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Abstract

The material from which an archaeological piece is made provides a great deal of information regarding the society in which
it was made; thus, any misidentification can lead to erroneous conclusions. The uniqueness of many of these pieces hinders
their mineralogical analysis because the pieces cannot be damaged for sampling; therefore, errors in the classification of these
materials are common. In the present study, we evaluate the suitability of the spectroradiometry technique in the analysis
of two archaeological talc pieces. Both came from the Iron Age archaeological site of Pefia del Castro (La Ercina, Le6n)
in the northwestern Iberian Peninsula. We compared the spectral curves of these 2 pieces with the spectral curves from 50
talc geological samples from different geographical sources, combining bulk and powdered samples. Our results show that
spectral curves enabled the identification of the talc material in the powdered and bulk samples. Moreover, the absence of
the talc characteristic features in other soft materials also used in antiquity enabled the detection of incorrect identification
of the classified pieces. Even though our results cannot be used to define any absorption feature characteristic to establish
the provenance of the material, in the present study, spectral analysis has been shown to be suitable as a nondestructive
technique to mineralogically identify archaeological pieces.
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Introduction

The presence of easily shaped rocks, such as talc, is fre-
quently observed in the archaeological record, in particular
among food-producing groups from the Neolithic period
onwards. Talc has been employed in the crafting of deco-
rative pieces or for specific purposes, such as figurines or
necklace beads. One of the reasons for the widespread use
of this material is its appearance and color: talc exhibits a
broad spectrum of colors, including green, white, pink, and
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black pieces, depending on its purity (Pi-Puig et al. 2020),
which makes it highly appealing for ornamental purposes.
Another contributing factor is its softness, facilitating easy
manipulation and shaping.

In the Iberian Peninsula, talc has been used for differ-
ent purposes, including the manufacturing of casting molds
(Lackinger 2014), as an element of ornamentation through
beads and pendants (Villalobos Garcia 2016), and as inclu-
sions in ceramic decorations (Lantes-Suéarez et al. 2009).
Items such as spindle whorls are prevalent in Iron Age sites
in the north-western part of the Iberian Peninsula (Luengo
1940; Celis Sanchez 2007; Celis Sanchez and Grau Lobo
2007; Romero Carnicero and Gorriz Gafian 2007; Marin
Suérez 2011; Escortell and Maya 1972).

These whorl pieces are black, composed of talc, and, in
some instances, contain pyrites. This mineral is found in the
La Respina Mine, situated in the municipality of Puebla de
Lillo, Le6n (Galan-Huertos and Rodas 1973), just a few kilo-
meters from the Pefia del Castro site. This proximity suggests
that the mine might be the source of the material used in the
spindle whorls discovered. However, in the northern half of the
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Iberian Peninsula, other outcrops of talc and steatite are also
present. These minerals are similar, making it challenging to
differentiate them at the macroscopic level (Lackinger 2014).
Therefore, the possibilities of sourcing this material could be
much greater. Nevertheless, the identification of these pieces
has been exclusively visual, lacking a mineralogical analysis to
confirm their composition and potential provenance.

The mineralogical study of archaeological pieces pre-
sents several challenges, as discussed in the present work.
First, samples cannot be destroyed or pulverized. Many of
these artifacts are unique and decorated, making it impera-
tive to analyze them through nondestructive techniques. As
explained below, this poses a challenge when comparing them
with geological reference samples that have been pulverized,
regarding the potential equivalence between measurements
of bulk and powdered samples. Moreover, many of these arti-
facts are deposited in museums; extracting them from these
institutions is a complicated task as this poses a risk to their
conservation. Therefore, the technique used for their analy-
sis must be portable. Lastly, their study must be conducted
quickly and economically. Vis-NIR-SWIR spectroradiometry
meets all these requirements, as hyperspectral image analysis
represents a noninvasive method for in situ analyses of stone
surfaces (Picollo et al. 2020; Vettori et al. 2008).

La Peiia del Castro site

La Peiia del Castro site presents the largest number of talc
pieces; furthermore, the entire operational chain of talc piece
production has been found in this settlement, ranging from
raw material blocks to preforms and finished objects. Con-
sidering that operational chains are not often found complete,
we chose La Peiia del Castro as the archaeological site in
which to conduct the analyses proposed in the present work.
La Pefia del Castro is situated in the northern part of the
Iberian Peninsula (Spain), specifically in La Ercina town
(province of Ledn). Situated on a limestone platform in the
transitional zone between the High Mountains of the Can-
tabrian Range and the Ledn Highlands, the site controls the
crossing zones between these two geomorphological units
and is part of a network of similar settlements distributed
along the fault that runs from east to west along the south-
ern edge of the Cantabrian Mountains (Gutiérrez Gonzalez
1986-87). This archaeological site reflects a prolonged occu-
pation spanning from the end of the I Iron Age to the early
stages of the Roman Empire. However, the peak expansion
of the settlement occurred at the end of the II Iron Age.
The occupation of the site developed on the northern and
western slopes, modifying and adapting the natural slope of
the hill for the construction of the hamlet on three platforms
limited by stone walls (Gonzalez Gémez de Agiiero et al.
2015, 2018), divided into four enclosures (Supplementary
Fig. S1). A comprehensive occupational sequence with
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four distinct phases was established through archaeologi-
cal interventions conducted between 2013 and 2019. The
talc pieces studied in the present work belong to the third
phase of occupation, spanning the II-I centuries BC and
coinciding with the settlement's maximum extension, cov-
ering the entire hill. The building structures of this phase
exhibit a predominantly oval shape with stone plinths and
mud-and-wood elevations (Es-05, Es-3/2, Es-8/1). Test Pit
01 revealed a rectangular dwelling composed of multiple
rooms, resembling those documented in the plateau area (Es-
06). Adjacent to the dwellings, a warehouse (Es-07) and two
communal stone structures (Es-04 and Es-09) were identi-
fied (Gonzalez Gémez de Agiiero et al. 2023).

Around the change of Era, coinciding with the incorpora-
tion of the area into Roman administration, a violent destruc-
tion of the settlement occurred, marked by a significant fire
that consumed the structures and sealed the occupation lev-
els (Gonzélez Gomez de Agiiero et al. 2015, 2018).

Objectives

Our first objective is the mineralogical identification of the
archaeological pieces from La Pefia del Castro. Given that
talc is not the only easily shaped and colorful mineral, pieces
in archaeological collections are often misidentified from a
mineralogical perspective. This misclassification and mis-
interpretation of 'talc’ pieces can hinder our understanding
of their historical significance.

The second objective is to validate Vis-NIR-SWIR spec-
troradiometry as a nondestructive and portable technique
for mineralogical analysis. Recently, various spectroscopic
techniques have been applied to investigate the mineral
composition of archaeological artifacts. While most publi-
cations focus on the identification of flint pieces (Hubbard
et al. 2004; Parish 2011, 2013, 2016, 2018; Rinc6n Ramirez
2012; Parish and Werra 2018; Garcia del Moral et al. 2021),
ceramics (Fischer and Hsieh 2017; Bruni 2022), and various
elements of art and the conservation of cultural property
(Wisseman et al. 2004; Liang 2012; Cheilakou et al. 2014;
Siozos et al. 2017), the application of these techniques has
recently become more common and can extend to other
materials. Although the present study is not a representa-
tion of the state of the art in this field, its relevance lies in
applying this technique to talc in particular, which is rare in
previous literature..

The third objective is to explore the potential of this
method to determine the provenance of archaeological arti-
facts. This investigation aims to identify similar spectral
characteristics between the archaeological pieces and geo-
logical samples used as references for specific geological
contexts.

To summarize, the accurate description and characteri-
zation of the raw materials employed in crafting items can
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open an interesting line of research on commercial contacts
among populations, shedding light on sources of supply and
the socioeconomic models associated with them. Moreover,
this approach could play a significant role in elucidating the
functionality and symbolic and social value of certain mate-
rials over time.

Materials and methods
Materials

In the present study, we focus on the analysis of the spectral
curves extracted from two archaeological pieces composed
of black talc (Fig. 1).

Both pieces were found in the archaeological site of Pefia
del Castro (La Ercina, Leon) in the northwestern Iberian Pen-
insula, an Iron Age site dating from the tenth century BC until
the change of era when the Roman conquest of the northern
Iberian Peninsula destroyed the settlement (Gonzalez Gémez de
Agiiero et al. 2015, 2018). The talc materials date from the last
phase of occupation, between the second and first centuries
BC. This was the period of greatest development of the set-
tlement, which presented a high population density and a very
complex society and economy, with intense commercial activ-
ity in both the main Plateau (Meseta) in the Central Iberian
Peninsula and the Cantabrian Mountains in the northern area
(Gonzalez Gémez de Agiiero et al. 2022). The talc documented
at this site was found in both raw and processed forms and used
to create spindle whorls and necklace beads.

We compared the spectral curves of the two studied
pieces with those measured from the 50 geological samples
classified as talc: 37 from outcrops near the studied archaeo-
logical site (called La Respina, San Andrés, and Mojon de
las Tres Provincias outcrops), 12 from different places on
the Iberian Peninsula, and 1 from a different geographical

area in Austria. We collected these geological samples (i)
directly from old mining areas or outcrops or (ii) trans-
ferred them from the collections of the Spanish Geological
Museum (Museo Geominero de Espafia) and the Natural
History Museum (Museo de Historia Natural) at the Univer-
sity of Santiago de Compostela. We organized and sorted all
samples in the lithotheque from the lithic resources of the
Prehistoric Laboratory at the University of Ledn (Herrero-
Alonso et al. 2018). This large number of samples from
different geographical sources (Fig. 2 and Supplementary
Table S1) enabled the generation of a spectral library pre-
senting great variability in the talc spectral responses.
Finally, to ensure the mineralogical composition of the 52
samples, we compared their spectral curves with those from
the US Geological Survey (USGS; Clark et al. 2016) and
the NASA Jet Propulsion Laboratory (JPL) spectral libraries
(Grove et al. 1992; Kokaly et al. 2017) using ENVI software.

Spectral data acquisition

The spectral measurements were performed using a spec-
troradiometer ASD FieldSpec-4 Standard-Res (Analytical
Spectral Devices, Inc., Boulder, CO, USA). This covered a
wavelength range from 350 to 2500 nm with spectral resolu-
tions of 3 nm (350-1000 nm) and 10 nm (1000-2500 nm).
As a result, we were able to capture reflectance responses
at 2551 bands. These measurements need to be compared
with diffuse reflection standards to minimize the uncertainty
arising from the fact that no surface reflects all incoming
radiation or is fully Lambertian. Therefore, to calibrate these
outcoming reflectance values, we used a Spectralon 99% dif-
fuse reflectance standard as a white reference, showing the
least spectral variation (Ferrero et al. 2012).

We used a 2 cm diameter contact probe containing a
light source (Supplementary Fig. S2) to avoid distortion
of the spectral curve caused by the atmosphere. We fixed

Fig.1 Archaeological pieces
under study: (a) broken sample (a)
and (b) complete sample, both
from the archaeological site
of Pefia del Castro (La Ercina,
Leodn)

(b)
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Fig.2 Sample location

this contact probe vertically so that all measurements  each measurement corresponded to the average of 15 inter-
were recorded at the same angle. For rock analysis, this  nal spectral curve measurements. To study the suitability of
approach could present the issue of recording measure-  this method to combine both powdered and bulk samples,
ments on curved or small surfaces. In these cases, part  the number of measurements was 15 in most samples. Mul-
of the electromagnetic energy was reflected outside the  tiple spectral measurements enable a better definition of the
receiving field of the contact probe itself, altering the  diagnostic spectral features (Kruse 2008). In this case, our
spectral response. For this reason, we measured the flat-  analysis focused on six rocks from northern Spain, the only
test surfaces of the rocks. ones presenting both types of samples (Table 1). As the pow-

The number of measurements recorded for each sample  dered samples presented a small quantity of available mate-
varied according to the intended purpose, but in all cases  rial, we measured them in a special recipient with a 2.5 cm

Table 1 Number of measurements and provenance of the powdered and bulk samples used to analyze the capability of the method to work
together

VDRO2 MREI12 MIJPO6 MIJP10 MIJP11 237 Total
Powdered sample 12 15 15 15 15 15 87
Bulk sample 15 15 15 15 15 14 89
Location Valderrodero Mina La Res- Mojon de las Tres ~ Mojon de las Tres ~ Mojon de las Tres ~ Haro (La Rioja)
(Asturias) pina (Le6n) Provincias (Le6n)  Provincias (Leén)  Provincias (Ledn)
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diameter surface and millimetric depth. We stirred the mate-
rial before each measurement to guarantee independence.
To analyze the provenance of the archaeological pieces,
we used the 52 samples. For this purpose, the number of
measurements recorded from each bulk sample was three
in most cases, considering their appearance variability (i.e.,
fresh cut or not; Table 2). Nevertheless, some bulk samples
were too small, and we were able to perform only one or two
measurements to ensure the correct angle and avoid outside
reflection from the probe field. For powdered samples, we

Table2 Sample types and number of measurements performed for
mineralogical and geographical provenance analysis

performed only one measurement per sample after confirm-
ing the homogeneity of their results in the first analysis.
For the archaeological pieces (Fig. 1), we also performed
measurements at different positions of the object to cover
all possible mineral variability due to chemical alteration:
external/internal area, with/without drawings.

Spectral data analysis

Figure 3 shows an overall summary of the different spectral
data analyses performed to achieve our objectives.

Data preprocessing

For spectral curve analysis, the spectral curved needed to

Sample type No. samples No. measure- ‘ ’ ] R
ments be normalized for comparison. This normalization process
- - is known as continuum removal. Several methods can be
Archacological Whole piece ! 4 used to perform this process; convex and segmented hulls
Broken piece 1 2 .
are the most common. In the present work, we normalized
Geological Powdered sample 22 25 . .
the spectral curves by continuum removal transformation,
Bulk sample 23 64 for which we considered the segmented hull (Clark et al.
Both types of samples > 2 1987), as this can identify small absorption features. Unlike
Total 52 116 the convex hull, the segmented hull could be concave as
) Normalized
52 Spectrorradiometer ( Spectral Normalization
- spectral
Samples measurements curves ) (continuum removal) s
Characterization of .
USGS SFF analysis absorption|features Selection of
spectral e A range
library able wit
absorption Subcurves
L Mineralogical feature subset (2000-
Objective 1 NI ISYTIN characteristics: 2500 nm)
Depth, width, ... Clustering based on
; Euclidean distance and
Selection of e
validity indexes
A range
Table subset
Table subset
(2000-2500 \ : Clusters
with absorption
nm) for 6
feature
powdered .
andibuli characteristics
samples (2000-2500 nm) Cluster display to
Raidem ) L — identify
foress escriptive | statistics provenance
Suitability of .-
A ty Cluster description
.. technique for . . e
Objective 2 according to their Objective 3

working powdered

and bulk simples
together

absorption feature
characteristics

Fig.3 Flow chart with the method followed to achieve the three objectives proposed in this study
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long as the sign of its slope remained positive “before” the
maximum and negative “afterwards.”

For all curves, we manually selected the absorption fea-
tures and subsequently characterized them by calculating
their area, depth and corresponding wavelength, asymmetry,
and full width at half depth (FWHD; Fig. 4). We performed
these analyses—including segmented hull continuum
removal—with the hsdar package (Lehnert et al. 2019) in R
version 4.1.0 (R Core Team 2021).

Talc (Mg;S51,0,,(OH),) is a phyllosilicate mineral and,
together with other minerals such as clays, can be identi-
fied by its absorption features located within the short-wave
infrared (SWIR) region (Clark et al. 1990). Talc comes from
the alteration of silicates rich in magnesium, such as oli-
vine or pyroxene and amphiboles (Klein and Hurlbut 2008),
which are mainly altered by hydrothermal processes on dolo-
mite and magnesite (Chung et al. 2020). Magnesite is associ-
ated with carbonate rocks, where talc is an accessory mineral
together with calcite and dolomite. Since all these minerals
usually appear together after hydrothermal processes, the
complexity of spectroscopic analysis increases (Chung et al.
2020). All these minerals show absorption features in the
2300 nm proximities, although some small differences may
enable their recognition (Supplementary Fig. S3 ); dolomite
and calcite show characteristic features at 2320 nm and
2340 nm, respectively, and magnesite and talc shift towards
2300 nm. Despite this coincidence between these last two
minerals, talc can be distinguished by its triple feature near
2077/2127/2172 nm that appears in high-quality cosmetic
talc (Pi-Puig et al. 2020). This type of powder sample needs
to contain more than 90% talc (Delgado et al. 2020). As in
other minerals, a large feature appears at 1910 nm, which
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Fig.4 Characterization of the spectral data by their area, depth (D)
and corresponding wavelength (1), asymmetry (AS), and full width at
half depth (FWHD)
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originates in the presence of water, and at 1400 nm, with
the presence of OH ™.

As the most characteristic absorption features of the talc
fall in the SWIR interval of 2000-2500 nm, in the present
study, we focus on these features when analyzing the data,
except for the identification of the sample’s mineralogy, for
which we examine the entire interval.

Equivalence between powdered and bulk rock samples

We used the measurements from the six geological pow-
dered and bulk samples (Table 1) to evaluate the influence
of sample type on the analysis of spectral curves and thus to
assess the suitability of working with both sample types in
the same study (the second objective of the present paper).
We used a random forest as it is a supervised learning prob-
lem. Random forest is a machine learning algorithm that
enables the prediction of the class (here, the sample) from
the observed variables (here, the absorption feature charac-
teristics) of new data. The available data are classified and
divided into the training sample and the validation sample.
The algorithm fits several decision trees with random sam-
ples taken from the training sample and predicts the class of
the validation sample. The random forest selects the class
with the highest number of votes from the decision trees and
uses the known class of the validation sample to calculate
the accuracy of the model (Castiello and Tonini 2021).

Note the feature characteristics (depth and area) always
take nonnegative values, which implies that their distribution
will most likely be asymmetric. Moreover, these are vari-
ables likely to be correlated. Unlike other supervised learn-
ing techniques such as linear discriminant analysis, random
forests do not require the distribution of the variables to be
normal or the homogeneity of variances.

We trained a random forest model with all data and esti-
mated classification errors. Specifically, we grew 500 trees,
each predicting one randomly selected case called out-of-
bag (OOB). We estimated the OOB error of the random for-
est with the percentage of the misclassified cases. We used
the randomForest R package (Liaw and Wiener 2002) for
the forest analysis. The analysis included several variables
and their combinations, and we selected the predictive vari-
ables according to the classification errors and the model’s
parsimony.

The results of this analysis determine whether provenance
study of archaeological pieces should rely solely on informa-
tion extracted from bulk samples or powdered samples can
also be included (Table 2).

Mineralogical identification with spectral feature fitting

We incorporated the 116 spectral curves of the 52 samples
into a spectral library in the ENVI software and compared
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them with the USGS and JPL spectral libraries based on the
spectral feature fitting (SFF) method. This is a well-known
approach in hyperspectral analysis that compares each spec-
tral curve of the samples with the different spectral curves
of the general spectral libraries and identifies the mineral
substances according to least squares fitting algorithms (Jain
and Sharma 2019). A result closer to 1 correlates to a higher
probability of correspondence between the spectral curve
of the sample and that of the known mineral. These results
enabled the identification of those samples that were initially
miscatalogued as talc in the museums.

Study of archaeological pieces’ provenance

To determine the provenance of the archeological pieces we
used a clustering algorithm. Clustering is a machine learn-
ing algorithm for unsupervised classification that divides
a sample (not previously classified) into k homogeneous
subgroups by maximizing the differences among groups.
Usually, the number of groups or clusters, k, needs to be
determined by the user (Schmidt et al. 2022).

One of the most effective machine learning methods for
unsupervised learning is k-means; however, this is sensitive
to the initial selection of cluster centers (Chen et al. 2005).
To avoid this problem, we used hierarchical k-means cluster-
ing, a hybrid approach that combines hierarchical cluster-
ing (for centers initialization) and k-means methods, imple-
mented in the factoextra R package (Kassambara and Mundt
2020). We determined the number of clusters considering
several internal validity indices (silhouette, Dunn, within
sum of squares). We used a hierarchical k-means cluster-
ing, with the Euclidean distance method, of the 2000-2500
nm wavelength range of the curves to approach this prob-
lem, using the curve instead of just feature characteristics.
We selected the agglomeration method that minimized the
within-cluster sum of squares. We use principal component
analysis to display the clustering results.

Results

The visual analysis of the spectral curves enabled the
absorption features to be distinguished around different
wavelengths (Table 3). Not all features appeared in all sam-
ples, and previous literature did not show a unique common
number of absorption features. These differences were the
result of the nonpure talc samples; however, talc was also
mixed with other mineralogical compositions that absorbed
energy at other wavelengths.

We obtained absorption features at the following wave-
lengths (nm): 1271, 1827, 1910, 2000, 2080, 2140, 2180
(where these last three wavelengths corresponded to a triple
feature described by Pi-Puig et al., 2020), 2230, 2312 (where
both wavelengths corresponded to a doublet-shaped pattern
described by Bhadra et al., 2020), 2380, 2430, 2470, and
2488. However, these wavelengths did not appear in all the
samples’ spectral curves: some repeatedly appeared in more
than 80% of the examined curves, such as those at 1910 and
2312 nm (Table 3), and others sporadically appeared, such as
the absorption features at 2430 or 2488 nm. The two shallow
absorption features near 2456 nm could appear in talc rocks
that were influenced by the FeMg-OH contents in the sample
(Basavarajappa et al. 2020).

Talc is an active SWIR mineral (Govil et al. 2017); thus,
for the analysis of the absorption feature characteristics,
we only used those features in the SWIR that presented a
low—-medium number of missing data. Therefore, the fol-
lowing wavelengths corresponding to the absorption fea-
tures were selected as characteristic of the talc spectral
curves: 2080, 2140, 2180, 2230, 2312, 2380, and 2470 nm.
All matched those observed in the USGS library, except the
one at 2285—2290 nm that did not appear in the samples
of the present study and was a minor absorption feature
in several previous works (Chung et al. 2020; Clark et al.
1990; Govil et al. 2017; Laukamp 2011, or in the USGS
library). This feature is associated with the presence of
Mg-OH (Jain et al. 2022).

Table 3 Comparison of the

Author Wavelength (nm)

wavelengths for the talc

a}‘:)sorption features anllong Present study 1910 2000 2080 2140 2180 2230 — 2312 2380 2430 2470 2488

the present study results and Chung et al.! 1910 2010 2077 2133 2172 2233 2290 2311 2383 — —  —

different authors starting at

1900 nm Clark et al.® — 2010 2077 2133 2172 2233 2285 2311 2383 — 2470 —
Govil et al.? 1905 — — — — 2245 2285 2315 2386 — — —
Laukamp4 — — 2077 2127 2172 — 2279 2300 2380 — — —
% of available data 81% 17% 78% 53% 39% 77% 0% 97% % 1% 83% 3%

!Chung et al. (2020)
2Clark et al. (2016)
3Govil et al. (2017)
“Laukamp (2011)
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Comparison between powdered and bulk rock
samples

Not all curves presented the same number of absorption fea-
tures or features at the same wavelengths (Table 3). When
data are missing, the random forest analysis requires data
imputation before model fitting. Here, this process was sim-
ple: the area could be considered O and the depth and asym-
metry needed to 1 when no feature was present at a given
wavelength.

To run a random forest analysis, the first step was variable
selection. Initially, we considered the wavelength position of
the feature, the feature depth, the full area, and the absorp-
tion band asymmetry, as the FWHD provided redundant
information due to the previous choice of depth and area. As
a result, depth provided the lowest OOB error (3.41%), fol-
lowed by area (4.55%), and asymmetry (10.8%); this result
showed a similar performance to the analysis performed
using the three variables (3.41%). Therefore, depth appeared
to be the most significant absorption feature characteristic
to classify the powdered and bulk samples with random for-
est. This result was expected, as this was an indicator of the
amount of the material causing the absorption present in a
sample (van der Meer 2004). From the random forest clas-
sification, the most important features’ depths were located,
in order of importance, at approximately 2230, 2180, 2080,
2312, and 2140 nm.

Following the analysis of the 87 powdered and 89 bulk
rock samples, we generated the confusion matrix of the
trained random forest with its corresponding classification
errors (Table 4).

This result, together with the low OOB error estimation,
indicates that both types of samples present similar spec-
tral curves. Among all samples, the MJP11 samples show
the main errors, but most of the incorrect allocations were
assigned to other samples (MJP06 and MJP10) found in the
same geographical location. Although these could show dif-
ferent alteration degrees due to different hydrothermal pro-
cesses, samples from closer sources were expected to show
more similar spectral curves.

Internally, when the different spectral curves measured
from a unique sample were compared, the high homogeneity
of the data was remarkable. As shown in Fig. 4, this homoge-
neity was higher in powdered than in bulk rock samples, but,
in both cases, the absorption features were the same. The top
panel in Fig. 4 with the raw data shows the main differences;
these differences were related to the amount of reflected
energy (overall reflectance). The powdered samples showed
values between 0.3 and 0.75, while the reflectance data in
bulk rock samples were always lower than 0.3. Remarkably,
in powdered samples, the reflectances in the 1500-1900 nm
interval were higher than those in wavelengths under 1500
nm, while in bulk rock samples, the reflectances were simi-
lar. Finally, differences in the absorption features located in
the interval of 2000-2300 nm were observed. The powdered
samples showed the triplet feature absorption with similar
minimum reflectance values; however, in the bulk rock sam-
ples, these minimum values decreased as the wavelength
increased. All these differences disappeared upon normaliza-
tion of the data with the continuum removal (bottom panel in
Fig. 5). In this case, the main differences between powdered
and bulk rock spectral curves were the depth and the area
of the different spectral features. In any case, the standard
deviation (SD) values were low (Table 5), and the sum of
square errors (SSE) ratio of powdered over bulk measure-
ments was high due to the extremely low values of the pow-
dered measurements.

Identification of the non-talc samples

According to the SFF analysis, only 2 spectral curves from
the 116 analyzed did not fit a high SFF score for the talc
spectral curve. The first sample was a green powdered sam-
ple from Riafio (Ledn, Spain). SFF enabled its identifica-
tion as dickite (Fig. 6), with a similitude score of 0.9. The
spectral curve of this mineral was characterized by several
double-shaped absorption features, with two being most
relevant by their depth. The first was the double absorp-
tion feature at 1378-1383 and 1412—-1414 nm. The second
double absorption was located in the SWIR, at 2175-2180

Table 4 Confusion matrix for

o Estimated sample
random forest after training

VDRO02 MREI12 MIP06 MIJP10 MIJP11 237 Clas-
sification
error

VDRO02 27 0 0 0 0 0 0.00
MREI12 0 30 0 0 0 0 0.00
MJP06 0 0 30 0 0 0 0.00
MJP10 0 0 30 0 0 0.00
MJP11 0 1 2 2 24 1 0.20
237 0 0 0 0 1 28 0.03
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Fig.5 Reflectance curves from the powdered (blue) and bulk (yel-
low) rock samples named MJPO6: raw data (top); data after contin-
uum removal (bottom). Wavelengths corresponding to the depths of
the most important features appear inside the red square in the nor-
malized graph

Table 5 Standard deviation (SD) and SSE ratio values for powdered
and bulk rock samples with raw and normalized data for the MJP06
sample

Sample type SSE ratio of SD SD range
powdered over
bulk
Raw Powdered 5.05 0.005 0.004-0.006
Bulk 0.011 0.006-0.013
Normalized Powdered 33.02 0.001 2-107%-0.007
Bulk 0.010 2-1078-0.041

and 2200-2205 nm. This small shift in the wavelengths of
the absorption features corresponded to the different spectral
library sources. Several representative single-absorption fea-
tures were also observed, such as a wide feature that ranged
between 1756 and 1855 nm and correlative features at 2305,
2355, 2383, and 2439 nm. Subsequent X-Ray diffraction
(XRD) analysis confirmed this mineralogy. Physical proper-
ties that could have led to the misclassification of this mate-
rial were potentially related to its color and ease of carving.

The second sample that showed low fitting with the talc
spectral curve was the spectral curve called VDR02. VDR02
is a green sample used in a previous study (Section "Com-
parison between the powdered and bulk rock samples".)
of equivalence between powdered and bulk rock samples;
however, due to the evidence of high correspondence fitting

between powdered and bulk rock, only the powdered sample
was analyzed to define its mineralogy. This sample came
from Valderrodero (Asturias, Spain). Although the spectral
curves of the JPL spectral library did not show any corre-
spondence with these sample curves, those from the USGS
library showed a relatively high SFF score with clinochlore
and chlorite (Fig. 7). The three spectral minerals showed
very similar fitting scores (Table 6). Two corresponded to
clinochlore and one to chlorite. Clinochlore is the Mg-rich
trioctahedral species in the chlorite group (Bishop et al.
2008); for this reason, this was considered a coherent SFF
result.

Archaeological sample provenance analysis

Since no evidence was found of powdered and bulk rock
samples presenting essential differences in their spectral
curves, we considered the complete dataset of talc sam-
ples to assess the validity of the spectral curve analysis in
determining the samples' provenance. For this purpose, we
performed hierarchical k-means clustering considering three
groups (following the silhouette index, which clearly recom-
mends this number of clusters). The results are shown in
Figs. 8 and 9 and Table 7.

As shown in Fig. 8, Cluster 3 was more homogeneous
than the other two clusters, in which their measurements
were more spread over the graph. These measurements did
not correspond to actual location of the samples from a spe-
cific place, which raised doubts regarding the adequacy of
this method to determine the provenance of the samples.
Remarkably, the spectral curves from the broken archaeolog-
ical sample were classified in a different cluster than those
from the entire archaeological sample. Moreover, the meas-
urements from the unbroken archaeological sample were
spread over Clusters 1 and 2, although these were closely
located in the two-dimensional graph (Fig. 8).

Differences in clusters’ inner homogeneity are shown
in Fig. 9. The highest variety was found in the absorption
feature at approximately 2230 nm in Cluster 1, although
this feature did not sufficiently represent the spectral curves
of this cluster because this was not reflected in the mean
spectral curve. Comparing the three clusters’ mean spec-
tral curves, all three showed absorption features at the same
wavelengths, although with different characteristics. Cluster
2 showed low depth at their absorption features, while Clus-
ter 3 presented the deepest absorption features. In addition,
the triplet feature absorption of Cluster 3 did not reach the
maximum value upon normalization of the spectral curve,
while those for Clusters 1 and 2 did reach the maximum
upon normalization. Therefore, when automatizing the char-
acterization of the absorption features in the case of Clus-
ter 3, the triplet was considered a unique feature, while in
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Fig.6 Spectral curves of the
dickite samples after continuum
removal operation: bulk rock
sample’s spectral curve number
35 from Riafio (Ledn, Spain)

in green, two samples from

the USGS library (Kokaly

o

,_— Double- shaped
features

T el

et al. 2017) in red (named
NMNH46967) and dot-
ted orange line (named

—

%

NMNH106242), and a sample
from the JPL library with <45
micrometer grain size in blue

Value (offset for clarity)
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Fig.7 Spectral curves of
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Spectral curves of chlorite and clinochlore
T

chlorite and clinochlore of the
USGS library (Kokaly et al.
2017) showing a high SSF
score with sample VDRO2 (in
purple). Cchlore3.spc curve
appears in green, Cchlorel.spc
in red and Chlorit3.spc in blue

Value (Offset for clarity)

500

Table 6 SFF scores of the VDR02 sample with spectral curves from
the USGS library

Spectral curves

Study USGS
Sample Number Cclorel Chlorit3 Cchlore3
VDRO02 Talc44.asd 0.711 0.708 0.703

Clusters 1 and 2, their triplets were considered three separate
features.

The clusters confirmed the impossibility of identifying
the sample’s provenance, at least with this method (Table 8).
Different samples from the same region were classified into
different clusters. This result was expected in regions such
as Andalucia or Galicia, where, although geographically
unique, the samples belonged to different geological forma-
tions. However, this result was repeated in the samples from
Le6n, belonging to the same geological formation.

@ Springer
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Discussion

During the macroscopic analysis of the recovered artifacts
at Pefia del Castro, these were initially described as pos-
sibly coming from the talcs that outcrop in the area of
Puebla de Lillo (La Respina and San Andrés). However,
as this was a visual method, a mineralogical study was
necessary to confirm or reject this hypothesis. In the pre-
sent work, we firstly confirmed that the remains from La
Pefia del Castro are indeed talc. This greatly limits the
provenance of these materials since, as mentioned, the out-
crops are more restricted. Furthermore, the different peaks
of the archaeological talc samples could be characterized,
allowing for comparisons with other materials.

The use of continuum removal is a well-known tech-
nique. The most common method is the convex hull
(Mutanga and Skidmore 2004). However, the method used
in the present study was the segmented hull to adapt to
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Fig.9 Mean curves of each cluster superimposed over the individual curves corresponding to each cluster

those double- or triple-shaped absorption features. Some
authors (Clark et al. 1987) view this method as the best
one to identify small absorption features. Nevertheless,
the results obtained in our study show that, although this
method can be useful in some cases, this was not infallible,
and not all the small absorption features that were visually
observed by humans could be automatically identified by
computers.

The rock samples of MJP06, MJP10, and MJP11 pre-
sented the same geographical location. Nevertheless, their
spectral curves were perfectly assigned to the right group
when comparing powdered and bulk rock spectral curves

with the random forest classification. This represents a
remarkable success, especially with MJP10 and MJP11
measurements. Different from MJP06, a green talc rock,
these other samples were black talc rock. Color differences
are related to talc purity. A linear decrease was observed
between the whiteness and impurity minerals (Togari 1979);
thus, different minerals were expected to show their footprint
in the spectral curve. While green talc showed the presence
of chlorite minerals in the dark talc, its color was derived
from the organic matter content (Pi-Puig et al. 2020). There-
fore, chlorite impurities could facilitate the discrimination of
MIJPO06 from the rest. MJP10 and MJP11, extracted from the
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Table 7 Characterization of absorption features of talc between 2000
and 2500 nm

Cluster 1 Cluster 2 Cluster 3
2080 nm  Depth 090+0.05 098+0.03 0.84+0.07
Area 492+527 1.1+284 10.2 + 8.19
Asymmetry 056 031 0.8 +0.3 0.41 +0.29
2140 nm  Depth 095+0.03 098+0.02 0.92+0.03
Area 1.99+1.71 051+£066 3.17£2.22
Asymmetry 097 +0.72 085+024 1.14+1.02
2180 nm  Depth 097+0.02 0.99+001 0.95+0.00
Area 046 +0.29 022+044 0.83 £0.08
Asymmetry  1.05+0.11 121 +£0.76 1.03 +0.06
2230nm  Depth 0.89+0.08 0.96+0.06 0.87 +0.04
Area 544+143 1131205 1.95+0.65
Asymmetry 093 +0.24 124 +0.62 1.01=x0.11
2312nm  Depth 056 +£0.07 0.79+0.07 0.41£0.05
Area 263 +847 10.7+3.77 358+9.03
Asymmetry  1.84+0.63 2.02+042 1.70+0.72
2380 nm  Depth 0.77+0.04 090+0.03 0.65+0.05
Area 8.05+216 321122 135+232
Asymmetry  1.62+0.43  1.60+0.41 1.42+0.49
2470 nm  Depth 088+0.04 095+002 0.79 £0.02
Area 441+155 1.84+080 8.23+1.07
Asymmetry  2.87+0.99 2.09+150 3.82+0.84

Table 8 Provenance of samples in each cluster

Provenance Cluster 1 Cluster 2 Cluster 3
Andalucia 10 0 4
Asturias 3 0 0
Austria 0 2
Galicia 1 0
La Rioja 2 3 0
Leo6n 40 33 7
Puebla de Lillo 1 2 0
Mina de la Respina 17 6 3
Mina de San Andrés 10 6 0
Mina de las Tres Pro- 12 19 4
vincias
Madrid 1 3 0

same source, could potentially show a similar influence of
the organic matter content in the spectral curve, challenging
their classification; however, this did not occur.

The incorporation of a non-talc sample (VDRO02) in the
powdered-bulk spectral analysis enabled the identification of
a different mineral composition from the rest of the talc sam-
ples. Mixing of different mineralogical pieces often occurs
in archaeological collections due to the similarities in color
and softness. In addition, talc deposits usually appear in the

@ Springer

field accompanied by carbonates, chlorite, and some quartz,
which can hinder the correct identification by nonexperts in
mineralogy. Therefore, if a previous talc sample has been
extracted from the nearby area, the classification of future
samples may be assigned to the same mineral composition
without close examination. Talc and clinochlore are SWIR
active minerals and share some absorption features, such as
(approx.) 2075 and 2235 nm (Govil et al. 2017). However,
these show different diagnostic absorption features. While
clinochlore shows these features at 2255 nm and 2315-2345
nm due to the vibrational processes of AlFe-OH or AIMg-
OH and MgOH (Govil et al. 2017), talc shows these features
at 2315 and 2386 nm together with shoulder absorption fea-
tures at 2285 nm and 2245 nm (Govil et al. 2017). For this
reason, although visual characteristics may lead to incorrect
mineral identification, the use of spectroscopy can easily
allow a quick distinction.

The technique presented herein shows some limitations.
Regarding data acquisition, spectroscopic measurements
require an effective surface area larger than 1.5 cm in diam-
eter; thus, not all archaeological pieces are suitable for anal-
ysis. Machine learning methods, such as the k-means cluster-
ing used here, require large sample sizes and strongly depend
on the representativeness of the data used. Our analysis was
applied to a medium-size convenience sample set, and the
spectral curves of the same geographical region did not show
homogeneity. Although these limitations were present, our
results show that the proposed method was not decisive in
establishing the provenance of the archaeological pieces.
Inside a geological formation, different mineralogical com-
positions appeared in the same lithological unit, for exam-
ple, due to different alteration processes, which hindered the
identification of the provenance of a sample. Therefore, the
fact that the archaeological pieces were in different clusters
could indicate a mineralogical difference between the two
pieces; however, this result was not decisive to affirm that
these came from two different geographical points.

All these limitations are largely outweighed by the ben-
efits of our presented method. In addition to allowing min-
eral identification, this technique presents the advantage
of nondestructive sampling; thus, this can be applied to all
archaeological materials. Moreover, this is a portable tech-
nique that enables work in facilities outside the laboratory,
such as museums. This technique is also economical, since
this does not require consumables, and fast, since numerous
measurements can be obtained in a few minutes.

Conclusions

Presence of soft minerals was common in deposits in
our study area from various periods, and these minerals
were generally identified as talc. Their use tended to be
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ornamental, although not exclusively. As these archaeo-
logical pieces are unique, these should not be destroyed for
analysis; thus the difficulty to examine them and the lim-
ited analytical techniques that can be applied. Reflectance
spectroscopy enabled the identification of the mineralogi-
cal composition of the samples, allowing a better defini-
tion of the raw materials used by past human societies. We
were not able to discriminate among the different sources
of supply in the present study with this nondestructive
technique. However, we obtained valuable information
regarding the possibility of local or exogenous materials
since these could not be found near settlements. This fact,
together with the macroscopic analyses, can represent an
important tool in defining the trade and mobility aspects
of prehistoric human groups.

Moreover, since our results were similar for both pow-
dered and whole samples, this technique shows great value
and potential. Given that archaeological materials cannot
be analyzed with high precision, at low cost, quickly,
cheaply, comparably, and, perhaps most importantly, with-
out the need to destroy the pieces, this technique can be
useful to study materials located in archaeological sites,
museums, and deposits as the samples do not need to be
removed from their location due to the portable nature of
the equipment required for the analysis.

Finally, the application of this method represents an
important contribution to archaeological studies even
though the provenance of the materials cannot currently
be identified and a descriptive rather than analytical tech-
nique is used. Therefore, further research is needed utiliz-
ing these techniques and combining them with others to
enable their use to achieve more ambitious goals.
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