O3 allow a better
discrimination between the sources than the clr, whatever the set of elements used. The
attribution of the shale pieces to the Shalel source is similar between the PCAs done on alr
and clr coordinates, whatever if the setl, set2 or set3 is considered. We will focus on the alr

results for setl.

PCAI: PCA done on elements’ setl, alr ratios to Fe>2O3 coordinates

The PCA done by using the elements’ setl and the alr ratios to Fe,O3 coordinates do not allow
a good discrimination between the sources (Fig. 4A). Amongst the shale sources, only Shalel
and Shale3 are clearly distinguished on the Dim1-Dim2 biplot. Nonetheless, the ferricrete
sources are all found on the left of the biplot while shale sources are all found on the right
(discrimination along the Dim1 axis). Ferr2a is partly distributed with Ferr2b and in between
shale and ferricrete pieces. Archeo 7 and 10 are attributed to the Shalel source while Archeo6
and Archeoll are very close to its distribution (Fig. 4B). The ferricrete pieces are all found
nearby the distribution of Ferr2b or Ferr2a. The archaeological samples are close enough to

the sources to allow using predictions in the LDA.
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Fe203 coordinates, with archaeological pieces. Squares: ferricrete pieces; Circles: shale

pieces. Confidence ellipses with a 95 % of probability.

4.1.2 Outcrops of shale alone

When only the sources of shale are taken into account, the sources are graphically better
separated when using the clr coordinates than the alr ratios to Fe,Os for set 1 and set 2. The
results for setl and set2 are very close whatever if the clr or alr coordinates are used. We will
focus on the results of the clr coordinates for the set2 and then on the alr coordinates of the

set3.

PCA2: PCA done on elements’ set2, clr coordinates

The separation between the shale sources when reducing the geological collection to shale
sources and doing a PCA on trace elements’ set2 is not very good (Fig. 4C). Archeo7 and
Archeol0 fall in the distribution of the Shalel source in the Dim1-Dim2 space. Archeob is

very close to the distribution but Archeol 1 is significantly distant.

PCA3: PCA done on elements’ set3, alr ratios to Fe>O3 coordinates

Apart for a small overlap between Shalel and Shale6 sources, the sources of shale are well
separated in the Dim1-Dim?2 space of the PCA done on the shale sources only by using the
trace elements’ set3 (Fig.4D). Archeo7 and ArcheolO fall in the distribution of Shalel in the
Dim1-Dim2 biplot while Archeo6 and Archeoll fall in the distribution of Shale6, which is

very close to the one of Shalel.

4.2 Supervised learning method, LDA
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4.2.1 Sources defined as localities (shale and ferricrete grouped together)
First, we considered that a source is a locality, a GPS point where several types of iron-
bearing rocks are encountered. Following this view, we grouped together Shale6 and Ferrl

and we made no separation between the indurated shale Ferr2a and the true ferricrete Ferr2b.

LDAI: LDA done on elements’ setl, clr coordinates and alr ratios to Fe>03 coordinates

When using clr coordinates, some elements from setl are collinear despite our selection. A
LDA cannot be applied. There is no more collinearity when using the alr ratios to Fe,Os
coordinates. The LDA carried out on the elements’ setl with the alr coordinates (LDAT1)
allows a good separation between Shale6-Ferrl, Shalel and the other sources (Fig. 5A).
Along LD1 and LD2 biplot, however, Shale2, Shale3 and Ferr2 are not separated. Shale2 and
Shale3 are still not separated along LD1 and LD3 biplot (Fig. 5B). This might be due to
shared features given that they come from the same geological formation. Nonetheless, the
attribution of each sample to each source is good, there is no mistake done in the model.
Moreover, when performing a kfold cross validation, the probability and kappa equal 0.98.
The statistical model is strong. When we plot the archaeological samples in the LD1-LD2
space, we observe that only Archeol1 is attributed to the Shalel group (Fig. 5C) while in the
LD1-LD3 space only Archeo7 plot in the Shalel group (Fig. 5D). The ferricrete pieces do not
follow a clear trend, most are not closer to ferricrete sources than to shale sources. When we
consider the predictions of the statistical model, the four shale pieces from Shalel are

attributed to this group but some ferricrete samples are also attributed to it.
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Squares: ferricrete pieces; Circles: shale pieces. Confidence ellipses with a 95 % of

probability.

LDA2: LDA done on trace elements’ set2, clr coordinates and alr ratios to Fe>O3 coordinates
Again, when using clr coordinates some elements appear to be collinear. This is not the case
when using alr ratios to FeoOs coordinates. The results of the LDA done on the trace
elements’ set2 with alr coordinates (LDA2) show a good separation between the five sources
(Fig. 6A). The results are good, all the geological samples are attributed to the right source.
As regard to the kfold cross-validation, the accuracy is of 0.95 and the kappa statistic is of
0.94. Sample Archeo6 is attributed to the Shalel group when considering the LD1-LD2 space
(Fig. 6B). Archeol0 and Archeo7 are very close to the distribution but Archeoll departs
significantly. Most ferricrete pieces plot far away from the ferricrete sources. When we look
at the predictions of the statistical model, the four pieces from Shalel are correctly attributed
to this group but another sample of shale and a sample of ferricrete are also attributed to it.

The other ferricrete pieces are attributed to Ferr2.
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Fig. 6 — Results of LDA2 carried out by considering the sources of shale and ferricrete
from the same locality grouped together with the trace elements’ set2 (V, Cr, Co, Ni, Ga,
Ge, As, Rb, In, Cs, Hf, Th, U) and alr ratios to Fe203 coordinates. A: LD1 and LD2
biplot. B: LD1 and LD2 biplot with archaeological pieces. Squares: ferricrete pieces;

Circles: shale pieces. Confidence ellipses with a 95 % of probability.

LDA3: LDA done on trace elements’ set3, alr ratios to Fe>O3 coordinates

The LDA carried out by using trace elements’ set3 with alr ratios to FeoO3; (LDA3) allows a
good separation between all the sources except for the two simplified weathering profiles
(Fig. 7A and 7B). The results are good, all the geological samples are attributed to the right
source. Moreover, when performing a kfold cross validation, the probability is of 0.92 and the
kappa statistic of 0.90 which is still good. The ferricrete sources are separated from the shale
sources. Samples Archeo6, Archeol0 and Archeoll are attributed to the Shalel group in the
LD1-LD2 space (Fig. 7C). Archeo7 is very close to the Shalel distribution. Most of the
ferricrete pieces fall on the right part of the biplot where the ferricrete groups are represented.

The attribution of the shale archaeological pieces is less conclusive on the LD1-LD3 biplot
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statistical model are considered, we observe that all the pieces from Shalel are attributed to

this group. Three of the ferricrete pieces are attributed to Ferr2 group while the two last are

attributed to Shale2 group.
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Fig. 7 — Results of LDA3 carried out by considering the sources of shale and ferricrete
from the same locality grouped together with the trace elements’ set3 (V, Cr, Co, As, Nb,
Sb, Ta, Ba, U) and alr ratios to Fe2O3 coordinates. A: LD1 and LD2 biplot. B. LD1 and
LD3 biplot. C: LD1 and LD2 biplot with the archaeological pieces. D: LD1 and LD3
biplot with the archaeological pieces. Squares: ferricrete pieces; Circles: shale pieces.

Confidence ellipses with a 95 % of probability.

4.2.2 Sources defined from lithological features (shale and ferricrete separated)

In a second step, we can consider that shale are different raw materials than ferricrete. Their
composition in major elements is different. As we can separate them from various features
according to macroscopic examination, SEM-EDS and XRD analyses, we can also separate
them in the statistical treatment. We considered here that Shale6 and Ferrl as well as Ferr2a

and Ferr2b are single separated sources of raw materials.

LDA4: LDA done on elements’ setl, alr ratios to Fe>2O3 coordinates

Some variables being collinear when using the cIr coordinates from setl, we will focus on the
results obtained with alr ratios to Fe2O3 coordinates. The results of the LDA carried out on the
variables from the setl with alr coordinates, when considering Shale6 and Ferr2a as single
sources (LDA4), show a good separation between the sources except for Shale2 and Shale3
(Fig. 8A). This might be due to the fact that they come from the same geological formation.
The results are good, all the geological samples are attributed to the right source. The
accuracy of the kfold cross-validation is equal to 0.99 while the kappa statistic equal 0.98.
The statistical model is strong. The ferricrete sources are on the left part of the LDI1-LD2

biplot, the shale sources are on the right part while the indurated shale source (Ferr2a) is in
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Fig. 8 — Results of the LDA carried out by considering the sources of shale and ferricrete
from the same locality separated. A: LDA4 with the trace elements’ setl (MgO, KO,
ALO3, V, Cr, Fe203, Co, Ni, Ga, Ge, As, Rb, Zr, In, Cs, Hf, Th, U) and alr ratios to
Fe203 coordinates, LD1 and LD2 biplot. B: LDA4 with archaeological pieces. C: LDAS
with the trace elements’ set2 (V, Cr, Co, Ni, Ga, Ge, As, Rb, In, Cs, Hf, Th, U) and alr
ratios to Fe203 coordinates, LD1 and LD2 biplot. B: LDAS with archaeological pieces.
Squares: ferricrete pieces; Circles: shale pieces. Confidence ellipses with a 95 % of

probability.

LDAS5: LDA done on trace elements’ set2, clr coordinates and alr ratios to Fe>O3 coordinates
Some elements being collinear when using clr coordinates, we investigated the results of the
LDA done with alr ratios ot Fe;Os coordinates only. The LDA done on the trace elements’
set2 variables with alr coordinates (LDAS) allows an incomplete separation of the ferricrete
sources along the LD1-LD2 axes (Fig. 8C). Nonetheless, the attribution of each geological
piece to a source is correct. As regard to the kfold cross validation, the accuracy of the
statistical model is of 0.95 and the kappa statistic of 0.94. Again, ferricrete and shale sources
are separated on the LD1-LD2 biplot. Archeol1l belongs to the distribution of Shalel in the
LDI1-LD2 space (Fig. 8D). Archeo6, Archeo7 and Archeol0 could also be attributed to this
group when considering their proximity to its distribution. All the ferricrete archaeological
pieces fall in the left part of the LD1-LD2 biplot, where the ferricrete sources are grouped
together. The predictions of the statistical model for shale samples indicate that five of them
are attributed to the Shalel group instead of four. The five ferricrete pieces are attributed to

Ferr2b.

LDAG6: LDA done on trace elements’ set3, alr ratios to Fe>O3 coordinates
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The LDA done on the trace elements’ set3 variables (LDA6) does not allow a clear separation
of the shale sources along the LD1-LD2 axes (Fig. 9A). Along the LD1-LD3 axes, the source
Shalel is better separated but not the others (Fig. 9B). Despite this graphical negative result,
the attribution of each geological sample to each geological source is correct. Moreover, when
doing a kfold cross validation, the accuracy of the statistical model is of 0.97 and the kappa
statistic of 0.96. The model is strong enough. As for the two latter analysis, ferricrete and
shale sources are separated along the LDI1-LD2 axes. Archeo6 and ArcheolO are correctly
attributed to the Shalel group in the LD1-LD2 space (Fig. 9C). However, the proximity of the
Shale2 and Shale3 groups makes difficult to be sure that this should be the right attribution.
Four of the five ferricrete archaeological pieces are closer to ferricrete sources than to shale
sources. The last one is close to the indurated shale group (Ferr2a). The results in the LD1-
LD3 space are not good for the attribution of archaeological shale pieces: none of the shale
fall in the distribution of the Shalel group (Fig. 9D). When considering the predictions of the
statistical model, the four shale samples from Shalel are attributed to this group. The

ferricrete pieces are attributed to one or the other ferricrete source except for one piece.
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Fig. 9 — Results of LDAG6 carried out by considering the sources of shale and ferricrete
from the same locality separated with the trace elements’ set3 (V, Cr, Co, As, Nb, Sb,
Ta, Ba, U) and alr ratios to Fe203 coordinates. A: LD1 and LD2 biplot. B. LD1 and LD3
biplot. C: LD1 and LD2 biplot with the archaeological pieces. D: LD1 and LD3 biplot
with the archaeological pieces. Squares: ferricrete pieces; Circles: shale pieces.

Confidence ellipses with a 95 % of probability.
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4.2.3 Outcrops of shale alone

In a last step, if we consider that shale and ferricrete have distinct lithologies, it makes sense
to separate them in the statistical analysis. We can compare archaeological shale pieces to
archaeological shale sources only. This is the last statistical treatment based on LDA we can
make with our dataset. The results are very similar whatever the set of elements chosen
(LDA7 to 9). The sources are well separated on the LD1-LD2 biplots (Fig. 10 and 11). The
accuracy and kappa statistic fall between 0.97 and 1. However, none of the shale pieces
affiliated to Shalel fall into the distribution of this group. As regard to the predictions, for
LD7 and 8 the six shale pieces are attributed to Shalel instead of four. For the last analysis

(LDAD9), only two shale pieces are attributed to Shalel.
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Fig. 10 — Results of the LDA carried out by considering the sources of shale alone. A:
LDA?7 with the trace elements’ setl (MgO, K20, Al2O3, V, Cr, Fe203, Co, Ni, Ga, Ge, As,
Rb, Zr, In, Cs, Hf, Th, U) and alr ratios to Fe203 coordinates, LD1 and LD2 biplot. B:
LDA?7 with archaeological pieces. C: LDAS8 with the trace elements’ set2 (V, Cr, Co, Ni,
Ga, Ge, As, Rb, In, Cs, Hf, Pb, Th, U) and alr ratios to Fe2O3 coordinates, LD1 and LD2
biplot. D: LDAS8 with archaeological pieces. Confidence ellipses with a 95 % of

probability.
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Fig. 11 — Results of LDA9 carried out by considering the sources of shale alone with the
trace elements’ set3 (V, Cr, Co, As, Nb, Sb, Ta, Ba, U) and alr ratios to Fe:03
coordinates. A: LD1 and LD2 biplot. B. LD1 and LD2 biplot with archaeological

samples. Confidence ellipses with a 95 % of probability.

5. Discussion

In our case study alr ratios to Fe>O3 coordinates appear to be more suitable for LDA statistical
analyses than clr coordinates. Indeed, with the latter some variables were collinear despite our
selection while they were not anymore with alr coordinates. Although graphically, the
separation between the sources doesn’t seem to be effective in some LDA treatments when
considering LD1 and LD2, the accuracy and kappa statistic of all LDA models are good

enough to consider that it allows a good discrimination amongst the sources, whatever the
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sources are. The main difference between the treatments will be their aptitude to allow a

correct attribution of archaeological pieces.

As regard to the attribution of shale pieces to the Shalel source, graphically a maximum of
three of the four samples that were assumed to come from this source do plot within the
distribution of Shalel in the LDA: Archeo6, Archeol0, Archeo 11 (LDA3). The predictions
attribute the four pieces to the Shalel group in all LDA models except for one (LDAY).
However, in some models, other shale or ferricrete samples are also attributed to it. The
predictions are not systematically the best way to assess the provenience of an archaeological
piece. It gives an indication but both graphical attribution and PCA results must be considered
too before reaching conclusions. In the PCA, sample Archeo7 and Archeoll are always
attributed to Shalel. According to this result, along with the results of LDA3 and the
predictions, we can securely assess that all the four shale pieces previously attributed to

Shalel are closely related to this source.
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Data

:rtla;tli;;iizal Samples transformation Groups a priori ESﬂeet I of tsoarsntll);leesl graphically attributed ?;?fg:;:ggn d th(;fshale:he Attribution of the ferricretes
PCA1 All the sources alr None Setl Archeo7, Archeol0 Separated Near Ferr2a and Ferr2b
PCA2 Shale only clr None Set2 Archeo7, Archeol0 - -

PCA3 Shale only alr None Set3 Archeo7, Archeol0 - -

LD1 All the sources alr Shale6-Ferr1 and Ferr2a-Ferr2b grouped together ~ Setl Archeoll - Dispersed

LD2 All the sources alr Shale6-Ferr1 and Ferr2a-Ferr2b grouped together ~ Set2 Archeo6 - Dispersed

LD3 All the sources alr Shale6-Ferr1 and Ferr2a-Ferr2b grouped together ~ Set3 Archeo6, Archeol0, Archeoll - Near Ferr2 and Shale6-Ferrl
LD4 All the sources alr Shale6 Ferrl and Ferr2a Ferr2b separated Setl None Separated Dispersed

LD5 All the sources alr Shale6 Ferrl and Ferr2a Ferr2b separated Set2 Archeoll Separated Ferricrete area

LD6 All the sources alr Shale6 Ferrl and Ferr2a Ferr2b separated Set3 Archeo6, Archeol0 Separated Near Ferr2b

LD7 Shale only alr Shale separated Setl None - -

LD8 Shale only alr Shale separated Set2 None - -

LD9 Shale only alr Shale separated Set3 None - -

Table 3 — Synthesis of the results obtained with the different statistical analyses.
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As regard to the separation of shale and ferricrete sources, the results of the LDA done when
separating Shale6 and Ferr2a and the PCA done with all the sources are conclusive. The
treatment allows a clear distinction between the ferricrete sources on one hand and the shale
sources on the other (LDA4 to 6, PCA1). The archaeological ferricrete pieces are correctly
attributed to the ferricrete area in the LDA done on set2 and set3 (LDAS and 6) and on PCAI
done on set 1. However, the predictions of the LDA indicate an attribution to a ferricrete
source (Ferr2b) for all archaeological ferricrete pieces in only one LDA, the LDA done when
separating the sources of shale and ferricrete with set2 (LDAS). It is likely that we did not
sample the outcrops the ferricrete samples come from. These sources may no longer be
available nowadays. However, there seems to be a relation between the archaeological
ferricrete pieces and the sources sampled, especially Ferr2b. The archaeological pieces may
come from the same formations, namely tertiary to quaternary soils associated with

Malmesbury formations.

The LDA done on trace elements’ set3 by considering the shale and ferricrete grouped
together (LDA3) gives the best results in graphical attribution of the archaeological samples.
Three of the four archaeological pieces whose lithology and mineralogy indicate a provenance
from Shalel fall into the distribution of this source (Table 3). Despite some differences in
geochemical trends, the elemental fingerprint of the shale and ferricrete from the same
weathering profile is partially similar. This similitude is enhanced by the LDA. It is, however,
worth noticing that the LDA3 is the one with the lowest accuracy and kappa statistic in the
kfold validation. The statistical model is less robust than for other LDA. It might be less
robust because it increases the variability encountered at each source, decreasing the inter-
source variability. This is not a bad thing in provenance researches, since we are interested in

a realistic statistical model, that takes into account all the intra-source variability and that
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allows samples with a slightly different composition than those collected from an outcrop (or
a region, or a geological formation) to be attributed to this group because it comes from this

outcrop (region, geological formation) in reality.

The results of the LDA done with the shale alone are very bad regarding archaeological pieces
attribution: no archaeological pieces fall into the distribution of Shalel. The predictions are
not good either, the two shale pieces with a structure and a mineralogy that is not compatible
with the ones of Shalel are attributed to this source in two cases, while in the last case only
two of the four shale samples affiliated to Shale 1 are attributed to this source. When shale
sources are separated from ferricrete sources, maximum two of the archaeological shale
pieces fall in the distribution of Shalel. This is lower than when the ferricrete and shale
sources are grouped together. Separating the lithologies from a weathering profile when doing
a LDA is not the best option if we consider this case study. For PCA analyses, whatever the
treatment made, the use of alr or clr, the use of different sets of elements, always two
archaeological pieces are attributed to Shale 1, Archeo7 and Archeoll (Table 3). This
consistency suggests this is a necessary preliminary step when using multivariate statistical

analyses in iron-beating rocks’ provenance researches.

The results of the LDA are contrasted. If we are interested in raw material category,
separating the different lithologies of iron-bearing rocks makes more sense. The sources must
be defined based on lithological features and the rock types of the geological samples must be
the same than the ones of archaeological artefacts. The different horizon of a weathering
profile should be distinguished during the field work. But from a provenience point of view,
the separation is not an obligation. According to the LDA, there is a certain similarity in

composition between the shale and ferricrete from the same weathering profile. A weathering
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profile can be defined as a source as a whole, a separation between the different lithologies
from a particular locality is not a necessity. In this case study this might be due to the fact that
the elements that characterize the weathering profiles are those that show the best consistency
within Shalel. They may be immobile ions that remain with constant concentration or with
equal proportion to Fe wherever the samples are taken within an outcrop or within a
weathering profile. This might explain why samples from Shalel are more often attributed to
this source with the LDA model built with weathering profiles as a whole defined as sources.
This could also be explained by the higher number of samples per source: by increasing the
number of samples per source, we may have a better representation of their compositional
variability, which allow a better attribution of unknown archaeological pieces. When defining
a source as a weathering profile as a whole, nonetheless, the best results are obtained when
using trace elements that are positively correlated with Fe (LDA3). This selection might
guarantee that the trace elements used are consistent with the location of the samples. It is
important to keep this in mind when doing LDA analyses for provenance researches without
separating the different lithologies of iron-bearing rocks encountered at a weathering profile.
This would also allow to address provenance issues of ochre deposited on archaeological
artefacts or found in paintings by selecting the iron oxide fingerprint and thus removing the

influence of the substrate.

Issues might occur in the definition of this set of elements positively correlated with Fe. When
there are no elements positively correlated with Fe when all the sources are taken into
account, a source-by-source approach should be privileged (MacDonald et al., 2018; Mauran
et al., 2021). MacDonald and colleagues (2018) show that the elements positively correlated
with Fe vary from a source to another. We did confront to such kind of issue and we decided

to choose the set of elements associated to one category of raw material, the shale pieces.
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Indeed, a higher number of elements were positively correlated with Fe when considering the
shale sources instead of the ferricrete sources. The results we obtain prove that we can
successfully select elements that are useful for provenance researches with this method. The
inconvenience of such approach is that it is dependent on the operator. In order to increase the
chances of success, different sets of trace elements can be tested as already proposed by some
authors (Mauran et al., 2021; Zipkin et al., 2017). In view of the results obtained in the
present work, the elements selected in these sets could be those positively correlated with Fe

when considering each source and each rock type individually.

This study highlights another trend for the definition of the sources. The source Shale2 and
Shale3 that come from the same geological formation have close distribution in most of the
multivariate analyses. This is in favour of a definition of sources as geological contexts and
not only as geographic locations. This is what we did with mineralogical data, sources were
grouped per geological formations. This could also be done with the geochemical data for
sedimentary and metamorphic formations of iron-bearing rocks such as shale and phyllitic

shale.

6. Conclusion

The definition of the sources in ochre provenance researches is of high interest. Weathering
profiles that often account for iron-bearing rock sources might be difficult to treat as single
sources given that different lithologies of ochre are represented. We have shown that source
definition influences the LDA in a significant way. The results of the LDA are more accurate
in archaeological pieces attribution when considering the different lithologies grouped
together instead of being separated. We demonstrated that most archaeological shale pieces

plot into the distribution of our source of reference, the source in the back of the shelter. In
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our case study, nonetheless, this source considered as a reference for archaeological pieces
attribution is not affected by the separation or grouping of different lithologies. We may
wonder if the results would have been the same if we considered as a reference a source
where different lithologies of iron-bearing rocks are present. Moreover, the attribution to a
category of rock cannot be made when grouping the different lithologies. This study poses
new guidelines for ochre provenance researches. The use of LDA is confirmed has an
advantageous choice to deal with simplified weathering profiles although it must be
considered with caution. The use of trace elements positively correlated to iron is preferable
to any other sets of elements. We also showed that PCA results are more consistent than LDA
results whatever the set of elements used. This is in favour of starting with PCAs before doing
LDAs. These considerations will allow to draw a better picture of ochre supply strategies and
routes of transport in the future. Further research should be undertaken in order to define to
which extend the trends highlighted in this study are global trends in iron-bearing rocks’

provenance studies.
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