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Abstract Carbonate-rich archaeological artefacts are diffi-
cult to identify and correlate between them and with raw
materials of such heterogeneous geological sources, espe-
cially when only non-invasive analysis is possible. A nov-
el combination of X-ray and neutron-based non-invasive
analysis is implemented and used for the first time to
study prehistoric stone idols and vessels, contributing to
culture identity, mobility and interaction in the recent
Prehistory of Southern Iberia. Elemental composition
was obtained by prompt gamma activation analysis
(PGAA) and external beam particle-induced x-ray emis-
sion (PIXE); homogeneity of the stone artefacts and the
presence/absence of internal fractures were obtained by
neutron radiography (NR). These atomic and nuclear tech-
niques, simultaneously used for complementary chemical
information, have been demonstrated to be of great value
as they provide non-destructive compositional information
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avoiding sample preparation, crucial in so singular and
rare objects. The obtained results, especially of PGAA,
are very promising and useful in general assessments of
provenance. The stone artefacts show signs of both nearby
and long-distance procurement, as well as of unknown
attribution.

Keywords PGAA - PIXE - Neutron radiography - Stone
artefacts - Prehistoric networks - Provenance

Introduction

Interaction always assumed a relevant role in the expla-
nation of social organization and social change. During
the late fourth and the third millennium BC (at least until
its last quarter), Southwest Iberian societies were en-
gaged in a social trajectory of increasing complexity
where regional and interregional interaction was a major
element. In this context, in southwest Iberia during the
late fourth and the third millennium BC, the large
ditched enclosures emerge as one type of places that
concentrate evidences of large- and middle-scale ex-
change, becoming important contexts to approach its dy-
namics in the global social trajectory. Amongst the sev-
eral known, Perdigdes, due to the nature of its contexts,
heritage situation and programmed research, provides a
good documental base for this enquiry.

The Perdigdes site is one of the largest known
Portuguese Late Neolithic and Chalcolithic ditched en-
closures, occupied during the late fourth to third millen-
nium BC (Valera et al. 2014a, b) in the Reguengos de
Monsaraz region, south of Portugal. Several funerary
contexts have been excavated dating from the Neolithic
and Chalcolithic (fourth and third millennium BC),
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providing a variety of exogenous objects comprising pot-
tery, lithic artefacts, stone and bone and ivory idols, pec-
ten shells, etc. (Valera 2012a, b, 2015).

Those materialities, such as artefacts, raw materials,
contexts and spatial locations, allow us to speak about
the circulation of concrete objects and raw materials, but
also of abstractions such as ideas, traditions, technologic
knowledge, styles or aesthetics. To deal with these is-
sues, a project was recently designed designated
“Mobility and interaction in South Portugal Recent
Prehistory: the role of aggregation centres”, in the con-
text of which this approach to the assemblage of stone
idols and pots was developed.

Scientific data on the composition and provenance of or-
namental stones of individual monuments and archaeological
objects are becoming increasingly available. For the Iberian
Peninsula, many studies have dealt with the distribution and
characterization of ornamental stones especially for Roman
chronologies but using destructive techniques of analysis
(i.e. Cabral et al. 1992; Lapuente 1995; Lapuente and Turi
1995; Morbidelli et al. 2007; Dominguez Bella 2009;
Origlia et al. 2011; Beltran et al. 2012; Mafias Romero
2012; Taelman et al. 2013; Taeclman 2014).

For prehistoric stone artefacts, there is a lack of
archaecometric studies that could complete the stylistic
approaches that have been done to Southwest Iberia
(Hurtado 2008, 2010). Only for the Chalcolithic site La
Pijotilla a mineralogical and typological characterization
of cultural calcareous objects was performed. In this
study, portable and non-destructive spectral reflectance
VIS-short-wave infrared hyperspectral reflectance
(SWIR) (400-2500 nm) measurements were applied to
both artefacts and samples of calcareous quarries sur-
rounding the archaeological site (Polvorinos del Rio
et al. 2010). Also, X-ray diffraction and petrography
was done in the geological samples. Interesting results
were obtained with the attribution of idols to calcitic
marbles, most probably from Alconera quarry, even for
some objects, respectively, some eye-decorated and betilo
idols, Sierra de Almendral and Nogales were not
discarded.

Stone idols from the Perdigdes archaeological site
have different typologies and apparently are mostly made
of marble or limestone, suggesting different origins for
these artefacts, since none of the rocks occur locally but
regionally. Some questions remain unanswered, such as
their compositional nature and their provenance and re-
lated outcrops (if possible), contributing to understanding
the interaction network in which Perdigdes was involved.

This work is, to our best knowledge, the first deter-
mination of the chemical composition of both bulk ma-
terial and surface of prehistoric stone idols and vessels
from Iberian Peninsula.
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Sourcing carbonate-rich artefacts is problematic, especially
because macroscopically they may look similar, even if they
come from different sources, and from a mineralogical point
of view, they are almost pure CaCO; with a very heteroge-
neous mixture of impurities. Similarly, to sourcing microcrys-
talline quartz (Crandell 2012) and silex artefact (Prudéncio
etal. 2016), in the case of carbonate artefacts, especially those
deriving from the metamorphic evolution of previous carbon-
ates (marbles), similarity arises between them in many re-
spects (i.e. mineralogical, physical-structural and chemical),
and a significant overlap with other sources may occur due to
the fact that impurities are generally heterogeneous in this
kind of geological source.

The application of trace element and isotope geochem-
istry of strontium to studies of carbonate diagenesis is a
well-established method (Banner 1995) and a powerful
tool. Also, several studies comprising minero-
petrographic and isotopic studies of marble quarries and
objects were done (Koralay and Kilincarslan 2015;
Attanasio et al. 2015, Ulens et al. 1994). Unfortunately,
the use of radiogenic isotopes implies destructive tech-
niques of analysis, impossible to apply in so rare prehis-
toric artefacts. So, it is also relevant to evaluate the suc-
cess of the combination of X-ray and neutron-based non-
invasive techniques, like prompt gamma activation anal-
yses (PGAA), external beam particle-induced X-ray
emission (PIXE) and neutron radiography (NR), to trace
the source(s) of these Chalcolithic artefacts made of
carbonate-rich raw materials. These nuclear analytical
techniques have been successfully applied to characterize
archaeological objects made of various rocks, especially,
because of their non-destructive feature (Kasztovszky
et al. 2008; Crandell 2012).

PGAA is one of the new techniques available to deal
with this problem. Its basis is the radioactive capture of
neutrons or the (n,y) reaction. During this nuclear reac-
tion, an atomic nucleus captures a thermal or subthermal
neutron and emits a number of gamma photons prompt-
ly (Révay and Belgya 2004). Because of the low inten-
sity of external neutron beams, PGAA can be consid-
ered non-destructive. Furthermore, the method does not
require sample preparation, since the intact object is
positioned directly in the neutron beam. In most cases,
no significant long-lived radioisotopes are produced dur-
ing the analysis. After some days of cooling, the
analysed artefacts are in perfect conditions to be
returned to museums, collectors and researchers. Due
to the high penetrability of the neutron, PGAA gives
the composition of the bulk material, thus when com-
paring the results from PGAA and PIXE, comparison of
inner and surface composition of the objects can be
made. Furthermore, NR was used to visualize the hid-
den inner structure of the objects.
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Materials and methods
Archaeological stone artefacts and contexts

Thirteen stone idols from the cremation contexts from Pit 40
and one votive vessel from the tholoi Tomb 1 were analysed
by PGAA, PIXE and neutron radiography (NR). Additionally,
four more stone vases were studied by PIXE and NR (Fig. 1).
The contexts from Pit 40 (Fig. 2) are not yet dated and the
contexts from Tomb | were dated between 2800 and 2500 BC
(Valera et al. 2014b).

The raw materials

Most of the carbonate rocks in Portugal occur near the shore
(north of Lisbon and Algarve), particularly limestones, or in
Alentejo region, particularly marbles. The main mining dis-
trict of ornamental limestones is the Mesozoic Macigo
Calcario Estremenho (MCE), located 150 km north of
Lisbon, and the region of Péro Pinheiro, close to Lisbon,
where there are signs of quarrying since the Roman times.
Also, in the Algarve region, there is exploitation of ornamen-
tal stones. Regarding marbles, they occur mainly in the
Alentejo region, being the Anticlinal de Estremoz the main
production centre, where there are also evidence of quarrying
since 370 BC (Martins and Lopes 2011).

Fig. 1 Stone idols and stone
vessels from Perdigdes Pre-
historic archaeological site.
Correspondences to Table 1: 1-
PDI 12; 5-PDI 6; 6-PDI 1; 7-PDI
7; 8-PDI 11; 9-PDI 13.
Archaeological context: 3 Not
analysed limestone items from
Tomb 2; 4 not analysed limestone
items from Tomb 1. All the rest
from Pit 40

Taking into consideration archaeological and geological
considerations, possible geological sources for the studied
stone artefacts were separated into three categories:

1. Nearby sources (~40 km—the so-called marble triangle
Estremoz—Borba—Vila Vigosa, in Alentejo’s northeast,
contains Portugal’s most important ornamental rock
deposit)

2. Moderate distance areas (~130 km—Ilimestone “breccia”
from Tavira, Algarve)

3. Remote areas (160 to 220 km—*“lioz” limestones from
Péro Pinheiro, “moleanos” limestone from Macigo
Calcario Estremenho).

A total of 11 geological samples were analysed, 7 lime-
stones (Moleanos limestone: MOL-1, MOL-2, MOL-3; Lioz
limestone: LIOZ-1, LIOZ-2, LIOZ-3; Tavira breccia BT) and
4 marbles (MNR, MAL, MBC, MER).

For both artefacts and geological materials, the same meth-
odological approach was used, so using the same variables, a
better comparison and provenance ascription are achieved.

The X-ray method

PIXE spectroscopy is a non-destructive elemental analytical
technique. The sample to be studied is bombarded by an en-
ergetic particle beam (2—4 MeV proton beams in most cases)
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Fig. 2 Location of Tomb 1 and
Pit 40 respectively at the eastern
extremity and in the centre of
Perdigdes enclosure

produced by a particle accelerator. The energetic protons ion-
ize also the inner electron shells of the atoms in the bombarded
volume and in the electron re-arrangement process, character-
istic X-rays are also emitted. The energies of these X-rays are
strictly determined by the atomic number of the emitting ele-
ment, while the intensities of the X-rays are related to its
concentration. Because of the intensive slowing down of the
bombarding protons in matter and the absorption of the out-
going X-rays, PIXE is inherently sensitive for the surface
layers of thicknesses up to some tens of micrometres. In prin-
ciple, elements from Al to U can simultaneously be detected
using a conventional energy-dispersive X-ray detector, and
elemental sensitivities down to ppm levels can be achieved
in favourable conditions. In the so-called external-beam ver-
sion of PIXE, the protons are extracted to air through a prop-
erly thin exit foil, allowing non-destructive qualitative and
quantitative elemental analysis of samples of practically any
sizes. This method is especially useful for the non-destructive
study of unique and valuable cultural heritage objects, (e.g.
archaeological findings and artworks objects) (Gyddi et al.
1999; Rehren et al. 2013).

The PIXE method is very similar to the more well-known
standard X-ray fluorescence (XRF) spectroscopy; technically,
they differ in the mode of inner shell ionization, only. In XRF,
electromagnetic radiation (X-rays from X-ray tube or proper
radioactive sources) does it by photo effect, while in PIXE, the
energetic charged ions ionize by Coulomb interaction. Due to
this important difference, however, PIXE is more sensitive for
the lighter elements while in XRF, the closer the absorption
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edge of a particular element to the energy of the X-ray peaks
of the tube, the higher the ionization cross sections. The back-
ground caused by scattering of the continuous bremsstrahlung
radiation and the scattered exciting peaks also deteriorate the
sensitivity of XRF for lighter elements. In addition, the
analysed spot could be much smaller, allowing better lateral
resolution by PIXE compared especially to that of portable
XRF spectrometers. The obvious disadvantages of PIXE,
namely the need of access to an accelerator and the necessary
transport of the valuable cultural heritage object are not rele-
vant in our case since the Budapest Research Reactor for the
neutron studies and the external beam PIXE facility locate in
the same campus, and they were available simultaneously as
the common infrastructure of the CHARISMA Wigner BNC
platform.

The PIXE measurements were performed at the SMV Van
de Graaff accelerator of the Institute of Particle and Nuclear
Physics, Wigner Research Centre for Physics of Hungarian
Academy of Sciences. Proton beam of 2.5 MeV energy was
extracted from the evacuated beam pipe to air through a 7.5-m
thick Kapton foil. Target-window distance of 10 mm was
chosen at which distance the beam diameter was found to be
about 1 mm. The objects to be analysed were put on a
computer-controlled stage enabling accurate three-
dimensional positioning. A mechanical pointing device
helped the proper adjustment of the selected target spot.
External beam currents in the range of 1-5 nA were used.
Characteristic X-ray spectra were taken by an AMPTEK X-
123 X-ray spectrometer. The energy resolution of the
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25 mm2 x 500 um SDD detector was 125 eV for the Mn Ko
line. The detector was positioned at 135° with respect to the
beam direction. To reduce low-energy X-ray counts, an Al
absorber of 100-um thickness was applied in front of the
detector. The net X-ray peak intensities and the concentration
calculations were made by the offline GUPIX program pack-
age (Campbell et al. 2000).

Neutron-based methods

The experiments have been performed at the PGAA
(Szentmiklosi et al. 2010) and NIPS-NORMA (Kis et al.
2015) instruments installed on a guided cold-neutron beam
of the Budapest Research Reactor. In a PGAA experiment,
the sample is irradiated with cold neutrons, and the prompt
and delayed gamma photons emitted by the target nuclei are
measured simultaneously The method is applicable mostly to
quantify almost all the major and minor components (H, Na,
K, Mg, Al, Si, Ti, Mn, Fe and Cl) and some trace elements (B
is an important one, occasionally also Cr, Sc, V, Nd, Sm and
Gd) in silica-based samples of geological origin, such as lime-
stone. Since oxygen is a poorly detectable element, the con-
centrations of the major components’ oxides are calculated
based on their oxidation numbers.

The typical thermal equivalent neutron flux in the
sample position of the PGAA and NIPS-NORMA sta-
tion is 7.6 x 107 and 2.2 x 10" cm % s !, respectively.
The prompt and delayed gamma photons are detected
using a Compton-suppressed HPGe detector. The
analysed sample volume depends on the solid angle of
the applied detector and on the size of the neutron
beam. The neutrons are highly penetrating particles,
and the elements of interest have high energy gammas
(e.g. above 2 MeV); therefore, the PGAA measurements
provide the average bulk composition of few centimetre-
thick objects. During the analysis of the limestone sam-
ples, the typical acquisition time varied between 2300
and 8300 s, in order to collect statistically significant
counts. Between the sample chamber and the HPGe de-
tector, lead gamma-ray collimator was applied with a
diameter of 30 mm, while the neutron beam was re-
duced to 24 or 44 mm? using a °Li-enriched polymer
neutron collimator, to keep the count rate at appropriate
level. The collected spectra have been evaluated with
the Hypermet PC software (Fazekas et al. 1997; Révay
et al. 2005); the element identification and calculation
of concentrations are based on BNC PGAA library
(Révay et al. 2004; Révay 2009).

NR can be useful to visualize the inner content of an arte-
fact. Similar to X-ray radiography, neutron radiography is a
very efficient tool to enhance investigations in the field of
non-destructive testing.

The advantage of neutrons compared to X-rays is the abil-
ity to visualize light elements (i.e. with low atomic numbers)
such as hydrogen, water, carbon, etc. This property of being
easily absorbed by light elements such as hydrogen makes it
possible to image, e.g. the distribution of water within a spec-
imen. Neutrons also penetrate heavy elements (i.e. with high
atomic numbers) such as lead to study f materials in complex
sample environments.

The neutron radiographic images were taken at the com-
bined NIPS-NORMA station. The sample chamber is
200 x 200 x 200 mm>; the samples were placed on a motor-
ized sample stage. The spatial resolution is 0.2—-0.5 mm, and
the maximum field of view is 48 mm x 48 mm. The detailed
description of the NR setup can be found in the literature (Kis
et al. 2015).

The radiographic images taken at NORMA require correc-
tions for the beam profile and the detector noise (Anderson
et al. 2009; Schindelin et al. 2012; Wavemetric Inc. 2013).

Results and discussion

PIXE was used for quantification of chemical elements
of the few 10-um thick layer of the objects. The analyses
were divided according the nature of the object: stone
idols—PDI or stone vases—PDYV, and according with
specific position on each object’s surface: stone surface;
reddish crust; white cover; bone and soil; bone; brown
spot; brownish cover; stone interior. Selected PIXE anal-
ysis point on the white cover of a stone idol and that on
the stone surface of a vase are shown in Fig. 3a, b ,
respectively. The points were properly positioned by the
pull-out aiming pin. The horizontal cone-shaped tube
with the yellow Kapton exit foil and the aslope X-ray
detector with the Al absorber foil are also clearly seen
in both pictures.

PIXE results are listed in Table 1. The geochemical
assay of the stone idols’ surface shows calcium oxide
contents ranging from 39.41 to 71.30%, which is because
a limestone is primarily calcite. The calcium oxide con-
tents show a negative correlation with silica which is
based on the fact that calcium oxides from calcite and
silica oxide from quartz are forming two different min-
eral phases that are not related. This SiO,—CaO negative
correlation is usually attributed to chemical diagenetic
replacement during the limestone deposition environment
(Ehinola et al. 2016). Silica oxide on the stone idols’
surface ranges from non-detected to 21.52%, with an
average of 13%. The silica contents are explained by
the existing impurities in both the limestone and the sur-
face of the artefacts (soil remains). Manganese oxide on
the stone surface has values ranging from non-detectable
to 0.015%, and iron oxide values are also generally low
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Fig. 3 Selected PIXE analysis point on the white cover of a stone idol
and that on the stone surface of a vase are shown in a and b, respectively

from 0.07 to 3.99%, which means a general low oxidiz-
ing effect in the depositional environment of the raw
material. In general, the vases have lower contents of
calcium (Fig. 4), with the exception of vase PDV7. The
dotted ellipse of Fig. 4 comprises mostly vases, with
lower amounts of calcium and with no negative correla-
tion between calcium and silica oxides, which may be
due to their different surface when compared with idols,
enriched in soil residues and crusts and also to different
raw material. The strong increase of iron, silica, manga-
nese and phosphorous in the reddish/brownish crusts and
bones and soil residues (Fig. 5) suggests that the high
iron values found in this points may be due to surface
enrichment of soil contamination, and the high phospho-
rous values to bone contribution. The white covers have
more calcium contents than those of the surrounding
measured points (Fig. 4), suggesting that a special pro-
cedure was taken preparing a white cover probably made
of pure calcium carbonate. It is also interesting to em-
phasize that the interior of some vases has a brownish
crust, and also bone remains with much higher phospho-
rous content, together with iron, manganese, zinc and
copper.

Neutron radiography was used to reveal morphological
and/or structural information related with stone artefacts.
The raw material of the objects turned out to be homogeneous,
but it was possible to observe fissures and fractures in them.
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On the other hand, images obtained from the stone vessels
were very interesting, giving a complete idea of the “making
of the pot”, particularly the thickness of both bottom and lat-
eral walls (Fig. 6b). Additionally, highly neutron-absorbing
material was identified on the inner surface of the stone vessel.
It is assumed to be either hydrogen containing organic mate-
rial. However, this contrast can be caused by the high Fe-
containing terrigenous cover on the inner surface detected by
the PIXE method.

PGAA applied on both stone artefacts from Perdigdes and
potential raw materials provided chemical data used to differ-
entiate and/or correlate in a compositional point of view, both
artefacts and geological sources. Idols have not been cleaned
from surface deposits, particularly enriched in crashed bones
and soil. Results discussion took into consideration if analysed
chemical contents might have been enlarged due to bone con-
tamination and not specifically to the nature of geological
source, but no correlation was directly established between
the analysed artefacts, and the chemical contents that are usu-
ally present in bones and also used for paleonutrition research
(Allmée et al. 2012).

The oxide/element concentrations measured by PGAA
were used accordingly; they were above the quantification
limit in most of the samples, i.e. CaO, CO,, LOI (H,0O),
Si0,, Fe,05t, MnO, K,0, MgO, B, TiO,, Cl, Sm and Gd
(Table 2).

To categorize the stone artefacts and geological samples, a
classical chemical parameter of limestones (Todd 1966) and
marbles (Rosen et al. 2007; Goldschmidth et al. 1955; Onimisi
et al. 2013) has been applied, with the use of the Ca and Mg
proportion, the distribution of Ca/Mg and its reciprocal Mg/Ca
ratio. In the studied samples, CaO is the prevailing major
component, ranging from 50 and 57 wt% in artefact samples,
and between ~51 and ~56 wt% in the geological samples. All
analysed samples have a relatively low MgO concentration
(<2%). Mg/Ca ratios in geological samples vary from 0.029
t0 0.009% and in artefacts from 0.01% to 0.007%. The poten-
tial raw materials are all calcitic-type marbles and pure lime-
stones, but the breccia Tavira sample (BT) is a limestone more
enriched in Mg, and the Ruivina marble is more silica
enriched. Regarding the artefact samples, they are all pure
limestones or calcitic-type marbles. The Lioz limestones have
in general lower Mg/Ca ratios. It is also interesting to notice in
the marbles evidences of a possible flow of titanium due to the
breakdown of biotite into the recrystallizing carbonates during
metamorphism. The smaller but appreciable concentration of
manganese in carbonates is probably attributable to similarity
in ionic size with ion Ca®*, where a substitution of Mn by Ca
might have occurred. The other oxide contents are generally
low. The concentration of the total alkalis (Na,O + K,O) in the
carbonate bodies is very low, less than 1%, which is similar to
the alkali content of typical marble bodies. Also, the other
oxides (Al,O3 and Fe,O3) are generally low, less than 1%,
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Table 1 (continued)

g
N

Ti Mn Fe Ni Cu

Ca

Si

analysis location

Sample

<
<
S

ND

1.08
1.70
1.02
1.84
3.18
0.72
1.92
1.25
0.32
2.92
2.95
0.64
2.67
0.66

3.

0.67
1.91
0.49
2.35
0.04
7.78
0.15
4.46
0.04
9.49
0.06
5.07
0.16
2.64

30.01 0.14

0.56
2.68
0.41
3.62
1.31
1.31
0.83
2.18
0.07

14.75

2.57

9.83
6.86
7.11
9.18

wt%

Stone surface (brownish)

PDV-4

14.76

4.69
0.10

0.28

Rel. Unc.%
wt%

~
<
S

0.01

30.55
0.31

16.50
2.41
3.

Brown spot

PDV-4

11.52

24.87

5.94
0.33

Rel. Unc.%
wt%

o
<
S

0.01

27.03

88

21.98
4.13

Stone surface (weathered)

PDV-5

19.02

24.66

2.10
0.20
3.77

0.25

6.33

Rel. Unc.%
wt%

0
ot
S

0.01

ND

26.68

14.42
6.16

ND

11.94
6.16
6.08

Brownish terrigenous cover (exterior)

PDV-5

9.97

35.03

ND

0.33

Rel. Unc.%

wt%

a)
Z

ND

04
13.78

0.
0.

61.73
0.19

Stone surface (whitish)

PDV-7

12.44
1.28
1.27
1.18
1.22
7.81

12.92
17.64
3.90

Rel. Unc.%

wt%

0.05
8.17
0.03

ND

27.48 30 ND

7.79
3.33

Stone surface (brownish)

PDV-7

1.93
0.33

0.22

Rel. Unc.%

wt%

ND

ND

24.97

11.68
3.41
7.19

15.26
4.11

Brownish terrigenous cover (interior)

PDV-7

31.36
20.41

28.86
27.74

1.76
9.

0.24
0.30

Rel. Unc.%

29.74

69

10.51

76

10.74

Average rel. Unc.%

ND non-detectable
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Fig. 4 Relation between calcium and silica concentrations in weight
percentage of oxides according with the analysed points of idols and
vessel artefacts. Dotted ellipse comprises mostly vases

and may be indicative of the absence of aluminosilicates. We
can infer loss on ignition (LOI) by the content of volatiles
(CO,, H,0) present in the samples. The average values of
LOI in the studied samples are relatively high, varying from
are 42.01 and 46.26% and a positive correlation occurs be-
tween CaO and LOI, due to the fact that LOI is generated
mainly by the carbonate content of calcite.

Boron contents in limestones are generally low and are due
to clay or organic presence, largely incorporated in illite, being
used as a paleosalinity indicator and marine environment.
Studied marbles have lower contents of B than limestones,
and in artefacts, B content has also a varied range, from
0.238 to 2.540 ug/g.

Sedimentary rocks have unique assemblages of trace
elements, thus their determination in metamorphic rocks
provides a unique way to guess the nature of the
premetamorphic material. Immobile trace elements such
as the rare-earth elements and the high-field strength

E Stone surface
@ Reddish crust

<& White cover
1,00 ,00 X Bone&soil
0,00 025 0,50 0,75 1,00 1t Bone
Fe Ca A Brown spot

A Brownish cover

Fig. 5 Triangular composition diagram of iron, phosphorous and
calcium concentrations of the analysed points of idols and vessel artefacts
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Fig. 6 Stone vessel PDV 3 (a) and corresponding neutron radiography
image (b)

elements are important for provenance determination of
pelitic rocks (Taylor and McLennan 1981) because their
concentrations often reflect those of their source rock.
With PGAA, we have determined Sm and Gd.
Gadolinium was detected only in two geological samples,
and in a few stone artefacts. No Sm was detected in two
idols and in the vase.

A statistical approach was performed with the stone
artefacts analysed by PGAA, taking into consideration
chemical element as variables. To better estimate compo-
sitional groups, cluster analysis (k-means and joining tree
clustering methods) and principal component analysis
have been done. The division in five “groups” was only
used to structure the data (Fig. 7) and better estimate sim-
ilarities and dissimilarities. Considering the number of
samples analysed, most of the “groups” only have two
samples, and some of them have only as similarity to be
different from the others. Group 1 and 2 differs from the
other samples, but also within them, particularly samples
PDI 3 and PDI 11. These two artefacts of the so-called
group 1 (G1) (PDI 3 and PDI 11) have only in common

@ Springer

the low contents of calcium, and they are the only ones
where sodium was detected. All the other chemical con-
tent differences question the possibility of the same
source, like PDI 3 has higher amounts of Ti and Fe, and
PDI 11 more CI content. The G2 “group” (PDI 6 and PDI
14) are the only ones where aluminium was detected.
Artefacts from G3 (PDI 2, PDI 5 and PDI 8) have the
higher samarium and gadolinium contents. Artefacts from
G4 (PDI 10 and PDI 12) have the higher potassium and
magnesium contents. G5 artefacts (PDI 1, PDI 4 and PDI
9) differ from the others due to higher amount of calcium
and lower of CO2. The two extreme outliers (PDI 13 and
PDV 7) removed from the clustering method are differen-
tiated due to the following: in the case of idol PDI 13, it
has the higher iron and manganese contents, and the lower
samarium content; the vase PDV 7 has high content of
H,0,, and low contents of titanium and samarium and
has the high boron content, pointing to a limestone raw
material with higher porosity. As expected, stone artefacts
made with higher porosity raw material and high organic
matter residues have higher amounts of H,O and B.

In order to characterize strategies of artefacts manu-
facture and lithic raw material exploitation, a comparison
study was established between the areas of possible
sourcing and the stone artefacts, taking into consideration
PGAA results (Fig. 8). It is clear the existence of sam-
ples with unknown source, corresponding to the
abovementioned groups 1 and 2. Samples from the “mar-
ble triangle” have chemical heterogeneities that make
fingerprinting within them very challenging, especially
when dealing with non-destructive methods of analysis,
as well as when establishing correlations with artefacts.
Nevertheless, it was possible to establish geochemical
correlations between geological sources and artefacts:
(1) the nearby sources from the “marble triangle”
Estremoz—Borba—Vila Vicosa seems to be the most likely
the source for artefacts of G3, G4 and G5 (disregarding
the Ruivina marble, which is the only one detachable
from the others due especially to higher Si and lower
Ca contents). (2) The medium distance of the area sam-
ples—Tavira Breccia—does not present any chemical af-
finity with the analysed artefacts. (3) Geological samples
from remote areas (MCE limestones—Moleanos and Péro
Pinheiro—Lioz) do not point to be a source for the stone
idols; on the other hand, stone vessel (PDV 7) is the
only artefact that has chemical similarity with a lime-
stone sample, particularly the Moleanos 2 sample from
MCE.

Taking this further, we might theorize that the
analysed stone artefacts from Perdigdes show signs of
both nearby and long-distance procurement, as well as
of unknown attribution, like it was already found for
the ceramic materials of similar contexts of the
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Fig. 7 Tree clustering diagram by using the unweighted pair-group
average as amalgamation linkage rule and the Euclidean distances as
distance measure (after remove PDV 7 and PDI 13—extreme outliers)

Perdigdes site (Dias et al. 2005). More than a half (57%)
appear to have been made with marbles from the triangle
Estremoz—Borba—Vila Vigosa. Only one artefact, the only
stone vessels analysed by PGAA, point to long-distance
procurement (in particular MCE limestones). The rest
(G1 and G2) do not match with the analysed raw mate-
rials and are from unknown sources. Although the num-
ber of analysed possible sources represents the carbonate
materials’ availability, we are aware of the need to in-
crease the number of samples, especially due to local
variation. Still, the obtained results allow some important
considerations regarding the provenance of these items
and their differences between the funerary contexts in
Perdigdes, obtained with a non-destructive method of
analysis to differentiate carbonate rich materials.

4 oo 11 PDI 13
3 o o
2
. (o]
s
g p[g3 PDI 140 A bo o
N 0
N
S PDI 6
o |eb
w O
2 + + o
3 +
-4
-5
10 -8 6 4 2 0 2 4 6

Factor 1: 40,32%

O Stone Artefacts

-+ Remote Areas Sources

A Nearby Sources

Fig. 8 Projection of the artefacts and potential raw materials on the
factor-plane 1 and 2 by using the chemical elements contents obtained
by PGAA as variables (after remove Ruivina marble and Tavira
breccias—extreme outliers)
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Conclusions

Prompt gamma activation analyses proved to be a suc-
cessful method to distinguish between marble/limestone
samples originating from different known geological
sources, as well as matching artefacts to sources, when
non-destructive analysis is a requisite.

PIXE results were very useful confirming the surface
“contamination” of the stone artefacts, particularly the
nature of the residues found close to some idols, and in
the interior of some vases, particularly with bones, soil
residues and ferruginous crusts.

Neutron radiography became more useful in the vase mor-
phological study, with a good observation of the shape and
inner structure of each vase but was not very useful in the
stone idols analysis, as they are too thick for any
differentiation.

This analytical approach supports archaeological in-
ferences using the patterns of chemical composition,
contexts, materials types and distribution. No stone idols
(between the 13 analysed) from the contexts with cre-
mated remains is related to the Estremadura or Algarve
analysed sources. The majority are from the nearby area
of Estremoz—Borba—Vila Vigosa, some 30-40 km north
of Perdigdes, and the rest are from unknown sources.
The traditional idea that these objects in Alentejo might
have come from the Lisboa Peninsula is now nuanced.
On the other hand, the vessel from the tholoi tomb
(PDV 7) is compatible with the Estremadura limestones.
This seems to suggest that, not just the tholoi tombs
and the pits with cremations present different architec-
tures, different body treatments, different material as-
semblages, but that these particular sets of object have
also different raw materials with different provenances
(we should note that the other stone vessels and idols
from the tholoi tombs are also made of limestone).
These results support that imported foreign materials
were used in parallel with regional available materials.
The object that points to the Lisbon peninsula lime-
stones is of a different typology category—vase—and
it was found in the tholoi tomb 1, which presents dif-
ferent funerary procedures from the contexts of prove-
nance of the stone idols.

In this work, different idol types were analysed, di-
verse types of eyed-cylindrical idols, tolva type idols
and small vases, but no specific correlation between ty-
pology and raw material was found, with the exception
of the analysed vase.

The idols with unknown attribution of raw materials,
as well as, the correlated with nearby sources, do not
belong to a specific typology. Only the vase point to a
long distance source. So, no correlation was established
between stylistic differentiations and specific regions.

Different raw material provenances seem to be associated
with different contexts and rituals, deepening the contrasts that
we can see between these funerary features in Perdigdes
Chalcolithic archaeological site.

The number of trace elements that can be measured by
PGAA is restricted, as well as conclusions, especially
when dealing with such heterogeneous geological
sources. However, interpretations of the obtained data
may be used for general assessments of provenance.

This study enhances the potential of this non-invasive ap-
proach to contribute for a better differentiation between car-
bonate stone-rich artefacts. Though, to establish a better cor-
relation between raw material/artefact types/provenance area,
a broader study needs to be performed, including both various
stone idol/vase typologies and nearby and long-distance raw
material sources. Particular attention should be taken to stone
idols found in other southern Iberian Chalcolithic sites, like La
Pijotilla, and a comparison between the two sites’ artefacts
would be interesting, as it was already found interactions in
the Chalcolithic between these two sites, particularly for bell-
beakers (Odriozola et al. 2008).

This study shows that this line of inquiry has potential
to contribute to the definition of the spatiality of an ar-
chaeological site, like Perdigdes, interaction network and
to the characterization of the diversity existing between
the several funerary contexts already excavated at a site.
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