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Abstract

Background: The commercial obsidian trade played an important role during Neolithic period. Its characteristics
favoured the exchange network. In this way the Mediterranean area was fundamental. The availability of significant
numbers of obsidian samples has allowed to improve the knowledge about the trade and commercial routes.
Obsidian samples from the Mediterranean (Aegean, Flegrean, North Latium, Sicily, Sardinia) and Near East (Anatolia)
areas were directly collected on the sites and considered as reference. Almost 30 elements were analyzed by
Instrumental Neutron Activation Analysis (INAA).

Results: The approach based on the source discrimination analysis allowed to identify clearly different obsidian
deposits, except the reference samples coming from Flegrean and Sicily areas, quite similar for their geochemical
origin. The obtained data were used for assigning the provenance of 71 obsidian artefacts found during
archaeological excavations in Tuscany. Two different groups were found: 16 artefacts were attributed to Sicily/Flegrean
area whereas 55 items seemed to show a provenance from Aegean.

Conclusions: The results are important because they represents a confirmation about the hypothesis of the existence
of a large exchange network in the Mediterranean area since 3000 B.C.
Background
Obsidian is a volcanic glass formed as an extrusive igne-
ous rock (SiO2 as main component ranging between
66% and 75%) that was used by Neolithic people (around
10000–3500 B.C.) as a raw material in the manufacture
of stone tools such as weapons tips, knives, or other cut-
ting tools through a sophisticated chopping elaboration.
Basically, obsidian can be found in locations which have
experienced rhyolitic eruptions such as the Middle East
and the Mediterranean area.
The trade of obsidian has played an important role in

ancient times: the characteristics of good storage and
processing have facilitated the trade of this stone. It
must be remembered that obsidian artefacts have also
been found in sites remote from supply points, confirm-
ing the importance of this raw material and spread
trades during prehistoric times. Several authors have
attempted to understand the role that has had this level
of trade in prehistoric societies [1-3]. In this scenario,
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the Mediterranean area played a key role [4-7]. The lar-
gest deposits of obsidian found in this area come from
the Italian islands of Lipari, Palmarola, Pantelleria and
Sardinia. Briefly, some details on obsidian from these
data are given below. Pantellerian obsidian, easily differ-
entiable from the other central Mediterranean sources
on a visual basis, is a Na- and Fe-rich greenish opaque
stone known as Pantellerite [8,9]. Detailed examination
of prehistoric artefact assemblages has revealed at least
two visual types of Lipari obsidian, one black and highly
transparent, the other gray-banded, often with many
spherulites present, suggesting that different obsidian
outcrops might have different chemical fingerprints that
would be useful for interpretation of prehistoric exploit-
ation practices. About Sardinia deposits at least three
groups (SA, SB, SC) are identified in early provenance
studies on archaeological material [4]: deposit SA is
along the Southern slope of Arci Mountain, deposit SB
along the Western slope and deposit SC along the East-
ern slope. Such obsidians appear very glassy obsidian,
variable in transparency and sometimes with phenolcrys-
tals up to 2 mm in diameter. Obsidian of type SA is
fairly translucent, glassy, similar in appearance to that of
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Table 1 Analytical nuclear data used in INAA

Radionuclide Element Half life γ-Ray
used
(keV)

LODa

(μg g−1)
Note

76As As 26.3 h 559.2 0.008 122Sbb

131Ba Ba 11.8 d 496.3 10
82Br Br 35.87 h 776.6 0.02 152Eub

141Ce Ce 32.38 d 145.4 0.01
58Co Ni 71.3 d 810.3 80 (n,p)c

60Co Co 5.272 y 1332.5 0.0008
51Cr Cr 27.7 d 320.0 0.09
134Cs Cs 2.062 y 795.7 0.003
152Eu Eu 12.7 y 1408.8 0.0002
59Fe Fe 45.1 d 1099.2 5
181Hf Hf 42.5 d 482.2 1
42 K K 12.36 h 1524.7 260
140La La 40.27 h 1596.2 0.0005
24Na Na 15.02 h 1368.6 2
147Nd Nd 11.06 d 531.0 10
86Rb Rb 18.66 d 1076.7 0.4
122Sb Sb 2.70 d 564.0 6
124Sb Sb 60.9 d 1690.7 0.01
46Sc Sc 83.85 d 889.2 0.0008
75Se Se 120.4 d 264.6 0.02 182Tab

153Sm Sm 1948 y 103.1 0.001
113Sn Sn 115.1 d 391.1 40
85Sr Sr 64.0 d 514.0 0.08 e++e-c

182Ta Ta 115 d 1221.3 0.5
160 Tb Tb 72.1 d 879.4 0.08
233 Pa Th 27.4 d 311.8 0.2 (n,γ,β−)
239 Np U 2.35 d 277.6 0.2 203Hgb 76Seb

187 W W 23.9 h 687.7 0.1
175Yb Yb 4.19 d 396.1 2
65Zn Zn 243.8 d 1115.5 0.04 46Scb

95Zr Zr 65.0 d 756.6 80

Nuclear data (i.e., radioisotope from (n,γ) reaction, half-life (h: hour; d: day;
y: year), peak energy, note) and LOD of each element investigated in this study
(a: calculated according to ref. 15 and expressed as μg g-1; b: interfering
radionuclide; c: other types of neutron reactions).
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Lipari; the obsidian of type SC is opaque, less glassy, simi-
lar to obsidian from Palmarola.
Until a few years ago it was not possible to define dif-

ferent markets for the various obsidian: this occurrence
produced a great variability of obsidian and a difficult
option to assign an exact provenance of an artifact from
a specific area [10]. An important example is derived
from the results of a study carried out on a mosaic of
the Church of St. Juvenal in Umbria (Central Italy) [11].
In fact, the obsidian tesserae of the mosaic depicting the
“Majestas Christi” in the Cathedral of Narni, come from
the deposite Monte Arci, site C, in Sardinia: the peculi-
arity is that they have been found as reused material in
such mosaic. Of course, this circumstance, very common
in medieval artefacts, greatly complicates the dating of
obsidian-crafted objects. If we add the existence of other
smaller deposits in the Mediterranean area (e.g., Northern
Latium and Campania in Italy), the ability to assign a
precise provenance of obsidian in the Mediterranean is
even more complicated.
Moreover, important deposits are also found in the

area of the Near East, from the Aegean Sea to North-East
Anatolia (Kars) and Armenia (Yerevan). Obsidian coming
from this area is basically characterized by the presence of
feldspar phenocrystals: two types of obsidian, one black
and the other olive green, are also recognized. Under a
microscope analysis the latter obsidian shows needle-like
iso-oriented inclusions and opaque phenocrystals [12].
In Armenia, in particular, the existence of other obsid-
ian outcrops is definitely known but the exact location
is still unknown (e.g., obsidian raw materials collected
in the districts of Kars and Erevan [13]).
Nowadays, the ability to analyze discrete quantities of

obsidian from several sites allows us to describe the mar-
ket flow at the time in a more exact and precise way,
even reconstructing the different mechanisms of trade
and transport used in different places and periods. In
this context, this paper focusing on the obsidian refer-
ence samples coming from different deposits of the
Mediterranean and the Near East areas, identifies a pos-
sible chemical fingerprint of distinction and applies this
findings to 71 obsidian artefacts found during archaeo-
logical excavations in Tuscany for assigning the relative
provenance.

Experimental
Sampling
The reference obsidian samples were directly collected
in different deposits in Mediterranean and Near East
areas where the obsidians were collected. In particular,
obsidians of the Mediterranean area are from the Ae-
gean Islands (Antiparos, Gyali and Milos), the Flegrean
Islands (off the coast of Naples in southern Italy; Capri,
Ischia, Procida Mount of Procida, Procida Punta della
Lingua, Palmarola), the Campania Region (Mondragone),
the Northern Latium (Civita di Bagnoregio), the Eolie
Islands (Lipari, Lipari Monte Pilato, Lipari Pomiciazzo,
Vivara, Vulcano), the Pantelleria Island (Pantelleria, Porta
Medaglia) and the Sardinia Island (Arci Mt.), whereas
obsidians from the Near East (or Asia Minor) area are
from Anatolia (Armenia, Erevan, Nemrut Dag, North
Caucasus). On the other hand, 71 obsidian artefacts com-
ing from archaeological excavations performed in Tuscany
were analyzed by INAA. All the archaeological artefacts
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studied are dated about 5000 BP according to the not cali-
brated 14C investigation.

Obsidian sample analysis by INAA
Obsidian samples and standards, weighing about 0.5 g,
put in nuclear-grade polyethene cylinders (Kartell, Milan,
Italy), were irradiated in the rotatory rack “Lazy Susan”
of the TRIGA Mark II RC-1 reactor (1 MW power) of
the ENEA-Casaccia Laboratories under a neutron flux
of 2.6 × 1012 n cm−2 s−1. The flux stability (>99.8%) was
tested irradiating Au standards as flux monitor; the
maximum irradiation temperature in the rotating rack
reached 40°C. The high integrated flux, i.e. 1.8 × 1017 n cm−2,
allowed to investigate elements whose γ-radioisotopes have
half-life time ranging between 0.5 day and 15 years [14].
After irradiation, γ-ray spectrometry measurements of

different durations were carried out using a Ge(HP) EG&G
Ortec (efficiency 23.1%,peak-Compton ratio 58.3:1, FWHM
Table 2 Precision and accuracy of the INAA measurements

Element USGS GRX-4

Found Certified Z-sc

As 104 ± 4 (3.8) 98 ± 10 −1,5

Ba 1350 ± 330

Ce 69 ± 7 114 ± 8 6,4

Co 12.4 ± 0.7 (5.6) 16 ± 2 5,1

Cr 64 ± 14 (21.9) 64 ± 10 0,0

Cs 2.8 ± 0.1 (3.6) 3 ± 1 2,0

Eu 1.4 ± 0.2 (14.3) 1.6 ± 0.1 1,0

Fe (%) 3.02 ± 0.02 (0.7) 2.97 ± 0.43 −2,5

Hf 8.0 ± 0.5

K (%) 4.2 ± 0.1 (2.4) 4.3 ± 0.6 1,0

La 65 ± 12 (18.5) 64 ± 5 −0,1

Na 5080 ± 42 (0.8) 5300 ± 300 5,2

Nd - -

Ni 40.2 ± 1.0 (2.5) 38 ± 4 −2,2

Rb 166 ± 7 (4.2) 174 ± 7 1,1

Sb 5.2 ± 0.2 (3.8) 4.4 ± 0.8 −4,0

Sc 8.3 ± 0.4

Se 8.2 ± 0.2 (2.4) 6.0 ± 0.5 −11

Sm 6.3 ± 0.1 (1.6) 6 ± 1 −3,0

Sr 220 ± 30

Ta - 0.77 ± 0.07

Th 21.1 ± 5.9 22 ± 2 0,2

U 6.13 ± 2.82 6.42 ± 0.25 0,1

Yb 1.9 ± 0.2 (10.5) 1.8 ± 0.1 −0,5

Zn 60 ± 9 (15.0) 64 ± 10 0,4

Zr 200 ± 40 −1,5

Analytical comparison (mean ± s.d.; μg g−1, except% for Fe and K) of USGS GRX-4 st
calculated as ratio between standard deviation and mean value × 100.
1.70 keV at 1332 keV) connected to a multi-channel
analyzer equipped with software package (Ortec ADCAM
Maestro II) for γ-spectra analysis.
Radionuclides characterized by gamma radioisotopes

with half-life time ranging between 12 hours and 3 days,
such as 24Na, 42 K, 76As, 82Br, 122Sb, 140La, 147Nd, 153Sm,
175Yb, 187W and 239 Np, were determined performing
measurements of 1 hrs-long after 5 days from the end of
the irradiation; a second series of measurements (24 hrs-
long) were performed after about 40 days of the end of
the irradiation for determining radioisotopes with long
half-life time such as 46Sc, 51Cr, 58Co, 59Fe, 60Co, 65Zn,
75Se, 86Rb, 85Sr, 86Rb, 95Zr, 113Sn, 124Sb, 131Ba, 134Cs,
141Ce, 147Nd, 152Eu, 160 Tb, 181Hf, 182Ta and 233 Pa. Over-
all the measurements, 30 elements were investigated:
As, Ba, Br, Ce, Co, Cr, Cs, Eu, Fe, Hf, K, La, Na, Nd, Ni,
Rb, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Th, U, W, Yb, Zn and
Zr. Table 1 shows the nuclear data and Limits of
USGS G-2

ore Z-score

- -

1865 ± 19 1880 ± 23 1,6

147.7 ± 9.8 160 ± 10 1,3

4.35 ± 0.29 4.6 ± 0.7 0,9

9.81 ± 0.51 -

1.55 ± 0.28 1.34 ± 0.16 −0,8

1.41 ± 0.05 1.40 ± 0.12 −0,2

- -

8.27 ± 0.61 7.9 ± 0.7 −0,6

- -

85.2 ± 5.3 89 ± 8 1,2

- -

57.3 ± 2.8 55 ± 6 −0,8

- -

165 ± 7 170 ± 3 0,7

- -

3.7 ± 0.3 3.5 ± 0.4 −0,7

,0 - (0.07)

7.14 ± 0.24 7.2 ± 0.7 0,3

503 ± 32 478 ± 2 −0,8

0.974 ± 0.091 (0.5) −5,2

25.0 ± 1.4 25 ± 2 0,0

- -

0.935 ± 0.126 0.8 ± 0.2 −1,1

95 ± 11 86 ± 8 −0,8

289 ± 22 309 ± 35 0,9

andard. In brackets are reported the coefficients of variation, CVs (%),



Table 3 Repeatability INAA measurements in obsidian
matrix

Mean St. Dev. Min Max CV%

As 23.3 2.0 21.5 26.1 8.5

Ba 330 8 319 339 2.5

Ce 211 2 209 212 0.7

Co 1.36 0.11 1.23 1.51 8.1

Cr 0.845 0.073 0.710 0.982 8.6

Cs 18.8 0.4 18.2 19.1 2.0

Eu 2.03 0.07 1.92 2.11 3.4

Fe 24193 336 23690 24646 1.4

Hf 11.2 0.5 10.4 11.8 4.7

La 33.4 0.7 32.1 34.0 2.1

Nd 1048 19 1027 1069 1.8

Rb 276 11 264 291 4.1

Sb 2.85 0.15 2.65 3.02 5.3

Sc 2.26 0.11 2.09 2.32 4.9

Se 6.20 0.19 6.07 6.42 3.1

Sm 12.4 0.30 10.0 10.5 2.4

Sr 300 8 292 310 2.5

Ta 3.41 0.07 3.27 3.46 2.0

Th 31.7 0.8 30.3 32.3 2.5

U 6.81 0.04 6.76 6.85 0.7

Yb 4.97 0.11 4.83 5.07 2.2

Zn 71.0 2.3 67.1 73.8 3.2

Zr 421 12 401 429 2.9

Mean value (μg g−1), standard deviation, minimum and maximum values
(μg g-1) along with the Coefficient of Variation (CV%) obtained analyzing the
same obsidian sample (deposit in Procida Mt. in Gulf of Naples) by means of 7
γ-spectrometry measures.
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Detection (LODs) about the radioisotopes considered in
this study [15].
Before performing analyses, the gamma detector was

calibrated. In particular, energy and efficiency calibra-
tions were obtained by means of calibrated sources such
as multi-gamma radioisotopes, MRL1654 and MRL1655,
from National Metrology Institute of Ionizing Radiations
(INMRI, Italy), and single-gamma radioisotope, 152Eu,
from Comité a l’Energie Atomique (CEA, France). For
INAA analysis, primary and secondary standards were ir-
radiated and measured in the same conditions described
above. A mixture (ranging between 10–200 μg of single
element; each solution was obtained by dilution from
1 mg mL−1 of mother solution of each one) of primary
standards (Carlo Erba, Milan, Italy) was used. On the
other hand, secondary standards were USGS GRX-4
(i.e., rock) and USGS G-2 (i.e., granite) (United States
Geochemical Survey). The uncertainty of the methodology
was tested measuring the secondary standards with solu-
tion of primary standards at different concentrations; the
repeatability of measurements on obsidian matrix was
tested by analyzing seven times, at different cooling times
and with different measurement times, an obsidian sample
coming from the Procida deposit. Finally, interferences
due to the formation of radioisotopes measured as fission
products (95Zr, 6.50%; 134Cs, 0.028%; 140La, 6.30%; 141Ce,
5.78%; 147Nd, 2.30%; 153Sm, 0.27%), have been evaluated
and subtracted irradiating pure primary uranium standards.

Results and discussion
Importance of nuclear analytical technique on the matrix
Among various possible analytical methods for the
characterization of minor elements in obsidian, we have
chosen a nuclear analytical technique known as Instru-
mental Neutron Activation Analysis (INAA). This tech-
nique allows to both analyze a very large number of
elements (theoretically almost 70 natural elements of the
Periodic Table; more realistically about 40 elements)
with very good limits of detection (LODs), sensitivity
and accuracy [16-29]. About the precision and accuracy
of measurements performed on the standard involved in
this study, all the found data for the standards are in
agreement with the certified values. Table 2 shows the
comparison between the determined concentrations and
certified concentrations for the USGS GRX-4 and G-2
standards [30]. As it can be seen, the difference between
the two data-set is good for almost all elements [31].
The accuracy can be considered satisfactory, being for
most elements in the range of ± 10% of the reference
values; a good precision has also been obtained in most
cases.
An important point of this study was to evaluate the

applicability of the nuclear analytical method to obsidian
samples. In this way, an obsidian sample collected in an
Italian deposit (i.e. Procida Mt. in Gulf of Naples) was
subjected to neutron irradiation: seven γ-spectrometry
measurements were carried out at different cooling times
and with different measurement times for determining the
repeatability of the measurements in such matrix. Table 3
shows the results obtained for this task. As it can be seen,
the CV% is always below 10%: in particular, it ranges be-
tween 0.7% (Ce and U) and 5.3% (Sb) for almost all the el-
ements except As (8.5%), Co (8.1%) and Cr (8.6%). This
understanding allows us to consider the whole analytical
procedure used to be effective for the study of artefacts
made of obsidian and coming from different deposits. In
fact, the main elements to be taken in consideration for
right assignment of the obsidian artefact provenance, is
based on the content levels of some elements difficult to
be determined (e.g., the source discrimination equation re-
quires levels of Sc, Cs, Ta, Rb, Th, La, Ce).
Table 4 shows the levels of the trace elements deter-

mined in the obsidian samples collected in different



Table 4 Trace element composition of obsidians from Mediterranean and Near East areas

Mediterranean area Near East

Aegean Islands Flegrean Islands Civita di Bagnoregio Eolie Islands Sardinia Island North Caucasus

As 7.71 (4.31-8.82) 21.9 (7.24-36.4) 24.9 (22.0-29.5) 18.1 (7.26-35.3) 12.3 (11.4-13.2) 12.6 (3.43-19.5)

Ba 542 (287-719) 298 (17.3-554) 613 (527-682) 206 (26.0-562) 271 (254-288) 331 (33.0-646)

Ce 46.2 (28.6-56.6) 170 (88.4-225) 115 (95.2-129) 161 (76.3-423) 42.1 (37.1-7.1) 105 (35.9-293)

Co 8.01 (7.31-8.53) 0.927 (0.151-1.51) 11.8 (11.5-12.0) 1.27 (0.201-7.84) 2.97 (2.91-3.02) 0.311 (0.062-0.590)

Cr 16.3 (0.53-47.0) 1.22 (0.713-2.13) 98.2 (94.8-100) 11.5 (0.763-61.4) 241 (223-265) 1.27 (0.464-3.60)

Cs 7.99 (5.33-9.54) 27.5 (13.6-44.1) 18.4 (18.3-18.6) 22.4 (2.99-52.5) 4.57 (4.53-4.60) 13.6 (5.19-23.0)

Eu 0.568 (0.271-0.813) 1.24 (0.060-2.09) 1.58 (1.52-1.64) 0.787 (0.082-4.16) 0.332 (0.312-.345) 0.685 (0.250-1.61)

Fe% 1.52 (0.65-1.99) 1.88 (0.98-2.44) 3.86 (3.82-3.98) 1.89 (0.967-6.25) 1.39 (1.37-1.4) 1.78 (0.61-4.94)

Hf 4.59 (2.30-7.47) 12.3 (9.01-20.5) 6.23 (6.06-6.32) 14.0 (6.81-57.4) 7.07 (6.95-7.26) 14.1 (3.56-41.7)

K% 3.34 (2.10-3.99) 6.99 (6.09-7.58) 1.98 (1.89-2.16) 5.16 (4.17-6.67) 4.71 (4.69-4.73) 4.32 (3.24-5.79)

La 12.0 (11.7-13.9) 27.4 (20.9-34.0) 19.9 (19.4-20.8) 30.2 (15.4-84.6) 7.80 (7.57-8.03) 10.4 (7.00-13.2)

Na% 2.11 (1.86-2.52) 2.48 (1.86-3.24) 0.723 (0.689-0.768) 2.66 (1.06-5.99) 2.43 (2.22-2.64) 2.32 (1.87-3.12)

Nd 231 (193-266) 618 (25.0-1162) 583 (524-624) 572 (52.0-2847) 361 (346-376) 444 (17.2-1730)

Ni 12.6 (4.70-23.0) 11.1 (4.60-19.3) 51.1 (47.4-55.9) 12.4 (.20-33.3) 116 (113-121) 14.2 (5.10-39.0)

Rb 126 (84.4-161) 324 (233-434) 217 (215-219) 308 (191-460) 248 (245-251) 218 (135-281)

Sb 0.752 (0.381-1.28) 0.842 (0.142-1.57) 0.703 (0.410-1.13) 0.707 (0.313-1.63) 1.44 (1.41-1.46) 0.579 (0.210-1.22)

Sc 3.92 (1.62-6.13) 2.15 (1.71-2.47) 14.3 (14.0-14.6) 2.65 (1.25-8.54) 4.77 (4.69-4.85) 2.87 (1.03-3.77)

Se 2.25 (1.89-2.88) 7.23 (5.40-11.0) 1.88 (0.1.71-2.00) 8.77 (2.85-44.5) 7.49 (7.07-7.92) 6.21 (3.19-11.0)

Sm 3.11 (2.59-4.11) 9.90 (7.12-14.0) 8.02 (7.52-8.43) 10.7 (5.95-37.5) 6.16 (6.04-6.27) 7.74 (1.92-22.1)

Sr 100 (6.60-186) 93.3 (4.30-294) 518 (454-580 26.9 (3.90-175) 9.15 (8.50-9.80) 16.4 (7.90-28.0)

Ta 0.998 (0.392-1.49) 4.09 (3.18-6.05) 1.06 (1.03-1.12) 4.88 (2.05-24.7) 3.86 (3.84-3.88) 3.45 (2.22-5.61)

Th 12.3 (4.65-16.5) 40.1 (23.3-58.9) 23.6 (23.2-23.9) 46.7 (20.5-71.0) 16.2 (16.0-16.4) 22.5 (16.8-32.7)

U 3.33 (1.45-4.70) 21.6 (6.76-62.9) 3.92 (3.85-3.99) 14.8 (4.55-30.1) 5.30 (5.19-5.41) 10.1 (8.77-13.5)

W 148 (10.0-300) 305 (59.0-592) 184 (172-192) 310 (174-580) 185 (175-194) 197 (136-279)

Yb 1.85 (1.13-2.61) 5.00 (3.43-7.01) 1.01 (2.50-2.96) 5.67 (2.37-16.7) 2.78 (2.75-2.89) 5.53 (1.93-15.3)

Zn 34.9 (20.2-49.1) 59.1 (15.2-114) 77.1 (72.3-80.6) 77.4 (32.8-402) 406 (384-429) 81.3 (35.7-217)

Zr 142 (79.5-228) 435 (285-696) 212 (211-214) 441 (202-1793) 193 (185-200) 439 (136-1214)

Mean element levels along maximum and minimum values of obsidian collected in different well-defined deposits and analyzed by INAA (μg g−1, except Fe, K
and K expressed as%).
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deposits located in the Mediterranean and Near East
areas. First of all, Sn and Tb, not reported, are always
below the Limits of Detection (40 μg g−1 and 0.08 μg g−1)
(see Table 1) whereas few elements show values below
LODs in some specific deposits (i.e., K in Ischia; Ba and
Ni in Procida Punta della Lingua; Ni in Vivara and
Vulcano; Se in Vivara). It is interesting to note how the
mean level of each element is quite different among the
deposits whereas in some cases there are similar data (e.g.,
Na is quite similar for all the deposits, except for Civita di
Bagnoregio). These data are important to serve as refer-
ences for the provenance attribution of archaeological
samples. In fact, the chemical resolution is fundamental in
the characterization of the obsidian sources. The chemical
characterization performed by INAA allowed to determine
a lot of trace elements [3]. For instance, as just reported
below, obsidian samples collected in the Flegrean Islands
come from 4 different deposits located in different points
of the archipelagos: the availability of trace element data
gives the chance to identify the different obsidian sources.
Bi-plot figures have been used for this aim. Figure 1 shows
such plots [32]: in particular, Figure 1a shows the deposit
grouping analyzing Sr vs Zr data whereas Figure 1b ana-
lyzing Co vs La. It is interesting to note that the two
plots are quite similar but some focal points can be evi-
denced. Firstly, the Figure 1a showing the plot Sr/Zr,
manages to differ 4 different deposits in the Sicily Island
(Balata dei Turchi; Vivara; Porta Medaglia SO; Incal-
dana), 2 deposits in the Flegrean Islands (Capri, Ischia and
Monte di Procida; Procida Punta Lingua) and 1 deposit in



Figure 1 Identification of obsidian sub-deposits from which the samples used as reference were collected. Bi-plots (1a: Zr vs Sr; 1b: La vs Co)
of the element grouping showing the sub-deposits (A: Sicily Is. Balata dei Turchi; B: Sicily Is. Vivara; C: Sicily Is. Porta Medaglia; D: Sicily Is. Incaldana;
E: Near East Nemrut Dag; F: Flegrean Is. Capri, Ischia and Monte di Procida; G: Flegrean Is. Procida Punta Lingua; H: Sicily Is. Arivito; I: North Caucasus;
L: Arci Mt.; M: Aegean Is.; N: Civita di Bagnoregio; O: Flegrean Is. and Sicily Is.).
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the Near East (Nemrut Dag) whereas it does not able to
differ deposits from Aegean Islands, Sardinia Island and
some deposits located in Sicily (Lipari; Lipari Monte
Pilato; Lipari Pomiciazzo; Vulcano; Palmarola; Pantel-
leria; Porta Medaglia) and Near East (Armenia; Erevan;
North Caucasus). On the other hand, Figure 1b showing
the plot Co/La, is able to solve some other deposits
but the samples coming from the Flegrean Is. (except
Procida Punta Lingua) and Sicily (except Vivara, Incal-
dana and Arivito) seems to show a same pattern making
difficult an exact assignment of artefacts to such areas.
For avoiding similar problems as well as analytical difficul-
ties (e.g., for reducing the uncertainties due to variation in
counting geometry, widely varying shape and mass of the
sample) we followed the Aspinall protocol [33]. Al-
though the number of samples is small (like the situ-
ation described in that paper), the application of source
discrimination approach in relation to the Sc (consid-
ered as internal standard due to its high accuracy in
the determination) theoretically also allows to identify
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very close deposits. For calculating the source discrim-
ination we used the following formula [33]:

1
Sc

Csþ Taþ Rb
100

þ Thþ Laþ Ce
10

� �

Figure 2 shows the relative plot: all the deposits are al-
most well-separated (i.e. North Caucasus, Arci Mt., Civita
di Bagnoregio, Aegean Is., 2 deposits in Sicily), whereas
the samples coming from both the Flegrean Is. and some
deposits from Sicily show the same pattern. This last ana-
lysis based on the trace element data determined with
high accuracy and precision (due to the nuclear analytical
technique used), allows us to assign the area of influence
to each obsidian sample. As it can be seen, the obsidians
coming the Near East are different from the obsidians
coming from the Mediterranean area whereas obsidians
from this area is not easy to differentiate. In particular,
even if obsidians from Arci Mt., Civita di Bagnoregio
(North Latium, Italy) and Aegean Is., make well-defined
clusters, it cannot say the same thing for the Sicily and
Flegrean obsidians. This suggests some other consider-
ations about the ores in those areas: the two areas, i.e.
the Flegrean area located in region Campania (South
Italy) and the Sicily, are geochemically quite similar [34]
whereas obsidians from North Latium (Avino P, Capannesi
G, Rosada A, Manigrasso M: Classification of an area
as metallogenic province: environmental importance
and problems, submitted, 2014) and Sardinia (Arci Mt.) [35]
are totally different, confirming as reported in literature.

Analysis of obsidian-made artefacts
Figure 3 shows examples of the 71 obsidian artefacts
coming from the archaeological excavations performed
Figure 2 Source discrimination vs. Fe/Sc plot of reference obsidian sa
Fe/Sc abundance ratio of the obsidian samples collected directly on the de
in Tuscany. Table 5 shows the trace element data (column
“all data”) for all the artefacts investigated. Basically, the
overall variability of the elements (expressed as CV%)
ranges between 11% (Hf) and 166% (Sb) (average 53%),
except for 7.5% (Zn), i.e. 1 of 31 elements show a signifi-
cant variability whereas in the obsidian samples collected
directly on site 8 of 27 elements (such as Sr, Ta Th, U, W,
Yb, Zn, Zr) report a CV% below 10%. According these
data our hypothesis was of obsidian artefacts from differ-
ent provenance, so we decided to apply the source dis-
crimination approach to these samples using the previous
obsidian samples as reference. The elements Ce, Cs, La,
Rb, Sc, Ta and Th, are sufficient to separate the obsidian
artefacts in different groups with high probability: Figure 4
shows the source discrimination approach applied to
all the data. Two different groups (#1 and #2) can be
well-recognized and divided according the sub-deposits
previously identified. The samples owning to group #1
(16 samples) are attributed to Sicily or Flegrean Is.
provenance whereas the samples of group #2 (55 samples)
are definitely attributed to Agean Is. provenance. Theoret-
ically, these considerations would be prudentially drawn
and subjected to large uncertainty. Of course, the use of
statistical methods similar to those involved in provenance
characterization and quality control of the goods, in-
creases the quality and gives high assurance on the results
obtained. In this case, the availability of reference samples
investigated and analyzed in the same conditions, allows
us to extrapolate almost certain considerations on proven-
ance of the obsidian artefacts found in the archaeological
excavation.
This understatement confirms previous hypotheses

[36] about the presence of a large network of exchange
between the Aegean and the Mediterranean in the Third
mple. Multiple regression analysis: plot of the discrimination factor vs.
posits and considered as reference in this study.



Figure 3 Formal obsidian tools from a site in Tuscany (3000 B.C.) Some obsidian artefacts found during archaeological excavations in
Tuscany (Italy). The artefacts date back to 3000 B.C. according to the 14C investigation.
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Millennium B.C., a period of significant developments and
rapid progress throughout the Mediterranean (and Aegean
particularly). The archaeologists define the directionality
of exchanges in terms of the presence or absence of ob-
jects from one area to the other. Our attention is pointed
out on the 55 samples (group #2) coming from Aegean
area. In fact, it is almost understandable the presence of
obsidian artefacts (group #1) from Sicily/Flegrean areas
whereas it is quite interesting the presence of obsidian ar-
tefacts made by material coming from East Mediterranean
area (also considering the large availability of such sub-
stance in Italy). But, the distribution of imported objects
and the influences in the Near East and Italy suggests that
both networks were unidirectional and directed towards
the Aegean. To the West contacts seem to have been uni-
directional: from the Aegean to Italy, Sicily and Sardinia.
The network consisted of exchange of material goods with
the East and those exchanges relied either on freelance
trade of ivory and, presumably, perishable goods, or ran-
dom exchange of prestige gifts [36].

Conclusions
The availability of reference samples in heritage studies
is quite important. Further, the obsidian reference items



Table 5 Trace element composition of obsidian artefacts found in the Tuscany archaeological site

All data (71 samples) mean (min-max) Group #1 (16 samples) mean ± st. dev. (CV%) Group #2 (55 samples) mean ± st. dev. (CV%)

As 5.92 (0.770-19.1) 14.8 ± 3.3 (21.9) 1.22 ± 0.35 (28.8)

Ba 931 (114–3813) 1090 ± 1020 (93.6) 846 ± 322 (38.1)

Ce 117 (83.3-170) 105 ± 12 (11.4) 121 ± 20 (16.2)

Co 0.695 (0.170-1.28) 0.250 ± 0.068 (27.1) 0.810 ± 0.120 (14.8)

Cr 1.32 (0.120-3.80) 1.46 ± 0.99 (67.7) 1.27 ± 0.85 (66.6)

Cs 4.68 (1.02-18.5) 15.1 ± 1.7 (11.1) 1.89 ± 0.35 (18.6)

Eu 0.734 (0.080-1.23) 0.100 ± 0.018 (18.3) 0.890 ± 0.118 (13.3)

Fe% 1.05 (0.83-1.44) 0.970 ± 0.099 (10.3) 1.07 ± 0.15 (13.7)

Hf 7.51 (5.97-10.2) 7.17 ± 4.12 (9.1) 7.61 ± 3.53 (11.5)

K% 3.42 (0.765-6.06) 3.28 ± 0.57 (17.3) 3.44 ± 1.30 (37.9)

La 53.1 (5.67-62.8) 51.0 ± 13.0 (25.5) 54.6 ± 8.6 (15.8)

Na% 1.87 (0.567-2.82) 2.06 ± 0.85 (41.5) 1.85 ± 0.43 (23.2)

Nd 28.1 (10.1-47.9) 20.3 ± 7.0 (34.7) 29.7 ± 7.5 (25.1)

Ni 11.1 (0.428-25.5) 16.7 11.3 ± 7.5 (66.1)

Rb 154 (58.9-270) 230 ± 21 (9.0) 133 ± 24 (18.1)

Sb 0.283 (0.020-1.11) 1.00 ± 0.14 (14.0) 0.077 ± 0.028 (36.1)

Sc 2.83 (0.890-4.37) 1.16 ± 0.19 (16.0) 3.29 ± 0.47 (14.4)

Se 2.47 (0.320-3.33) 2.62 ± 0.35 (13.2) 2.42 ± 0.44 (18.3)

Sm 6.21 (2.29-8.87) 5.49 ± 1.05 (19.1) 6.47 ± 1.13 (17.5)

Sr 150 (22.5-758) 337 ± 257 (76.2) 124 ± 96 (77.3)

Ta 1.42 (1.02-2.00) 1.70 ± 0.21 (12.1) 1.35 ± 0.21 (15.7)

Th 24.0 (15.1-46.7) 37.7 ± 3.6 (9.6) 20.3 ± 2.6 (12.8)

U 2.36 (0.570-8.61) 5.91 ± 2.10 (38.9) 1.43 ± 0.65 (45.3)

W 4.21 (0.810-10.1) 13.3 ± 1.8 (13.2) 4.65 ± 3.15 (67.7)

Yb 0.037 (0.020-0.060) 0.054 ± 0.005 (9.4) 0.032 ± 0.007 (22.9)

Zn 52.1 (43.4-60.6) 56.8 ± 2.3 (4.1) 50.9 ± 3.3 (6.5)

Zr 2336 (1541-3247) 2100 ± 252 (12.0) 2407 ± 368 (15.3)

Element content (μg g−1, except Fe, K and K expressed as%) of obsidian artefacts (classified as group #1 and group #2) collected during archaeological
excavations in Tuscany and analyzed by INAA.

Figure 4 Source discrimination vs. Fe/Sc plot of obsidian artefacts. Multiple regression analysis: plot of the discrimination factor vs. Fe/Sc
abundance ratio of the obsidian artefacts found during archaeological excavations in Tuscany.
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are important for a better knowledge of the exchange
routes during the Neolithic period. The archaeologists
consider importance of exchange as a factor of civilization
growth. This study gives evidences about the large ex-
change network in the 3000 B.C.: even if Italy shows
large deposits of obsidian in different areas, artefacts
made by obsidian from the Aegean area and dated
5000 BP have been found in Tuscany, meaning the ex-
istence of a flow of goods towards one or the other dir-
ection in the Mediterranean are (from East to Western,
and vice versa). From an archaeological point of view,
it is still uncertain whether the objects were directly or
indirectly received from their place of origin and we al-
ways need to view the overall picture by distinguishing
among areas with different distributions of imported
objects. In this way, the availability of reference obsid-
ian samples from more areas as possible, is fundamen-
tal for both the reconstruction of the commercial trade
and the knowledge of the artefact provenance.
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