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This study examines the geochemical and mineralogical variations in the ferruginous mineralisations that crop
out within Grotta della Monaca, which is considered to be the most striking and best known example of a prehis-
toric iron mine-cave from the southern Apennines (Calabria, Italy). Previous archaeological research identified
three local and distinct ancient exploitation phases of these ferruginous mineralisations: (1) an Upper
Palaeolithic phase; (2) a Late Neolithic phase; and (3) a post-Medieval phase. These materials, which have vari-
ous forms of complex mineralogical admixtures and range in colour from yellow-orange to red and darker brown
shades, mainly consist of iron oxides/hydroxides (essentially goethite and lepidocrocite), which are often mixed
with subordinate and variable amounts of other matrix components (carbonates, sulphates, arsenates, silicates
and organic matter). Such ferruginous mineralisations generally correspond to geochemically heterogeneous
massive dyke/vein/mammillary/stratiform facies that are exposed within the local caves along open fractures
and inclined bedding planes and that partially cover cave wall niches/notches/pockets and ceiling cupolas/
holes. Selected samples/sub-samples are analysed through a multi-technique approach with a handheld portable
X-ray Fluorescence, X-ray Diffraction, micro-Raman and Fourier Transform Infrared spectroscope (both conven-
tional and attenuated total reflection), which is combined with subsequent multivariate statistical analysis of the
elemental concentration data. The geochemical and mineralogical results are used to individualise similar com-
positional clusters. As expected, the identified groups, each of which has very specific geochemical-mineralogical
“fingerprints” and spatial distributions, enable us to identify the sampled ferruginous mineralisations. These spe-
cific mineral resources can be compared to similar raw materials that are found in other neighbouring archaeo-
logical sites, with obvious implications toward understanding local exploitation strategies through time and the
exchanges and kinship networks of these materials.
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1. Introduction amounts of carbonates, silicates and other minerals. These mineral re-

sources have provided useful and culturally significant materials be-

The presence and use of iron minerals in certain archaeological and
historical contexts, including karstic caves and rock-shelters, with a
wide range of exploitation chronologies is well known in the literature
(e.g., [2,5,6,19,23,24,37,39,41-45,47,68,71,73-76,85,139,167-169]).
These materials, which are exposed with various forms of complex min-
eralogical admixtures and range in colour from red to brown and from
purple to orange-yellow, consist of iron oxides/hydroxides (mainly he-
matite and goethite-limonite) and are often mixed with variable
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cause of their natural intrinsic characteristics and good compatibility
with other organic and inorganic compounds (e.g., [26,36,70,78,83,
119,135-137,166,170,171]). In some archaeological sites, agglutinative
substances, including egg whites and amber, were found blended with
iron-rich mineral pigments (e.g., [131,145,174]).

According to some authors, these iron oxides/hydroxides and associ-
ated minerals, which are also referred to by the ambiguous and vague
term “ochre” (see the reviews of [43,54,112]), were commonly used
since prehistory for ceremonial, mortuary, medicinal and decorative
purposes, e.g., as pigments for rock-art or body paint, pottery decoration
and in association with burials [8,14,15,22,30,31,37,41,57,70,77,133,
137,150,153,158-160,167,173]. Other authors argued that a symbolic
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interpretation of ochres cannot be assumed because such practices are
very difficult to demonstrate, aiming more toward functional uses in
ethnographic contexts, such as skin protection, tanning hides, hafting,
drying and abrasive agents, filler for adhesives, etc. [43,109,134,138,
161-163,175]. However, both symbolic significance and functional
value are not necessarily mutually exclusive [135]. Furthermore, the
thermal treatment (heating) of yellow ochre into red ochre is well doc-
umented as a common practice during prehistory [25,40,67,70,125,126,
140,141]. Thus, the attested systematic exploitation of ochre, which is
still surrounded by a controversial interpretative framework, is often
understood as evidence of colour symbolism and a proxy for the origin
of language [26,38,72,82-84,166,172].

Because of its ambiguity and considering the focus of this paper (i.e.,
mineral resources), the term “ochre” is avoided henceforth in the text
and the more consensual and generic expression of “ferruginous
mineralisation” is used instead, which means iron oxides/hydroxides
with associated matrix minerals.

The elemental, mineralogical or isotopic characterisation of ferrugi-
nous mineralisations from geological outcrops and archaeological as-
semblages has become increasingly common for geoarchaeological
interpretations, particularly to support the identification of ancient min-
ing strategies and the construction of resource use-trade-exchange
models (e.g., [2,20,24,25,33,55,58,63,81,112,113,116,123,127-130,142,
148,154]). Even if the cultural implications of the use of ferruginous
mineralisations are fairly well documented through the study of raw
materials and archaeological artefacts, very little is usually known re-
garding their systematic procurement, exploitation and processing
strategies during prehistory. Thus, we must establish a precise geo-
chemical and mineralogical characterisation of these exploited mate-
rials and their local exposure conditions to interpret ancient mining
practices in detail [112,128].

As a working hypothesis, the choices (in space and time) of prehis-
toric peoples regarding available iron-rich mineral resources in a specif-
ic geomorphological context (e.g., a cave) may have depended on or
were strongly influenced by these materials’ intrinsic characteristics/
qualities, including colour richness, texture/fabric, friability, covering
strength, malleability, etc., in accordance with their intended functions.
These choices, in turn, mainly depended on their ultimate geochemical
and mineralogical compositions. Bearing in mind these general consid-
erations, this study aims to investigate the ferruginous mineralisations

GEOGRAPHICAL SETTING OF THE
UPPER ESARO VALLEY

that crop out within the archaeological iron mine-cave of Grotta della
Monaca (southern Italy). This research is conducted from a geochemical
and mineralogical perspective to identify the possible geochemical-
mineralogical trends of these available materials as a first step to identi-
fy local prehistoric exploration strategies. This study's results could be
used to demonstrate if Grotta della Monaca was the geological source
for iron-rich red-yellow raw materials that are found in other archaeo-
logical sites.

2. Cave Description

Grotta della Monaca, which is located in the municipality district of
Sant'Agata di Esaro (Calabria, Italy), only 12 km from the Tyrrhenian
Sea, is a complex (hypo-/epigenic) karstic cave that represents the
most striking and best known example of a prehistoric iron mine in
the southern Apennines. Its entrance is located on the northern side of
the deeply incised fluviokarst Esaro Valley at an altitude of 600 m (Fig.
1).

This cave was developed in a carbonate lithology (mainly
dolostones, dolomitic-limestones and limestones; see [48]) that belongs
to the so-called San Donato unit, which corresponds to a 3000-m-thick
sedimentary succession of Triassic [3,13,89]. Primary scattered
mineralisations occur in the San Donato unit, which basically consist
of barite [BaSO4] and mixed sulphides such as chalcopyrite [CuFeS,], ar-
senopyrite [FeAsS], pyrite [FeS,], galena [PbS] and cinnabar [HgS]. The
barite mineralisations are mostly concentrated along the intersections
of tectonic faults [11], while the sulphides are mostly concentrated in
lenses and veins within fractures and in bedding planes [110].

From a morphological perspective, the cave is characterised by few
spaces that can be schematically divided into three main sectors (Fig.
2): the Pregrotta, a wide gallery near the entrance that is oriented to
the NE; the Sala dei pipistrelli, a huge chamber that is 60 m long and
30 m wide; and the Cunicoli terminali, a series of low and narrow pas-
sages at the eastern cave termination [49,92,100].

In addition to the common minerals of an underground carbonate
karst environment (e.g., calcite), significant outcrops of heterogeneous
massive ferruginous mineralisations were previously observed in the
cave [50,52,99]. These ferruginous mineralisations, which range in col-
our from yellow-orange to red and darker brown shades, often occur
as specific facies types (Fig. 3): (a) massive dyke/vein facies, which fill
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Fig. 1. Geographical setting of the Upper Esaro valley. The red points indicate the location of the main prehistoric iron mine-caves.
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Fig. 2. Schematic topographic plan of Grotta della Monaca with the underground sectors marked (Pregrotta, Sala dei pipistrelli and Cunicoli terminali). A total of 24 samples of ferruginous
mineralisations were collected in the main sectors of the cave, at variable depths wherever possible, from 17 selected sampling sites (i.e., the red points).

open fractures and highly inclined solution-widened bedding planes,
with a symmetric fabric from the walls that often leaves a void or
shows (b) box-work structures in the central fracture area; (c) massive
mammillary and (d) stratiform facies, which partially cover cave wall
niches/notches/pockets and ceiling cupolas/holes; (e) earthy and inco-
herent varieties, which generally accumulated on the cave floor and re-
sulted from the weathering of the above facies; and (f) very small black
concretion facies, which hang from the cave ceiling. Small quantities of
other carbonates (aragonite and dolomite), copper carbonates (mala-
chite and azurite), sulphates (jarosite), phosphates (sampleite, hydrox-
ylapatite, libethenite and an undetermined calcium-phosphate),
arsenates (yukonite and scorodite) and silicates (planchéite, gilatite,
apachite, and an undetermined copper-silicate) were also detected on
the cave floor/walls as separated minerals with respect to these ferrugi-
nous mineralisations [50-52,65,99].

Archaeological investigations and regular excavation campaigns
within Grotta della Monaca, which were authorised by the “Ministero
dei Beni e le Attivita Culturali”, were conducted from 2000 to 2012 by
the University of Bari (Italy). However, accurate documentation and
studies of this underground archaeological site were initiated and led
by the “Centro Regionale di Speleologia Enzo dei Medici” in 1997 (Fig.
4).

The most ancient human presence in the cave can be correlated to
the Upper Palaeolithic, as evidenced by the occurrence of a restricted
number of flint flakes/tools that were preserved in the exposed ferrugi-
nous mineralisations near the cave entrance and by the discovery of a
human ulna under a nearby isolated and large carbonate rocky block
[104,107], which was dated by *C to 16,761 & 100 yr BP (sample
LTL3580A; [132]) and indicates the first iron mining activity in Grotta
della Monaca [94,102]. However, well-planned and intense exploitation
of this cave only occurred at the end of the Neolithic, as indicated by
many '“C dates on charcoals (i.e., residues of wooden torches that
were used by miners during the excavation activities) (see [94,132]).
As supported by previous '“C dating, the interpretative archaeological
framework indicated that important mining fronts were opened in the
underground cave sectors, which showed abundant outcrops of ferrugi-
nous mineralisations, between the late 5th and early 4th millennium BC
[94,98,102,103,107]. According to these authors, these mining activities
within the cave could be proven by the presence of the following ar-
chaeological evidence: (i) several hundred digging traces on the soft fer-
ruginous mineralisations, which were left as negative imprints by tools
that were mostly made of bones, deer antlers and possibly wood (Fig.
4); (ii) stonewalls, which mainly consisted of small blocks of ferrugi-
nous mineralisations and were usually erected in cramped cave areas
to rationally organise space and mining wastes; and (iii) pillars, which
were created by using specific blocks of ferruginous mineralisations to
support the ceiling where it was in danger of collapsing.

Subsequently, Grotta della Monaca assumed the function of a vast
burial ground, as confirmed by the presence of several human remains
that were discovered in the deepest sector of the cave [4,16], all of
which were dated by 'C to the 2nd millennium BC during the Bronze

Age [132]. Ferruginous mineralisation mining activities resumed during
the 17th-18th century in the post-Medieval period, as recognised by
the fragmentary ceramics that have been found in some underground
mining areas [94]. This most recent extractive phase was observed in
two parallel and extended (>100 m) galleries, which were artificially
dug in ferruginous mineralisations veins under the natural ground of
the Pregrotta and Sala dei pipistrelli cave sectors. The walls of these
two artificial conducts still preserve numerous traces of excavations be-
cause of metallic picks [94].

Previous scientific works on the different minerals within Grotta
della Monaca [50-52,65,99] provided their minerogenetic characterisa-
tion and were an indispensable complement to geomorphological [49,
100], archaeological [66,91-98,101-103,107] and anthropological [4,
16] research. However, no systematic studies on the geochemistry and
distribution of the heterogeneous massive ferruginous mineralisations
in Grotta della Monaca currently exist.

3. Materials and Methods
3.1. Sampling and Analytical Methods

New sampling campaigns of these ferruginous mineralisations were
conducted during the winter of 2012 and the summer of 2015. A total of
24 samples (~1 kg each) were collected in the main geomorphological
sectors of the cave, at variable depths wherever possible, from 17 select-
ed sampling sites (Fig. 2). In addition, 3 samples were collected from
two sites located within another very similar cave nearby (i.e., Grotta
del Tesauro, a smaller sub-horizontal karst conduct that is ~50 m in
length; [103,117]) that opens on the opposite side of the Esaro Valley
at an altitude of 500 m (Fig. 1).

Most of the selected sampling sites were chosen because of their
previously inferred archaeological meaning, especially in terms of the
spatial and/or chronological representativeness of the areas that were
devoted to ancient mining exploitations. Other sampling sites were se-
lected based on the occurrence of the above-mentioned ferruginous
mineralisations facies types. Collecting multiple samples from the
same site enabled us to investigate the degree of homogeneity within
Grotta della Monaca (intra-cave variations) through a more complete
description of each site and provided a more robust statistical evalua-
tion. Preliminary inter-cave variations/similarities between Grotta
della Monaca and Grotta del Tesauro were also documented. During
the field work, both caves were also investigated from a geomorpholog-
ical and structural-geology perspective to reconstruct their complex -
polygenic/polyphase - speleogenetic evolution and thus enable us to in-
tegrate new geochemical and mineralogical data and archaeological in-
terpretations into a wider regional geoarchaeological framework.

All the samples (24 + 3) were subjected to a standard pre-treatment
protocol after the field work and before conducting the laboratory anal-
yses because of the already attested heterogeneous nature of the ferru-
ginous mineralisations that are under investigation [50,52,99]: (a) first,
the samples were dried at 50 °C in an oven over two days to remove
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Fig. 3. Examples of ferruginous mineralisation facies-types that crop out within Grotta della Monaca (all photos by F. Larocca). (a) Massive dyke/vein facies that fills open fractures and
highly inclined solution-widened bedding planes, with a symmetric fabric from the walls that often leaves a void or shows (b) box-work structures in the fracture central area. (c) and
(d) Massive mammillary and stratiform facies, respectively, which partially cover cave wall niches/notches/pockets and ceiling cupolas/holes. (e) Yellow-orange and red earthy and
incoherent varieties of ferruginous mineralisations. (f) Very small black concretions facies that hang from the cave ceiling.

moisture; (b) subsequently, each sample was crushed with a rock ham-
mer into smaller pieces; (c) 72 laboratory sub-samples from Grotta
della Monaca and 9 sub-samples from Grotta del Tesauro were accu-
rately separated based on clearly distinctive characteristics (colour
and/or texture/fabric/relative tenacity) that were observed at a meso-
scale and confirmed at a micro-scale through binocular/petrographic
microscopic inspection; and (d) an aliquot of each sub-sample was
homogenised/milled in an agate mortar and reduced to a fine powder
(grain size < 30 pm) to perform some of the subsequent laboratory
analyses.

We used the laboratory facilities at the Earth Sciences Department of
Coimbra University. All the sub-samples were analysed by a battery-

powered handheld portable X-ray fluorescence spectrometer (Thermo
Scientific™ Niton™ XL3t 950 GOLDD + XRF Analyser with a geometri-
cally optimized large area silicon drift detector technology that was
equipped with an Ag anode X-ray tube of 6-50 kV and 0-200 pA max)
to achieve an initial and quick discrimination based on major and
minor element concentration trends with minimal sample preparation.
This instrument uses in-factory calibrations that are based on funda-
mental parameter (FP) analysis and Compton Normalisation [60,69] to
measure samples of unknown chemical composition, in which the con-
centrations of heavy and light elements may vary from high percent
levels to parts per million. Handheld portable X-ray Fluorescence
(pXRF) generally enabled us to detection most elements with an atomic
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Fig. 4. Archaeological excavations at Grotta della Monaca (all photos by F. Larocca). (a) Impressive entrance of Grotta della Monaca during the field work in 2012. (b) Spot of the
archaeological excavations next to a highly inclined bedding plane that is completely filled by the ferruginous mineralisations under investigation. (c) Bone digging tool that is
emerging from the ferruginous mineralisations. (d) and (e) Digging traces on soft ferruginous mineralisations that were left by bone or antler tools. According to Larocca [94], Larocca
and Levato [102] and Larocca and Breglia [103], (c), (d) and (e) indicate ancient mining activities in the cave since the Upper Palaeolithic, among other archaeological evidence.

number above sodium (see the reviews of [151,176]). Each powdered
sub-sample was weighed to ~5 g and sealed (without a binder) into a
small plastic cup with a 1/4 mil (6.35 pm) transparent polypropylene
measuring window. Measurements were acquired in the air with a con-
stant working distance by using a lead receptacle (bench-top accessory
stand for operation in the laboratory), to which the spectrometer was
fixed (with the nose upwards). A built-in camera assisted with the
sub-sample positioning, minimising geometric errors. Each sub-sample
was scanned for a duration of 120 s per beam. The spot size on this spe-
cific instrument was 8 mm in diameter. The TestAll™ Geo mode (algo-
rithm supplied by the instrument manufacturer) was used to measure
the concentrations of Ag, Al, As, Ba, Ca, Cl, Co, Cr, Cs, Cu, Fe, K, Mg, Mn,
Mo, Nb, Ni, Pb, Rb, Sb, Sc, Si, Sn, S, Sr, Te, Ti, V, W, Zn and Zr. Data quality
assurance and control were performed by tripling each measurement.

The accuracy of the pXRF instrument was tested (for the elements of
interest in this study) by using the NIST SRM 2709a San Joaquin Soil cer-
tified standard material [114], prior to the pXRF measurements of the
sampled ferruginous mineralisations [59]. The pXRF measurements of
the powder standard material were checked against the established/ac-
cepted and certified concentration values (see supplementary materials
- Table S1). The percent relative difference and the coefficient of varia-
tion (CV) between the measured pXRF-reported and the published
NIST-certified concentrations were calculated. Some elements exhibited
better agreement than others. However, some broad correspondence
existed, with a relative difference of <18% in all cases except for Al, Cr,
Mg, Pb, Rb and Zr. Fe, As, Ca, Cu, Ni, Sr, Ti, V and Zn showed the closest
agreement with the NIST-certified values (relative differences below
10%). A perfectly accurate pXRF instrument would yield data with a
CV of zero (distributions with CV < 1 are considered low variance,
while those with CV > 1 are considered high variance). The calculated
CV indicates low variance between the two compared datasets (Table
S1), which demonstrates that this pXRF instrument was sufficiently ac-
curate and reliable to characterise mineral resources.

Mineralogical analyses were conducted with X-ray Diffraction
(XRD) by using a Philips PW 3710 diffractometer, which was equipped

with a CuKa X-ray tube (CuKo; = 1.54056 A) and a detector that oper-
ated at 40 kV and 20 mA, and by applying the powder method. Contin-
uous scans with a time per step of 0.1 s between 2° and 60° (of 26) with
a step size of 0.02° were executed on non-oriented powder samples. The
PW1877-APD 3.3 software (by Philips) and the correlated PDF-2 data-
base (PCPDFWIN), which was licensed by the ICDD (International Cen-
tre for Diffraction Data), and RRUFF mineralogical database (www.rruff.
info - last access March 2016) were simultaneously used to identify the
mineral phases. This mineral identification and a more detailed charac-
terisation of the molecular structure were complemented by micro-
Raman and Fourier Transform Infrared spectroscopy (both conventional
and attenuated total reflection).

The Raman spectra were recorded at “Quimica-Fisica Molecular”
(University of Coimbra) on a Horiba Jobin-Yvon T64000 spectrometer
in direct configuration mode (focal distance of 0.640 m, aperture of f/
7.5) that was equipped with a holographic grating of 1800 grooves
mm™ '. The entrance slit was set to 200 um. Rayleigh elastic scattering
was rejected by a Notch filter, which reduced its intensity by a factor
of 10°. The detection system was a liquid-nitrogen-cooled non-intensi-
fied 1024 x 256-pixel (1”) CCD. The 514.5-nm line of an Ar™ laser (Co-
herent, model Innova 90C-04) was used as the excitation radiation,
which yielded 10 to 2 mW at the sample position. All the spectra were
recorded by using an Olympus 50 x objective. A 200-pm confocal pin-
hole rejected signals from out-of-focus regions of the sample. Two ali-
quots from each sample were recorded, for which 4 to 7 distinct
continuous scans were performed (acquisition times of 60 s). The final
spectra for each sample were the average of three independent
measurements.

Conventional Fourier Transform Infrared (FTIR) spectra were
recorded at “Quimica-Fisica Molecular” (University of Coimbra)
by a Bruker Optics Vertex 70 FTIR spectrometer, which was purged
by CO,-free dry air in the 400-4000 cm ™ ! range by using KBr disks
(ca. 1% w/w), a KBr beam splitter, and a liquid-nitrogen-cooled
Mercury Cadmium Telluride (MCT) detector. Moreover, the Atten-
uated Total Reflection Infrared (ATR-FTIR) spectra were recorded
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at the Laboratorio Associado CICECO of the University of Aveiro on
an IFS 55 spectrometer by using a Golden Gate single-reflection di-
amond ATR system, with no need for sample preparation. All the
FTIR-KBr and ATR-FTIR spectra were the average of two counts of
128 scans each. A spectral resolution of 2 cm™! was used in all
cases.

3.2. Statistical Treatment of Data

The elemental concentrations of each sub-sample were normal-
ised to the Fe content (henceforth referred to as Fe-normalised ele-
ments) and then converted to a base-10 logarithmic format (log;o)
to perform a correct multivariate treatment of the selected geochem-
ical dataset. This procedure corresponds to the standard protocol
that is used when attempting to execute a multivariate statistical
analysis of the elemental concentrations of mineralisations, which
show various data that reach several orders of magnitude within
the set [9]. Indeed, the attested high variability of the Fe concentra-
tions across the analysed dataset can dilute or amplify the presence
of other potentially diagnostic chemical elements, or where other el-
ements may substitute for Fe [112].

The multivariate statistical treatment of log;o Fe-normalised ele-
ment concentrations was used to understand how variable the sub-
samples were and which chemical elements controlled the variance

709

within the dataset and to eventually differentiate geochemical patterns
or groups independently from the spatial extension and location of the
collected samples [164]. Specifically, principal component analysis
(PCA) and hierarchical clustering analysis (HCA) were employed to
quantitatively search for relationships among the geochemical values
of the analysed sub-samples. PCA is commonly used in earth sciences
to simplify data structures by reducing the dimensions of the data. The
original parameters are rearranged into several new uncorrelated com-
prehensive principal components (PCs) without losing significant infor-
mation [18]. Each new component is a linear combination of the original
variables and unrelated, which makes this process accurate enough to
describe the characteristics of the analysed data. Only PCs with eigen-
values >1 were retained for interpretation. Moreover, PCA interpreta-
tion was based on examinations of the correlations between the
variables and the obtained PCs. Then, HCA was performed based on
the previously executed PCA to quantify the similarity of the sub-sam-
ples. In HCA, the factor scores that were obtained in PCA were used as
variables for statistical grouping [28]. Bivariate scatterplots of element
concentration pairs were also useful to show their possible correlations
and groups. PCA, HCA and scatterplots were conducted by using the R
Language (R Core Team, [178]) and its package FactoMineR [79]. Confi-
dence ellipses were drawn on the scatterplots with a concentration
level of 0.5 to better visualise the geochemical patterns and to describe
the probability of group affiliation.
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Fig. 5. XRD profiles of representative sampled ferruginous mineralisations from Grotta della Monaca and Grotta del Tesauro, which exhibit characteristic and differential mineral
associations among goethite, lepidocrocite, calcite, gypsum, quartz, muscovite and clay minerals such as kaolinite (KIn, peak at 12.4° of 26) and illite (I, peak at 8.7° of 26). The caves

and selected sampling sites are spatially indicated in Figs. 1 and 2.
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4. Results
4.1. Elemental Concentration and Mineralogical Data

The geochemical results are summarised in a large table and report-
ed as electronic supplementary material in the online version of the
journal (Table S2). Despite the constant presence of bat guano within
the Grotta della Monaca, especially in the Sala dei pipistrelli, and the
presence of important varieties of secondary calcium and copper-phos-
phates minerals, no amounts of P were detected by pXRF, possibly be-
cause of instrumental limits. The raw geochemical data illustrated
prominent differences among the main geomorphological cave sectors
(or even among sampling sites, often with archaeological meaning) of
Grotta della Monaca, with some similarities in their transition zones
and between samples from the entrance of this cave and Grotta del
Tesauro. Because the analysed sub-samples obviously mainly consist
of iron minerals, the Fe concentration across the dataset was highly var-
iable, ranging from 61.8% to 25.1%. When the sub-samples displayed the
lowest Fe concentration values, the main components of carbonate and
silicates in the matrix (e.g., Ca, Mg and Si) often constituted the differ-
ence in the total amount of the sub-sample's elemental concentration.
A more detailed differentiation in geochemical trends or groups re-
quires advanced/stepwise statistical analysis of the available geochem-
ical dataset.

The mineralogical results confirm that all the non-oriented powder
XRD analysed sub-samples consist of a clear admixture of iron oxides/
hydroxides, where the most abundant phases are goethite [o-

Table 1
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FeO(OH)] (Gt) and its polymorph lepidocrocite [y-FeO(OH)] (Lep),
which is associated with small and subordinate quantities of other ma-
trix minerals, including calcite [CaCOs] (Cal), quartz [SiO;] (Qtz), mus-
covite [KAI(AlSi3019)(OH),] (Ms), gypsum [CaSO4-2H,0] (Gp) and
clay minerals such as kaolinite [Al;Si;Os(OH)4] (KIn) and illite
[(K,H30)(AlMg,Fe),(Si,Al)4010[(OH),,(H,0)] (I) (Fig. 5). Limonite
[FeO(OH)-nH,0] (Lm), maghemite [y-Fe,03] (Mgh) and hematite [o:-
Fe,03] (Hem) were only detected in few sub-samples (Table 1).
Further evidence of the mineralogical assemblage that characterises
these ferruginous mineralisations was also provided by micro-Raman
and FTIR spectroscopy (Table 1 and Figs. 6 and 7). In addition to all
the phases that were detected by XRD in the sampled ferruginous
mineralisations, anatase [TiO,] (Ant), brochantite [Cu4(SO4)(OH)g]
(Bro), arsenosiderite [CapFe30,(As0O4)3-3H,0] (Asd), lavendulan
[NaCaCus(As04)4Cl-5H,0] (Lvd) and some organic material (black
and amorphous carbon) were identified by micro-Raman and/or FTIR
as matrix minerals that were intimately associated with goethite and/
or lepidocrocite. Particularly interesting are the strong and broad
Raman bands at 1341 and 1601 cm™ !, which match the sp? carbon dis-
order (D) and graphitic (G) bands, respectively. In fact, the intensity
ratio of these signals and the G-band's full width at half maximum
(FWHM), have been routinely used to characterise carbon-based mate-
rials [17,32,90]. For amorphous carbon, conventional FTIR showed a
very strong band at ca. 1385 cm ™!, which was possibly associated
with cation exchange between nitrates (NO3") and most likely related
to bat guano and the potassium bromide [KBr] that was used to prepare
the pellets, facilitated by mechanical pressure during the pelleting

List of the minerals that compose the ferruginous mineralisations of Grotta della Monaca and Grotta del Tesauro as detected by XRD, micro-Raman and FTIR. The caves and cave sectors are
spatially indicated in Figs. 1 and 2 (PRE = Pregrotta; SPI = Sala dei pipistrelli; CUN = Cunicoli terminali; TES = Grotta del Tesauro). The relevant micro-Raman and FTIR band sources are

reported within the square brackets in their respective columns.

Group Mineral Composition Observed micro-Raman bands (cm™1)? Observed FTIR bands Cave and
(em™~1)? cave-sector
Oxides/hydroxides Goethite a-FeO(OH) 294 (s),396 (vs), 468,542,680 - [1][2] [3] 795 (s), 892 (s) - [4] PRE; SPI;
CUN; TES
Lepidocrocite v-FeO(OH) 247,281, 343, 374, 520 - [2] [5] 739, 1015 (s), 1159 - [27] PRE
Limonite FeO(OH)-nH,0 364 (s), 393 (vs), 896 (s) - [7] CUN
Maghemite v-Fe,03 350, 500, 700 - [5] PRE; TES
Hematite a-Fe,03 216, 290, 398 (s), 1300 (s/b) - [1][7] 405 (s), 463 (w), 610 (m) - PRE; SPI;
[6] CUN; TES
Anatase™ ¢ TiO, 144 (vs), 394, 623 - [8] [9] SPI; CUN
Carbonates Calcite® CaCO3 153 (m), 277 (s), 711 (m), 1086 (vs), 1434 712 (s), 877 (vs), 1425 (s) - PRE; SPI;
(w), 1747 (w) - [10] [11] [12] [10] CUN; TES
Sulphates Gypsum® CaS04-2H,0 366, 409, 666, 1004 (vs), 1131 -[10] [17] 603 (s), 669 (s), 1621 (s), PRE; SPI;
1685 (s) - [10] TES
Brochantite™ ¢ Cuy(S04)(OH)g 394, 1066, 1082, 1160 - [13] [14] 424 (s), 485 (s),599 (s), 875 SPI
(s), 1028 (s), 1114 (s) - [13]
Arsenates Arsenosiderite™ Ca,Fe;0,(As04)3-3H,0 152,216, 390 (s) - [15] PRE; SPI;
d CUN; TES
Lavendulan® ¢ NaCaCus(As04)4Cl-5H,0 176, 229, 268 - [16] 764, 861, 922,1644 - [16] PRE; SPI;
TES
Silicates Quartz” Si0y 390 (w), 463 (vs), 693 (w), 803 (w) - [3] 457,1082 (s) - [18] SPI
[17]
Muscovite” KAI,(AlSi3040)(OH), 262 (vs), 419 (b), 703 (s) - [19] 416 (s),472 (s), 521 (s), PRE; SPI
1025 (s), 1078 (s) - [19]
Kaolinite® Al,Si,05(0H)4 127 (s/sp), 262 (w), 400 - [8] [20] 914, 1009, 1032, 1098 - [30] CUN; TES
Illite® (K,H30)(AlMg,Fe),(Si,Al)4010[(OH),,(H20)] 413, 623, 633,710, 790 - [28] [29] 468, 525, 622, 688, 756, 832, SPI; CUN
916, 1031 (vs), 1090 - [30]
Organic matter Black carbon™ ¢ Disorder and graphitic carbon 1341 (s/b), 1601 (s) - [21] [22] [23] [26] PRE
Amorphous Bat guano 1385 (vs)© - [24] [25] [26] PRE; SPI
carbon™ 4

[1] de Faria and Lopes [34]; [2] Das and Hendry [46]; [3] Wang et al. [165]; [4] Liu et al. [111]; [5] de Faria et al. [35]; [6] Bikiaris et al. [ 10]; [ 7] Bongiorno et al. [12]; [8] Schroeder et al. [144];
[9] Frank et al. [61]; [10] TomiC et al. [156]; [11] Sun et al. [152]; [12] Kristova et al. [86]; [13] Makreski et al. [115]; [14] Martens et al. [118]; [15] Gomez et al. [64]; [16] Frost et al. [62]; [17]
Ciobota et al. [27]; [18] Cheilakou et al. [ 177]; [19] Sontevska et al. [149]; [20] Michaelian et al. [ 121]; [21] Imer and Dorner-Reisel [90]; [22] Cui et al. [32]; [23] Brolly et al. [17]; [24] Camaiti
etal. [21]; [25] Kurtikyan et al. [88]; [26] Legodi and de Waal [105]; [27] Lewis and Farmer [108]; [28] Bahgeli et al. [7]; [29] Legodi and de Waal [106]; [30] Muller et al. [122].

2 With indication of the relative intensity/configuration of the observed bands (vs = very strong, s = strong, m = medium, w = weak, b = broad, sp = sharp).

" Mineralogical phase intimately associated with the iron oxides/hydroxides that composed the ferruginous mineralisations under investigation, but in very less and subordinate

amounts.
¢ Ascribed to the presence of NO3 ions (see text).
4 Mineralogical phase identified only by micro-Raman and/or FTIR.
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Fig. 6. Representative micro-Raman spectra in the 100-1800 cm ™' spectra region that
were recorded for the sampled ferruginous mineralisations under investigation. The
mineral abbreviations are the same as in Siivola and Schmid [147]. The D and G are the
bands of carbonaceous materials (see text).

process. This idea is supported by the ATR-FTIR spectra, which did not
present this spectral feature (Fig. 7). The intensity of the 1385 cm™!
band progressively increased from Pregrotta to Sala dei pipistrelli before
decreasing and then completely disappearing in the Cunicoli terminali,
which clearly matches the spatial distribution of bat guano that was ob-
served during the field work.

In more detail, the spatially arranged average mineral assemblages
of all the analysed ferruginous mineralisations are listed in Table 2 in
order of relative abundance.

The crystallinity of goethite in terms of its crystal size distribution
(sensu [87,146]) was semi-quantified through observations of all the
X-ray line profiles. A simple graphical comparison (after subtracting
the instrumental broadening) between the measured XRD data and
the crystalline standard synthetic minerals (with the most intense re-
flections at dy10 = 4.18 A, dy1; = 2.45 A and dy30 = 2.69 A) from the
RRUFF database (ID = R120086; last access March 2016) was used to
quantify the broadening of the line profiles that are normally used for
particle size distribution. XRD analysis showed that the crystallinity of
the goethite in all the sub-samples was predominantly poor, sometimes
even corresponding to an X-ray amorphous phase. Additionally,
lepidocrocite, when present, showed broad reflections, which suggests
a small average crystalline size. The relatively best crystallinity was ob-
served on goethite from the Sala dei pipistrelli-Cunicoli terminali transi-
tion zone and Cunicoli terminali, and a few samples from the Grotta del
Tesauro (as shown by relatively more intense and sharp reflections at
dqi10 = 4.18 A at 21.27 of 20 and dq1; = 2.45 A at 36.71 of 26, with
minor broadening). Relatively moderately crystalline goethite was ob-
served in the majority of sub-samples from Pregrotta. The rest of the
sub-samples showed poorly crystalline or amorphous goethite/
lepidocrocite.

4.2. Principal Component and Hierarchical Cluster Analyses

The majority of the field samples were a mixture of minerals, includ-
ing iron oxides/hydroxides, so a two-tailed Pearson's correlation test
was performed to discriminate the chemical elements that were posi-
tively, negatively, or not correlated with Fe before exploring the pXRF
results through multivariate statistics. Pearson's correlation coefficient
was statistically analysed at a significance level of P < 0.05 and
P <0.01 (see supplementary materials - Table S3). Only the elements
that were positively correlated with Fe in the Pearson's analysis (in
this case, Ba, Cr, Cs, Te, V, W and Zn) were assumed to be closely related
to the origin of the iron minerals, which is henceforth referred to as the
local iron oxides'/hydroxides' “signature” of the sampled materials. The
elements that were negatively (Ca, Mg, Pb, Sb, Sc, S and Sr) or not corre-
lated (Ag, Al, As, Cl, Co, Cu, K, Mn, Mo, Nb, Ni, Rb, Si, Sn, Ti and Zr) with Fe
were associated with other subordinate matrix minerals that comprised
these ferruginous mineralisations or were elements that replaced Fe in
the mineral's crystalline structure. The composition of the iron oxides'/
hydroxides' “signature” was considered to be independent of the matrix
minerals and its pattern characteristic of a specific geological source. De-
termining this elemental signature is also essential for the prospective
establishment of provenances when geochemical data from similar ar-
chaeological materials are available.

PCA was performed on the geochemical dataset for the following se-
lected log,¢ Fe-normalised elements (i.e., the variables): Ag, Al, As, Ba,
Ca, Cl, Cr, Cs, Cu, K, Mo, Pb, Sb, Si, S, Sr, Te, V and Zn. The choice of this
lower number of elements was based on their measurement reliabil-
ity in the majority of the 81 analysed sub-samples (i.e., above the de-
tection limits) and the previous consideration that several of these
elements were established as those that define the local iron ox-
ides'/hydroxides' “signature”, while others were associated with
the matrix minerals; both permitted differentiation between local
geochemical groups. Additional PCA scores were recalculated to in-
clude all the elements that were measured by pXRF, where the sub-
samples with highly anomalous elemental concentration values
were included as supplementary data, to verify the reliability of the
applied multivariate statistics. No significant differences were ob-
served in either PCA.

The PCA results of 19 geochemical variables from 81 ferruginous
mineralisation sub-samples are shown in Table 3. The first 4 PCA vectors
constitute 76% of the total dataset variability. Among the available com-
binations, PC2 vs. PC3 and PC2 vs. PC4 were plotted in bivariate spaces
and are used here as the representative examples of all the PC plots be-
cause they are the components that described the elements that most
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Fig. 7. Conventional FTIR and ATR-FTIR spectra in the 700-1500 cm ™! spectral region that were recorded for the representative samples from different locations within Grotta della
Monaca. The main minerals that were detected for each sample are listed in Table 2. The spectral feature that is ascribed to the presence of NO3 ions (band 1385 cm™!) is highlighted
in the conventional FTIR spectra, as is its absence in the ATR-FTIR spectra (see text). The selected sampling sites are spatially indicated in Fig. 2.

clearly controlled the variance across the dataset. An examination of the
PC results/plots (Table 3 and Fig. 8) reveals that the elements that pos-
itively affected the variance for PC2 were Cu and Zn, while those that
negatively affected the variance were Al and K. In turn, the elements
that positively affected the variance for PC3 were V, Ca and Mo, while
those that negatively affected the variance were As, S and Pb. The ele-
ments that positively affected the variance for PC4 were Si, Cu and Al,
while the element that negatively affected the variance was Cl. As ex-
pected, Fig. 8 shows that the elements that belong to the same group
in the periodic table often point in the same direction (e.g., Ag and Cu;
As and Sb; Cr and V) because they have similar chemical and physical
properties. Hence, the elements with the longest vectors into the PC
spaces of Fig. 8, such as Al, As, Cl, Cu, K, Si, V, and Zn, provided better dis-
crimination among the analysed sub-samples.

The elements with the greatest variance in the dataset were plotted
in all possible combinations as a scatterplot matrix (Fig. 9) to investigate
which pairs of log;o Fe-normalised elements could separate groups
within the sampled ferruginous mineralisations.

In addition, a dendrogram of the HCA is shown in Fig. 10a. The
phenon line was defined with a distance of 2, by which all the sub-sam-
ples were classified into three statistically significant clusters.

5. Discussion
5.1. Geochemical and Mineralogical Fingerprints

The PCA indicated that an alkaline-earth metal (K), three transition
metals (Cu, V and Zn), another metal (Al), two metalloids (As and Si)
and a halogen (Cl) were the chemical elements that contributed to the
variance across the sampled ferruginous mineralisations. Cornell and
Schewertmann [29] suggested that some or all transition metals may
substitute into the Fe> " oxide lattice, thus leading to signatures in
iron oxide/hydroxide minerals that are characteristic of a specific
source. According to others authors [80,112,128], transition metals
(and rare earth elements) are generally positively correlated with Fe;
however, the correlation is small and not statistically significant, as in
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Table 2

Characteristic average mineral assemblages that were detected in the sampled ferruginous mineralisations according to their spatial distribution. The caves, cave sectors and location of the
field sample are spatially indicated in Figs. 1 and 2. The mineral abbreviations are the same as in Siivola and Schmid [147].

Cave and cave-sector Field sample code

Average mineral assemblages

Grotta della Monaca Pregrotta (PRE) Initial GM1.1

Middle 4
Final 6A

Sala dei pipistrelli (SPI) 7A

Cunicoli terminali (CUN) 13A

Grotta del Tesauro (TES)

Gt (with small quantities of Asd + Cal + Hem + Mgh + organic matter)
Lep + Gt + Ms (with small quantities of Hem + Asd)

Gt (with small quantities of Hem + Asd)

Gt (with small quantities of Hem + Asd)

Gt (with small quantities of Hem + Asd)

Lep + Gt + Ms (with small quantities of Asd + Lvd + organic matter)
Lep + Gt (with small quantities of Hem + Asd + Cal)

Gt + Gp + Cal (with small quantities of Asd)

Gt + Lep (with small quantities of Asd)

Gt + Cal + Lep + Gp (with small quantities of Hem + Asd)

Gt + Cal + Gp + Ms (with small quantities of Asd + Lvd + Ant + Bro + Qtz)
Gt + Cal + Ms (with small quantities of Asd + Lvd + organic matter)
Gt + Ms (with small quantities of Asd + Lvd + organic matter)

Gt (with small quantities of Asd + Hem + Ms)

Gt (with small quantities of Asd + Lvd + organic matter)

Gt (with small quantities of Asd)

Gt (with small quantities of Asd + Lvd)

Gt (with small quantities of Asd + Hem + Lvd)

Gt + Ms (with small quantities of Asd + Lvd + organic matter)

Gt + Qtz + I (with small quantities of Asd + Hem + Lvd + Ms)

Gt + Cal + Kln + I (with small quantities of Asd + Hem)

Gt + Cal + KIn + I (with small quantities of Asd + Hem)

Gt + Lm + Kln + I (with small quantities of Asd + Ant)

Gt + Cal + KIn + I (with small quantities of Asd + Hem)

Gt + Gp + Kin (with small quantities of Hem + Asd + Ms)

Gt + Gp + KIn + Cal (with small quantities of Hem + Lvd)

Gt + Kln (with small quantities of Hem + Asd + Mgh)

this case (see Table S3). Therefore, Al, Si and K are most probably linked
to the clay minerals (kaolinite and illite) and/or the other silicates
(quartz and muscovite) that comprised the analysed materials in the
sampled ferruginous mineralisations, while V and Zn are likely associat-
ed with the iron oxides'/hydroxides' “signature”. As, Cu and Cl are prob-
ably associated with the detected arsenates (arsenosiderite and
lavendulan).

The bivariate plots of log;o [As/Fe] vs. all other log, Fe-normalised
chosen elements show patterns in the data trend with some of the
clearest distinctions between the sampled mineralisations (Fig. 9). Al-
though some overlaps exist, most of the sub-sample sets that were iden-
tified by the confidence ellipses (drawn where the sub-sample numbers
were statistically significant) formed distinct groups. The sub-samples
from Pregrotta were widely distributed in the majority of these specific

Table 3

Principal component matrix results on selected log;o Fe-normalised variables. The data
that are shown in bold indicate relative and absolute higher loading and their contribution
to their respective components.

Variable PC1 PC2 PC3 PC4

Sr 0.81 0.01 0.39 —0.09
Pb 0.80 0.10 —0.44 —0.06
Cs 0.78 0.13 —0.20 0.01
Cr 0.78 —0.08 0.28 0.03
Ca 0.76 —0.11 047 —0.29
Sb 0.74 0.43 —-0.39 —0.12
S 0.66 —0.29 —-043 —0.26
Te 0.66 0.09 —-0.27 —0.07
\4 0.65 —0.24 048 0.03
Ag 0.63 0.56 —0.03 0.29
cl 0.62 —0.26 0.28 —0.51
As 0.57 0.46 —0.46 0.17
Al 0.25 —0.81 —0.05 041
Cu —0.04 0.73 0.23 0.51

K 0.54 —-0.73 —0.03 0.32
Zn 0.27 0.68 0.22 0.12
Mo 0.03 0.55 0.42 —0.29
Ba 0.23 0.54 0.18 0.34

Si 0.44 —0.51 0.18 0.63
Eigenvalue (%) 35.44 21.10 10.40 8.92
Cumulative (%) 35.44 56.54 66.94 75.87

bivariate plots, while most of them formed a group in the centre of the
bivariate space. The sub-samples from the Cunicoli terminali always
showed few cases of dispersion into bivariate space, with one sub-
group corresponding to materials with extremely low concentrations
of Fe and As and a higher concentration of Ca, which are more closely as-
sociated with sub-samples from Grotta del Tesauro and Pregrotta than
the sub-samples from Sala dei pipistrelli. In contrast, most of the sub-
samples from Sala dei pipistrelli and Grotta del Tesauro formed
individualised and distinct groups. Among all the bivariate scatterplots
in Fig. 9, arsenic [As/Fe] and copper [Cu/Fe] were the elements that
could primarily be used to identify inter-cave variations and some
intra-cave differences (even if not always clearly evident). The
scatterplot of logo [Cu/Fe] vs. log;o [As/Fe] provides an example of the
range of pair elements that demonstrated grouping. The main groups
of sub-samples could be distinguished from each other according to
their original geomorphological contexts by using these specific ele-
ment pair ratios, where the relationship between cave sectors that be-
long to the same group agrees with their relatively close spatial
proximity.

The three recognised geochemical clusters often matched their
broad location within Grotta della Monaca (i.e., intra-cave variations).
Cluster I consists of samples that were mainly collected near the en-
trance of Grotta della Monaca, in the final area of Cunicoli terminali,
and in Grotta del Tesauro. Most of the samples in Cluster Il were in the
initial-middle portions of Pregrotta and Sala dei pipistrelli. Cluster III
often includes samples from the Sala dei pipistrelli-Cunicoli terminali
transition zone and a few sub-samples from the final area of Pregrotta.
Furthermore, all the sub-samples from the three clusters that were ob-
tained by HCA were allocated in a bivariate scatterplot according to
their PCA scores to represent the relative importance of the PCs in differ-
ent clusters (Fig. 10b). Clusters I and Il showed PC1 values < 2, while
Cluster IIl showed the opposite, which indicates some similarities be-
tween the first two groups according to the amount of Fe vs. all other el-
ement concentrations.

The minimum, maximum, mean-values, standard deviation and co-
efficient of variation of the geochemical elements (variables) are pre-
sented to quantify the variation between clusters and summarise the
characteristics of the sub-samples in each cluster (Table 4). Despite
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several high standard deviations values and few coefficients of variation
greater than one (indicating high variance), major differences exist be-
tween the averages of the selected elements. Thus, the sampled ferrugi-
nous mineralisations within the studied caves display the highest mean
Fe concentrations in Cluster I (56.2%) and the lowest values in Cluster III
(36.1%). The Ca, Cu and Mg concentrations are higher in Cluster III than
those in Clusters I and II, with relative mean values of 11.5%, 1.3% and
1.5%, respectively. The sampled mineralisations in Cluster Il are
characterised by relatively higher Al, K, Si and S concentrations com-
pared to those in Clusters I and III, with mean values of 0.8%, 0.5%,
1.2% and 0.4%, respectively. The mean Cu concentration is much higher
in Cluster I (0.5%) than those in Clusters Il and III (both 0.1%). From a
mineralogical perspective, Cluster I often consists of relatively crystal-
line goethite-limonite with subordinate amounts of calcite and clay
minerals (kaolinite and illite), except for the sampled ferruginous
mineralisations from Grotta del Tesauro, which show small quantities
of gypsum. Muscovite and calcite occurred in Cluster Il in addition to
the ubiquitous assemblage of often poorly crystalline lepidocrocite +
goethite. Cluster III often shows poorly to relatively crystalline goethite
in association with calcite, gypsum, quartz and clay minerals (kaolinite
and illite). The presence of poorly crystalline lepidocrocite, often in the
sub-samples that comprise Cluster II, and gypsum in Cluster III and
within Grotta del Tesauro could be defining mineralogical markers for
the analysed materials.

These preliminary results and respective interpretations indicate that
the analysed ferruginous mineralisations could be easily and quickly iden-
tified based on their elemental signature and their mineralogical assem-
blages. Intra-cave variations could be recognised by using PCA and HCA.
Similarly, preliminary inter-cave variations were detected by using specif-
ic ranges of element pairs that were plotted in bivariate space.

5.2. Archaeological Implications

The archaeological implications of these findings are substantial and
demonstrate specific exploitation strategies of local ferruginous
mineralisations during prehistory. Indeed, the Upper Palaeolithic ex-
tractive phase was recognised exclusively in the Pregrotta and is the
most evanescent compared to the Late Neolithic and post-Medieval
phases, documented only in a very restricted mining area (near the
cave entrance) by fleeting archaeological evidence. Palaeolithic mining
evidence is likely more common and spatially extended; however,
these were largely destroyed because of subsequent human frequenta-
tions and especially after strong and intensive post-Medieval exploita-
tion. The available varieties of ferruginous mineralisations were likely
not specifically chosen during the Upper Palaeolithic; rather, material
that was well-exposed and visible within the Pregrotta was utilized.
The abundant ferruginous mineralisations that are exposed at the cave
entrance, which have bright yellow-orange to red chromatism, most
likely attracted the attention of Upper Palaeolithic human groups in
transit along the Esaro Valley. The Late Neolithic extractive phase was
documented in several areas of Grotta della Monaca, although the
most important evidence originated from the Sala dei pipistrelli-
Cunicoli terminali transition zone, which showed the highest Cu con-
centrations in the exploited massive ferruginous mineralisations
(consisting of the most crystalline goethite in association with clay min-
erals, which confer high plasticity). The Late Neolithic miners struck the
outcrops of ferruginous mineralisations with picks that were construct-
ed from deer antlers and other tools (hoes, palettes and awls) from the
bones of large mammals (e.g., [94]). Generally, their attention was di-
rected to a particular facies of ferruginous mineralisations: the yellow-
orange and soft goethite-rich varieties (constantly wet because of the
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clusters.

very specific local environmental cave conditions), which were easily
identified in the outcrops and mouldable with even minimal pressure
on the surface. The interest of this specific variety of ferruginous
mineralisation from Late Neolithic miners is demonstrated by two find-
ings: (1) the hundreds of digging traces that are still preserved on the
related survivor's mineralisations, and (2) the disposal of the most com-
pact and reddish-brown fragments/blocks (i.e., mining wastes) as artifi-
cial stonewalls that were erected in the exploitation areas. Even during
the post-Medieval mining phase, ferruginous mineralisations that ap-
peared to be more massive and soft were extracted along two artificial
galleries that were excavated under the ground of the Pregrotta and
Sala dei pipistrelli, while more compact and less malleable materials
were discarded and used to build stonewalls (together with carbonate
rocky blocks and fragments).

The specific uses of these extracted ferruginous mineralisations from
Grotta della Monaca and Grotta del Tesauro are currently unknown, as
are the destinations of these mineral resources.

6. Conclusions

This study provided preliminary geochemical and mineralogical
characterisations of the well-exposed ferruginous mineralisations
from Grotta della Monaca (including some evidence from the nearby
Grotta del Tesauro) by using a combination of techniques, such as
pXRF, XRD, micro-Raman and FTIR. Subsequently, multivariate statistics
on selected elemental concentration data enabled us to identify the ele-
ments that controlled the variance, which were displayed in bivariate
plots. Among these factors, the [As/Fe] and [Cu/Fe] ratios provided a
clear and unambiguous distinction between the ferruginous
mineralisations from the two caves and among spatially distant cave
sectors.

Even if the oxides/hydroxides and related matrix mineral assem-
blages were determined for each sample/sub-sample and few differ-
ences were detected between them (e.g., presence/absence of
lepidocrocite and gypsum, along with few differences in the crystallinity
of goethite), a quantitative comparison that was based only on their
mineralogy would be impossible from a mineralogical perspective.
XRD provided qualitative information on the mineralogy of the analysed
materials, but the presence and identification of mineralogical phases
alone were insufficient to differentiate between groups. XRD, micro-
Raman and FTIR provided both mineralogical and crystallographic in-
formation, but their inability to quantify the minerals made relating
the phases to the elemental concentrations that were obtained by
pXREF difficult. However, combining these methodologies enabled us
to overcome some of these limitations.

Both PCA and HCA on selected geochemical datasets demonstrated
that the sampled ferruginous mineralisations statistically formed three
clusters with unique elemental signatures. As expected, the identified
clusters, each one with very specific geochemical-mineralogical “finger-
prints” and spatial distributions, enabled us to identify the sampled fer-
ruginous mineralisations. These specific mineral resources could be
compared to similar raw materials in other neighbouring archaeological
sites, with obvious implications in understanding the local exploitation
strategies through time and the exchanges and kinship networks of
these materials. From a geochemical and mineralogical prospective,
these three clusters showed distinct differences in their Fe and As con-
tents and in the matrix mineral assemblage, which may represent spa-
tial variations in local geologic conditions, including diagenetic
processes (e.g., the oxidation of primary sulphides in the carbonate bed-
rock and the concomitant and/or subsequent precipitation of other sec-
ondary cave minerals).

Handheld portable X-ray Fluorescence spectroscopy was a rapid and
inexpensive alternative to laboratory-based geochemical techniques. In
this specific case, the use of pXRF was obviously insufficient to exhaus-
tively characterise the chemistry of the sampled materials, but this ap-
proach enabled us to draw some important conclusions that
ultimately should be better explained and confirmed (or eventually
rejected) by applying more sophisticated and finer-resolution elemen-
tal analysis techniques. From this perspective, choosing which groups
of chemical elements from the periodic table should be subject to a
more precise and detailed quantification with other more robust and,
eventually, precise techniques, such as instrumental neutron activation
analysis (INAA), atomic absorption spectrophotometry and scanning
electron microscopy with X-ray microanalysis (SEM + EDS), should
be possible. Among these techniques, INAA seemed to be the best for
measuring elements that are diagnostic for differentiating chemical
groups of iron oxides/hydroxides, such as (but not limited to) transition
metals and rare earth elements.

In addition, archaeological samples such as the building blocks of the
stonewalls within Grotta della Monaca represent the mining wastes of
the prehistoric exploitation of the local ferruginous mineralisations,
which must also be characterised from a geochemical and mineralogical
prospective. The results that could be obtained from these archaeologi-
cal materials may provide more useful and credible information on the
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Table 4

Summary table of the basic statistical description of the element concentration dataset for the three clusters (geochemical groups) that were obtained by PCA and HCA. All the concen-
trations are expressed in %. Higher mean values are bolded. The caves and cave sectors are spatially indicated in Figs. 1 and 2 (PRE = Pregrotta; SPI = Sala dei pipistrelli; CUN = Cunicoli

terminali; TES = Grotta del Tesauro).

Variable Cluster I (n = 36) Cluster Il (n = 28) Cluster Il (n = 17)

TES + near the entrance of PRE + final part of Initial-middle parts of PRE + SPI SPI-CUN transition zone + final part of PRE

CUN

Min. Max. Mean St. dev. cv Min. Max. Mean St. dev. cv Min. Max. Mean St. dev. cv
Fe (%) 48.754  61.777  56.230 +3.635 0.065  45.049 59.323 53418 14621 0.086  25.140 48.819  36.149 +8336  0.231
Ag 0.001 0.026 0.004 +0.005 1.268 0.001 0.003 0.002 +0.001 0517  0.001 0.028 0.008 +0.009 1.049
Al 0.289 0.639 0.449 +£0.094 0210 0301 1.678 0.784 +0.365  0.465 0.245 0.482 0.353 +0.134 0379
As 0.207 2.818 1.225 +£0975 0796  0.165 2.640 1.071 +0.796  0.743 0.079 2.804 1.294 +0.971 0.751
Ba 0.020 0.234 0.065 +0.053 0.816  0.017 0.063 0.034 +0.012 0348 0.014 0.051 0.032 +0.012 0380
Ca 0.143 9.053 1.522 +2.359 1.551 0.079 12449 2209 +3.599 1.629 1.289 21.562 11.529 +6.433 0.558
cl 0.055 0.829 0.092 +0.127 1.381 0.046 0.520 0.145 +0.145 1.000  0.047 0.361 0.120 +0.109  0.905
Co 0.078 0.109 0.091 +0.032  0.355 0.071 0.122 0.095 +0.040 0425 0.066 0.066 0.066 +0.016  0.243
Cr 0.051 0.073 0.063 +0.006 0.094 0.050 0.068 0.058 +0.005 0.088 0.041 0.064 0.053 +0.008 0.141
Cs 0.009 0.018 0.012 +£0.002 0.164  0.009 0.016 0.012 +£0.002 0.158 0.008 0.014 0.011 +0.002 0.164
Cu 0.186 1.655 0.549 +0426  0.775 0.012 0.382 0.091 +£0.083 0919 0.041 0.409 0.125 +0.115  0.920
K 0.097 0.301 0.137 +0.042 0305 0.156 1.158 0.489 +0.308 0.630 0.103 0.329 0.190 +0.088  0.462
Mg 0.885 1.188 1.078 +0476 0441 0.985 1.881 1.369 +0.504 0368 1.128 2.056 1.491 +0.675 0453
Mn n.d. n.d. 0.020 0.049 0.032 +0.013 0412 n.d. n.d.
Mo 0.001 0.006 0.003 +£0.002 0554  0.001 0.004 0.002 +0.001 0476  0.001 0.008 0.003 +0.002  0.838
Nb n.d. n.d. 0.001 0.001 0.001 +0.000 0.189 nd. n.d.
Ni n.d. n.d. n.d. n.d. 0.009 0.016 0.012 +0.006 0528
Pb 0.005 0.130 0.038 +0.035 0922 0.004 0.327 0.124 +0.125 1.013 0.005 0.623 0.203 +0.204  1.005
Rb 0.001 0.001 0.001 +0.000 0440  0.000 0.001 0.001 +0.000 0.544  0.000 0.001 0.001 +0.000 0523
Sb 0.005 0.100 0.027 +0.027 1.015  0.004 0.086 0.033 +0.030 0912 0.003 0.100 0.055 +0.035 0635
Sc n.d. n.d. 0.009 0.009 0.009 +0.002 0.189 0.025 0.060 0.037 +0.019 0.514
Si 0.274 1.559 0.641 +0302 0472 0313 3.612 1.185 +0.897 0.757 0.366 1.126 0.611 +0.220  0.360
Sn 0.004 0.010 0.008 +0.003 0364  0.006 0.006 0.006 +0.001 0.189  0.004 0.012 0.007 +0.004 0576
S 0.030 0.230 0.105 +0.051 0.487  0.056 1.208 0.409 +0375 0916  0.072 1.156 0.339 +0.391 1.154
Sr 0.001 0.008 0.004 +0.002 0527  0.001 0.008 0.005 +0.003 0.533 0.005 0.012 0.009 +0.002  0.259
Te 0.011 0.026 0.017 +0.005 0307 0011 0.028 0.017 +0.005 0309 0.010 0.020 0.016 +0.003 0.168
Ti 0.013 0.013 0.013 +£0.002 0.167 0017 0.085 0.043 +0.028  0.651 0.019 0.022 0.021 +0.007 0333
\ 0.015 0.030 0.021 +0.003 0.145  0.013 0.026 0.020 +0.004 0.186 0.014 0.023 0.019 +0.003 0.150
w n.d. n.d. n.d. n.d. 0.012 0.032 0.022 +0.008 0371
Zn 0.068 0.781 0.214 +£0.192 0.895  0.008 0.213 0.083 +0.058  0.707 0.010 0.236 0.106 +0.069  0.646
Zr n.d. n.d. 0.001 0.002 0.001 +0.001 0.528 n.d. n.d.

n = Number of sub-samples that compose the cluster.
St. dev. = standard deviation.

CV = coefficient of variation (distributions with CV < 1 are considered low variance, while those with CV > 1 are considered high variance).
n.d. = concentrations not measured because they were below the instrument's detection limits.

local mine exploitation strategies by prehistoric peoples compared to
those from geological materials.

Finally, future regional-scale studies should include quick and non-
destructive pXRF analyses on yellow-orange and/or red pigments
from artefacts of other nearby archaeological sites to investigate the
possibility of designating the karstic caves in the Upper Esaro Valley as
geological sources of their raw materials.

Supplementary data to this article can be found online at doi:10.
1016/j.saa.2016.10.021.
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