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ABSTRACT

In this study we applied petrochemical methods (SEM-EDS; FT-IR) in order to characterize a group of obsidian flakes collected at Ustica
island (Sicily). Despite the absence of obsidian geological outcrops, a lot of obsidian fragments still emerging from the lands of Ustica tes-
tify that the island was a major import center of obsidian during the prehistory. On this island, there are some prehistoric settlements, dated
from the Neolithic to the Middle Bronze Age (6000- 1200 BC), in which the use of obsidian continued until the beginning of metals age.
Our study includes: i) Macroscopic and microscopic optical observations, which allowed selecting 18 obsidian flakes (starting from 50 ob-
sidian flakes) on the base of their morphological characteristics. ii) Density measurements (hydrostatic balance). iii) Scanning electron mi-
croscope determination (SEM-EDS) of major elements of the obsidian glasses and minerals.

Results of our analyses were compared with 12 geological samples collected in obsidian sources from Monte Arci (Sardinia), Palmarola,
Lipari and Pantelleria, i.e. the four most exploited obsidian sources of the ancient world in the Western-Central Mediterranean. This study
confirms the presence of the Lipari and Pantelleria sources (Sicily) in our obsidian set. iv) We also determined (by FT-IR) the hydration de-

gree of some obsidian flakes in order to detect a possible hydration gradient between the rim and the core of the flake sample. The width

of the hydration rim, if any, can be used for an approximate evaluation of the age of the tool.

1. INTRODUCTION

Obsidians are volcanic glass, generally black to grey
or green in color, originated by rapid cooling of viscous
lava, a process that inhibits or minimizes crystal
growth. Their silica content is high (Si0, = 65% to 80%,
trachytic to rhyolitic compositions), and commonly
H,0 poor (< 1.0 %). During the prehistory obsidian
chunks were transferred from geological outcrops to
distant human settlements, and due to their workabil-
ity they were widely used to create cutting tools and
weapons [Williams-Thorpe, 1995].

In this work, 18 obsidian fragments out of a total of

50, were recovered in the proximity of Ustica’s prehis-
toric settlements and were then analyzed for their
petrochemical characterization (SEM-EDS), in compar-
ison with obsidians directly sampled in the four major
outcrops of western Mediterranean exploited during
the prehistory.

SEM-EDS analysis of the major elements has been
performed both on the vitreous mass of each obsidian
sample and on the microphenocrysts present in it, i.e.:
pyroxenes, biotites, feldspar, etc. As some authors have
shown, the integration of all these analytical data of-
fers more reliable criteria for characterizing the origi-
nal sources [Acquafredda and Paglionico, 2004].



LA MONICA ET AL.

Obviously, the SEM-EDS analysis of the vitreous mass
and of microphenocrysts requires the preparation of
thin section obtained from a small fragment of the
sample, and therefore it must be considered a partially
destructive process, not applicable in the case of ob-
sidians with archaeological significance.

Besides tracking back obsidian tool fragments to
their original sources, in this paper we present also re-
sults of a Fourier Trasformate-Infrared Spectroscopy
(FT-IR) study on the hydration of edges of obsidian
cutting tools. The width of hydration halo is in fact a
function of the time elapsed since the cutting and shap-
ing of the tool from the original obsidian raw block
[Skinner, 1995].

2. THE EXTRACTIVE AREAS OF THE OBSIDIAN
IN THE PERI-TYRRHENIAN ZONE

In the peri-Tyrrhenian area, there are four main ge-
ological sources of obsidian, all located in Italian is-
lands: (i) M. Arci (Sardinia), (ii) Palmarola (Pontine
Islands), (iii) Lipari and (iv) Pantelleria (Sicily) (Figure
1). These four obsidian sources fed the obsidian com-
merce in Western and Central Mediterranean, from Ne-
olithic to Bronze Age (6000- 1200 BC) [Williams -
Thorpe, 1995; Acquafredda et al.,, 1999; Acquafredda
and Paglionico, 2004; Bigazzi et al., 2005]. Here fol-
lows a brief summary of the geological outlines of
these obsidian sources.

21 MONTE ARCI

Monte Arci is located in the western side of Sardinia
(Campidano region) and its volcanism spanned through
Tertiary to Quaternary. The Monte Arci complex lies
along the north-eastern border of the Campidano
Graben. The volcanic activity was characterized by four
distinct eruptive episodes, with quite different erupted
magmas: phase 1, rhyolites; phase 2, dacites and an-
desites; phase 3, quartz-normative trachytes; phase 4,
mafic lavas ranging from subalkaline to mildly alka-
line. The first phase was the one that generated meta-
luminous rhyolites with obsidians enclaves [Montanini,
1992; Montanini et al., 1994]. Many age determina-
tions on M. Arci obsidians have been performed by
various authors: the most recent, with the °Ar/3%Ar
method, indicate an age of about 3,5 Ma [Bellot-Gurlet
et al., 1999], in good agreement with the measures pre-
viously carried out by Montanini and Villa [1993].

From a minimum of 3 to 7 chemically different sub-
sources of obsidians have been recognized by various
authors throughout the Monte Arci complex; but for
archaeological purposes only 4 subsources are cur-
rently indicated, conventionally defined with the fol-
lowing abbreviations: SA, SB1, SB2 and SC
[Williams-Thorpe et al.,, 1984; Tykot, 1996; De
Francesco and Crisci, 1999, 2003; De Francesco et al.,
2004].

The obsidian of Monte Arci are generally opaque,
grayish in color and are rich in biotite phenocrysts (up
to 300 microns) visible to the naked eye.

2.2 PALMAROLA

The Island of Palmarola is located in the Pontine
Archipelago, in the Central-eastern Tyrrhenian Sea. The
volcanic activity of Palmarola, related to the spread-
ing of the Tyrrhenian Sea, began in the Upper Pliocene
and Pleistocene [De Rita et al., 1989]. The most impor-
tant obsidian deposit (for volume and quality) is Monte
Tramontana and it is located in the northern part of
Palmarola [Tykot et al., 2005].

The age of Monte Tramontana obsidians is 1.7 Ma,
according to analysis carried out with the fission track
method by Bigazzi et al. [1971]. This result is in agree-
ment with that obtained by Barberi et al. [1967] on the
rhyolitic lava domes of the island. More recent mea-
sures by Bellot-Gurlet et al. [1999] differ a little from
previous values.

The obsidians of Palmarola exhibit black to greyish
color and can be opaque or shiny; transparent when
observed in thin flakes and microphenocrysts poor.

2.5 LIPARI

Lipari Island is located in the Aeolian Archipelago
(Sicily). The volcanic history of the island has been
subdivided into nine different Eruptive Epochs, from
about 267 ka to the medieval period. Magmas erupted
during the first six periods were mafic to intermediate
to felsic (basaltic andesites, andesites to rhyolites). Rhy-
olitic obsidians were emplaced only during the last 43
ka [Forni et al., 2013].

According to literature, only two obsidian outcrops
of Lipari were exploited during prehistoric times: Val-
lone del Gabellotto and Canneto Dentro [Tykot, 1996;
Bigazzi et al., 2005]. Vallone del Gabellotto, which was
the most exploited outcrop during prehistory for the
high quality of glass, has an age of 8.7-8.4 ka
[Zanchetta et al., 2011]. Canneto Dentro obsidian is
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FIGURE 1. The four obsidian sources of the peri-Tyrrhenian area exploited during the prehistory: M. Arci (Sardinia), Palmarola (Pon-
tine Island), Lipari and Pantelleria (Sicily); and the island of Ustica where the archaeological obsidians analyzed in this
work were found. Modified after Acquafredda et al., 2004, and after Google Earth.

older, about 20 ka, and was utilized far less frequently
[Forni et al., 2013; Freund, 2017].

Many others important obsidian deposits are con-
centrated in the north-eastern part of the island at
Punta di Sparanello, Forgia Vecchia and Rocche Rosse,
but their formation dates back to historic times and
consequently could not have been exploited by Stone
Age civilizations.

The obsidians of Lipari are black or greyish colored,
transparent on the thin edges, and contain quartz and
feldspars microphenocrysts; sometimes are variably de-
vitrified (spherulite-bearing).

24 PANTELLERIA

Pantelleria is a volcanic island located in the Sicily
Channel, between Sicily and Tunisia. Pantelleria is the
type-locality of pantellerite rocks, peralkaline rhyolites
enriched in Na, Fe, Cl, and incompatible trace elements,
especially Zr and Nb [Civetta et al., 1988]. The island is
composed chiefly of pantelleritic tephra (pumice falls
and ignimbrites) and lavas. The three know obsidian
sources belonging to rather old lava flows (age 250-190
ka) are: Balata dei Turchi, Salto La Vecchia, and Lago di
Venere [Acquafredda and Paglionico, 2004].

Pantelleria obsidians exhibit a greenish colour when
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thin flakes are observed under transmitted light [Fran-
caviglia, 1984]: thanks to this macroscopic distinctive
characteristic it is possible to distinguish them from the
others peri-Tyrrhenian obsidian sources.

3. THE ISLAND OF USTICA

Ustica is a volcanic island, located in the southern
Tyrrhenian Sea, (Figure 1), with a maximum elevation
of 248 m at Monte Guardia dei Turchi. It represents the
emerging top of a vast submerged volcanic complex ris-
ing more than 2000 m from the bottom of the sea [de
Vita et al., 1995].

Ustica volcanic history begun with submarine
eruptions that formed pillow lavas and hyaloclastites.
After the emersion of the island, subaerial activity al-
ternated emission of basaltic lava flows and explosive
eruptions (hydromagmatic to subplinian to strombo-
lian). Erupted magmas are for the vast majority alkali
basalts, but a small volume of felsic (trachytic) tephra
also occur [de Vita, 1995; de Vita et al., 1998]. Present-
day landscapes are the result of the complex interplay
between glacio-eustatic sea-level oscillations, which
produced 5 orders of marine terraces, gravitative col-
lapses, and faults. Marine terraces created flat surfaces
that constituted the site of the most important archae-
ological settlements, where a great number of obsidian
artifacts were found. It must be noted that there are not
obsidian rocks in the geological record of Ustica, there-
fore, all the obsidian flakes recovered on the land are al-
lochthonous, and they are the result of exchanges and
trades made during prehistory [Foresta Martin et al.,
2017; Foresta Martin and La Monica, 2018].

4. SAMPLING

We examined a group of 10 geological samples col-
lected in situ by the authors in geological obsidian
sources: (i) Pantelleria (1 sample from Salto la Vecchia),
(ii) Sardinia (3 samples from western side of Monte Arci,
near Marrubiu), (iii) Lipari (3 samples from Pomiciazzo,
Forgia Vecchia, Rocche Rosse), (iv) Palmarola (3 sam-
ples from La Radica- Central-east coast). We also ex-
amined 18 archaeological samples (Figure 2) collected
on the surface of the island of Ustica. These samples be-
long to the ‘Museo della Parrocchia di San Ferdinando
Re’ of Ustica and were collected by the late C. G. Sem-
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FIGURE 2. Obsidian flakes collected at Ustica.

inara, honorary inspector of the ‘Soprintendenza
BB.AA.CC.. of Palermo, in the surroundings of the main
archaeological settlements of the island. Unfortunately,
we do not have any specific information about the sam-
pling location, but we know that this collection spans a
time interval ranging from the Neolithic to the Bronze
Age [Foresta Martin et al., 2016].

Samples were analysed at the laboratories of
the Dipartimento di Scienze della Terra e del Mare (DiS-
TeM- Universita di Palermo) and at the laboratories of
the INGV-Istituto Nazionale di Geofisica e Vulcanologia

in Palermo.

5. ANALYTICAL METHODS

The characterization of the physical and chemical
properties of the geological and archaeological obsid-
ian was carried out through:

i) Visual observations with naked eye and with op-
tical microscope, in order to define some primary
diagnostic features such as color, banding, lus-
ter, inclusions, and crystallinity. Microscopic ob-
servations were carried out on thin sections 50
to 150 microns thick;

ii) Density measurements with a high-precision an-
alytical balance, equipped with a device for im-
mersion of the sample in distilled water (after
ultrasonic cleaning). Measurements were done at
the 4th decimal digit. Samples were treated in
order to remove any adhering air bubbles and the
water temperature was carefully measured with

a mercury thermometer;
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Geological samples Locality Color* Color* Luster Microlites  Phenocrysts
PANT-1 Pantelleria S.L.V black green opaque yes no
PANT-2 Pantelleria black green opaque yes no
PANT-3 Pantelleria black gray- green opaque yes no
PALM-1 Palmarola black brown shiny no no
PALM-2 Palmarola dark-gray brown opaque no no
PALM-3 Palmarola black brown vitreous -shining no no

M.ARCI-1 Sardegna dark gray dark - gray vitreous -shining yes yes
M.ARCI-2 Sardegna black dark - gray vitreous -shining yes yes
M.ARCI-3 Sardegna black dark - gray vitreous -shining yes yes
LIPARI-1 Lipari-Pom. dark gray light- gray vitreous no no
LIPARI-2 Lipari F.Ve. light gray light- gray vitreous no no
LIPARI-3 Lipari-R.R. black (devretification) gray vitreous no no

TABLE 1. Main macroscopic and microscopic characteristics of geological samples. Phenocrysts = (¢ >100 pum); Microlites = (¢ <
50 um). S.L.V. = Salto la Vecchia; Pom = Pomiciazzo; F.Ve= Forgia Vecchia; R.R. = Rocche Rosse. * naked eye. ** optical
microscope.

FIGURE 3. Microphotos of the obsidian geological samples from Pantelleria, Lipari, Palmarola and Monte Arci (optical microscope,
Magpnification 10 X ).
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Archaeological
samples

UST-180

UST-186

UST-191

UST-192

UST-195

UST-201

UST-203

UST-206

UST-208

UST-211

UST-212

UST-215

UST-220

UST-221

(banding)

UST-222

UST-223

(banding)

UST-224

UST-226

Locality

Ustica

Ustica

Ustica

Ustica

Ustica

Ustica

Ustica

Ustica

Ustica

Ustica

Ustica

Ustica

Ustica

Ustica

opaque

Ustica

Ustica

green (banding)

Ustica

Ustica

Color*

black- green

black

black (devetrifica-
tion)

gray

black

dark gray

black- green (ban-
ding)

black

dark gray (devetri-
fication)

dark gray (devetri-
fication)

black- green

black

dark gray

black

no

black

green

opaque

black

black

Color**

green

gray

colourless

colourless

green

colourless

light- green

colourless

light- gray

colourless

gray

gray

gray

gray

no

colourless

no

colourless

colourless

Luster Microlites Phenocrysts
opaque yes no
opaque no no
transparent yes no
transparent no no

opaque yes no
transparent yes no

opaque yes no
transparent no no
transparent no no
transparent yes no

opaque yes no
transparent no no
transparent no no
transparent no no

no

transparent yes no
transparent yes no

TABLE 2. Principal macro- and microscopic features of archaeological samples. Phenocrysts = (¢ >100 pum); Microlites = (¢ < 50
um). * naked eye. ** optical microscope

iii) Scanning electron microscope (SEM-EDS) for

textural observations and microanalysis of min-

erals and glasses. Mineral and glass analysis

were performed on polished samples mounted in

epoxy, using a LEO™ 440 scanning electron mi-
croscope coupled to an Oxford-Link EDS. Operat-
ing conditions were: 20 kV accelerating voltage
and 600 pA beam current. Natural mineral stan-
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FIGURE 4. Microphotos of the archaeological (optical microscope, 10x). Group A: greenish obsidians; Group B: greyish obsidians.

dards were used to calibrate quantitative analysis;

iv) determination of H,0 content by Fourier-Trans-
form Infrared Spectroscopy (FT-IR). The determi-
nation of water content was carried out at DiSTeM,
using a Bruker Hyperion 2000 FT-IR spectrometer
coupled with a microscope (fluxed with CO,-and
H,0-free compressed air). Doubly polished obsid-
ian flakes (60-100 pm thick) were mounted on a
ZnSe disk for FT-IR analysis. Sample spectra and
background were acquired in the 1000-6000 cm™!
absorption range with a resolution of 2 cm,
adopting a Globar source with a MCT detector and
scan rate of 20 kHz and completing 256 scans. We
performed also the determination of water content
by (FT-IR) spectroscopy on selected obsidian flakes
where the original cut made by the toolmaker was
clearly identified, spotting analytical points from
rim to core, along a transect normal to flake edge.
This procedure allows detecting a possible hydra-
tion gradient and making a rough evaluation of
the age since the time of obsidian chipping, ac-
cording to a method developed for the first time
by Friedman e Smith [1960] and later improved by
other authors [i.e. Skinner, 1995; Stevenson et al.,
2002; Liritzis and Laskaris, 2011].

6. RESULTS

We present here analytical data on a group of 10
geological and 18 archaeological obsidian samples in
order to characterize their physical and petrochemical
properties, with the aim to trace back archaeological
samples to their possible geological sources.

M.ARCI I

PALM I

PANT I

220 225 230

235 240 245 250

FIGURE 5. Density (g cm™3) of obsidian samples from Lipari, M.
Arci, Palmarola (Palm) and Pantelleria (Pant).

W PANTELLERIA
14 ® PALMAROLA _
& M. ARCI Phonoli
2 LIPARI Trachyte
Tephriphonol
10 2
& L]
:é onotephr d
8 Trachyande rachydacite Rhyolit
Q Basallic
X 6 Tephite trachyande
+ Trachyba
2
)
24
Basalt Basallic
2 4 | piero- Andes Dacit
basalt
0 T T r T T
40 45 50 55 60 65 70 75
8i0, (wt.%)

FIGURE 6. Total alkali vs silica diagram (le Bas et al., 1986) of
the geological samples. All samples plot in the field
of rhyolites. Pantelleria (green), Palmarola (blue),
Monte Arci (red), Lipari (yellow).

6.1 VISUAL OBSERVATIONS
Naked eye visual observations of the geological ob-
sidians allowed describing the main physical external
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Site Palmarola Palmarola
Geological samples Palm2 Palm2
Sio, 51.00 49.44
TiO, 0.26 0.59
AL, 2.44 2.20
FeO 24.90 24.68
MnO 2.59 2.52
MgO 3.78 3.93
Ca0 13.62 15.68
Na,0 0.86 0.97
K,0 0.38 0.15
Tot. 99.84 100.16
Wo% 35.55 38.81
En% 13.74 13.53
Fs% 50.71 47.66
Mg/Mg+Fe * 100 21.31 22.11

Palmarola
Palm2
49.80 48.37 49.56
0.25 0.17 0.08
0.75 0.84 2.88
25.31 28.88 25.44
2.64 3.11 1.31
4.75 2.21 1.1
15.74 16.48 18.41
0.72 0.20 0.94
0.15 0.06 0.05
100.11 100.32 99.79
37.38 39.15 46.24
15.71 7.30 3.89
46.91 53.55 49.86
25.09 12.00 7.24

TABLE 4. Major elements analyses (determined by SEM-EDS) of clinopyroxene microphenocrysts on geological samples from Lipari

and Palmarola.

features such as color, luster and presence of phe-
nocrysts. Microscopic observations were carried out
with an optical microscope (10x) on obsidian wafers 50
to 150 microns thick, establishing relevant optical dif-
ferences among the four geological sources.

Here we list the main distinctive features that we
have highlighted in the analysed geological samples
(Table 1; Figure 3).

- Pantelleria obsidian (1 sample) is greenish in color
with tiny microphenocrysts of alkali feldspar scat-
tered in the glassy matrix;

- Lipari obsidians (3 samples) are greyish in color
with tiny microphenocrysts of alkali feldspar and
clinopyroxene scattered in the glassy matrix;

- Palmarola obsidians (3 samples) are instead char-
acterized by a brown banding (8-10 mm thick) at
any depth of the sample, and the color is greyish;

- Monte Arci obsidians (3 samples) are instead grey-
ish in color but their most peculiar pattern is the
occurrence of biotite microphenocrysts up to 150
um in length.

Microscopic observations of the archaeological sam-

ples (Table 2; Figure 4) were carried out on obsidian

wafers 50 to 150 microns thick, which allowed differ-
entiating two main groups:

- Group A, consisting of 5 out of 18 samples (27%)
includes obsidians greenish in colour and with
many feldspars and subordinate clinopyroxene
microphenocrysts;

- Group B, consisting of 13 out of 18 samples (73%)
all greyish in colour with many clinopyroxene mi-
crophenocrysts.

6.2 DENSITY MEASUREMENTS

Density measurements show that Group A samples
range between 2,45 - 2.47 g cm-3 in clear overlap with
the typical density of Pantelleria peralkaline rhyolites
(i.e. pantellerites). The Group B density cluster is in the
range 2,35- 2.37 g cm-3, namely an interval typical of
obsidians of Lipari, Palmarola and Monte Arci as well.
Results of density measurements are summarized in the
Table 3 and Figure 5.

In order to verify the accuracy of the experimen-
tally measured densities, these latter were compared
with the densities calculated according to Ochs and
Lange [1999], taking into account the average glass
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FIGURE 7. SEM-BSE images of polished thin sections of geological samples. a) Pantelleria obsidian (Salto La Vecchia). Sparse Feldspar
microlites are set in a glassy matrix. b) Lipari obsidian : rare clinopyroxene microphenocrysts (30-40 Um in size, sub-
hedral to anhedral) set in a slightly devitrified matrix; c¢) Palmarola. clinopyroxene microlites (~40 Pm in size); d) sec-
tion of Monte Arci - microphenocrysts of biotite (gray) are clearly distinguishable.
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FIGURE 8. Composition of pyroxenes of the geological samples
according to the nomenclature by Morimoto et al.
[1989]. Lipari clynopyroxenes (yellow square) rang-
ing from augite to hedenbergite, Palmarola clynopy-
roxenes (blue circle) are augite.

chemical analysis. It was possible to ascertain that the
difference between experimental and calculated den-
sity does not exceed the second decimal digit. Further
on, we will report the results of these compared mea-

sures.

r". Group A
! ‘
000 |, L
i
!
)
800 e
e & "‘,_ ', GroupB
o 00 8
= ,
E. 6.00 “ b
Q 80
k] B nw oaw mw mw mw ww
T a0
2
a
Z 2w
a)
0.00
70.00 75.00 ED.00 85.00 90.00 95.00 100.00
Si02 (wt3)

FIGURE 9. TAS diagram of archaeological samples. All samples
plot in the field of rhyolites. Group A samples (cir-
cle blue) have P.I. >1; Group B samples (circle yellow)
have P.I. < 1.

6.3 PETROCHEMISTRY OF GEOLOGICAL SAMPLES

Results of microanalyses (SEM-EDS) of major elements
related to the geological obsidian samples are summarized
in the Table 3. Whereas in Table 4 are reported SEM-EDS
analyses of major elements related to clinopyroxene mi-
crophenocrysts present in the obsidian samples.
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In the total alkali vs silica diagram the analysed

samples plot in the field of rhyolites (Figure. 6).

Down in detail:

- Lipari samples have a Si0, ~74.2 wt%, Al,0, ~ 14
wt%, Na,O + K20 ~ 9.3 wt%, Ca0 ~ 0.8 wt%, FeO
~1.6 wt%. The ASI (Allumina Saturation Index, i.e.
molar Al,0, / Ca0+Na,0+K,0) is ~1.03 (mean of 3
samples). Analyses of clinopyroxene microphe-
nocrysts (30-40 um in size, mostly subhedral to
anhedral; Figure 7b) resulted in rather evolved
compositions ranging from augite to hedenbergite
(Figure 8). Wollastonite 36-39, Enstatite 14-16,
Ferrosilite 47-51, with a (100 * Mg/Mg+Fetot) in

- Monte Arci samples have Si0, ~74.3 wt%, Al,O,
~14.5 wt%, Na,0 + K,0 ~9.3 wt%, Ca0 ~0.8 wt0p,
with FeO ranging from 0.6 to 1.15 wt%. The ASI is
~1.10 (mean of 3 samples).

- Pantelleria samples have Si0, =72.71 wt%, Al,Ov
~6.49 Wt%, Na,0 + K,0 = 10.58 wt0%, Ca0 ~0.28
wt%, FeO = 9.38 wt0p, are strongly peralkaline
(peralkalinity Index = molar (NazO+K20)/A1202 =
2.39).

64 PETROCHEMISTRY OF ARCHAEOLOGICAL SAM-
PLES

Results of microanalyses (SEM-EDS) of major ele-

the range 7.2 to 12.0 (Table 4).

Palmarola samples have SiO, ~ 4,7 wt, Al,0, ~14
wt%, Na,0 + KvO ~9 wt%, Ca0 < 0.46 wt%, FeO
~1.5 wt. The ASI is ~1.12 (mean of 3 samples).
Analyses of clinopyroxene microphenocrysts (~40

ments of the archaeological obsidian samples are sum-

marized in the Table 5. Data of silica and alkali plotted

on a TAS diagram indicate that two compositional
group can be distinguished (Figure 9).

- Group A samples have SiO, ~71.9 wt%, Al,O, ~ 8.1

wt%, Na,0 + K20 ~ 10.8 wt%, CaO ~ 0.3 wt%, FeO

~ 7.9 wt%; they are peralkaline with a Peralkalin-

um in size; Figure 7¢) resulted in clynopyroxenes
that are augite (Figure 7a), Wollastonite 39- 46, En-
statite 4-7, Ferrosilite 50-54, the Mg/Mg+Fetot was
in the range from 21.3 to 25.1 (Table 4).

ity Index ~ 1.9 (mean of 5 samples).
- Group B samples have Si0, ~74.6 wt%, Al,0,

Archaeological
samples

Sio, 49.04 46.25 45.07 46.06 49.22 44.61 45.54 48.55 45.81
TiO, 0.00 0.07 0.00 0.00 0.47 0.24 0.06 0.29 0.51
AlLO, 3.77 2.54 7.92 5.10 4.97 7.13 8.39 0.84 3.53
FeO 25.38 28.65 25.55 25.04 25.08 24.52 22.87 27.97 26.98
MnO 1.51 2.00 1.13 1.71 1.52 1.09 1.12 2.85 1.87
MgO 1.89 1.12 0.39 1.31 1.53 1.53 1.03 2.51 2.56
Ca0 16.02 18.70 18.97 20.05 14.87 19.61 19.79 16.69 18.73
Na,0 1.28 0.85 1.03 0.73 1.43 1.16 1.11 0.46 0.83
K,0 0.62 0.16 0.15 0.15 0.57 0.21 0.14 0.04 0.02
Cr,0, 0.00 0.00 0.09 0.00 0.00 0.02 0.00
Tot. 99.50 100.35  100.24  100.11 99.57 100.10  100.05  100.22 100.74
Wo 41.66 43.86 48.09 48.41 40.66 47.97 50.65 39.72 43.20
En 6.82 3.66 1.38 4.40 5.83 5.21 3.67 8.32 8.21
Fs 51.51 52.47 50.54 47.19 53.51 46.82 45.68 51.96 48.58
Mg/Mg+Fe * 100 11.70 6.52 2.65 8.53 9.83 10.01 7.43 13.81 14.46

TABLE 6. Major elements determined by SEM-EDS analyses on clinopyroxene microphenocrysts observable in the archaeological sam-
ples of Ustica.
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Density g/em? *

Density g/em3 **

H,0 (wt%)

H,0 (wt%)

Specimen Experimental Calculated Rim Core
UST-180 2.47 2.43 0.27 0.12
UST-186 2.45 2.42 0.23 0.16
UST-191 2.35 2.35 0.20 0.29
UST-192 2.34 2.35 0.21 0.10
UST-195 2.47 2.42 0.28 0.19
UST-201 2.34 2.35 0.2 0.27
UST-203 2.33 2.36 - -

UST-206 2.35 2.35 0.24 0.12
UST-208 2.36 2.35 0.14 0.15
UST-211 2.34 2.35 0.26 0.13
UST-212 2.48 2.42 0.14 0.16
UST-215 2.35 2.35 0.81 0.88
UST-220 2.35 2.35 0.13 0.14
UST.221 2.35 2.35 0.91 0.62
UST-222 2.35 2.36 0.52 0.62
UST-223 2.45 2.42 0.13 0.07
UST-224 2.35 2.35 0.31 0.13
UST-226 2.36 2.35 0.3 0.20

TABLE 7. Hydration gradient measured in our archaeological samples by means of FT-IR analyses. * density measurements with a
high-precision analytical balance. ** density calculated according to Ochs and Lange [1999].

~ 13.9 wt%, Na,0 + K20 ~ 9.3 wt%, Ca0 ~ 0.76 wt%,
FeO ~ 1.4 wt%; they have a P.I. < 1. The ASI is ~ 1.04
(mean of 13 samples). Analyses of clinopyroxene mi-
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FIGURE 10. Composition of pyroxenes of the archaeological
samples [Morimoto et al., 1989].

crophenocrysts (~40 um in size) resulted in rather
evolved clynopyroxenes ranging from augite to heden-
bergite, Wollastonite ,. ., Enstatite , _,,, Ferrosilite ,¢
_ e With a (100 Mg/Mg+Fetot ) in the range 2.7 to 18.9
(Table 6, Figure 1).

6.5 H,0 CONTENT

Water concentrations were derived from total H,0 ab-
sorption band (3550 cm™!) using a straight baseline cor-
rection and applying the Beer-Lambert equation,
¢ = (MW A)/(d p &), where c is the wt.% of dissolved H20,
MW the molecular weight of H,0, A the height of the ab-
sorption peak, d the sample thickness in cm, p the glass
density in g L1, ¢ the molar extinction coefficient. The
adopted molar extinction coefficient (¢3°°°) was 84 L mol-
I'em! [Zhang et al., 1997]. The glass density p was ob-
tained according to Ochs and Lange [1999], being the dif-
ference with the experimental density negligible (Table 7).

H,0 content was determined by FT-IR spectroscopy
both on rims and cores of all the archaeological samples.
We report in Table 6 for each archaeological obsidian
flake analyzed, H,0 concentration (rim and core) and
density (experimental and calculated).

The measured densities of obsidians of the Group A
(~2.42 g cm™) are greater than those of glasses of the
Group B (~2.35 g cm™).

The dissolved H,0 ranges from 0.13 to 0.91 wt% in
the rim of the samples, and from 0.07 to 0.88 wt% in the
core of the samples.
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FIGURE 11. Discriminating obsidian sources with major elements
binary diagrams. a) Na,0 vs Al,0,: M.Arci obsidians
have higher values of Al,0, and lower of Na,0 than
the other sources; but Lipari an Palmarola tend to
overlap. b) CaO vs Al,0,: Palmarola obsidian have
lower values of CaO respect to Lipari.

7. DISCUSSION

71 PETROCHEMICAL DATA

Pantelleria obsidians clearly differ from all the other
pery-Tyrrhenian sources by the lowest content in SiO,,
the highest content in alkali, high content FeO and their
characteristic peralkalinity. Their chemical signature is
thus the most easily reconizable among all the others.
Less clear is the distiction among the other three sources
with Lipari obsidians being in an intermediate position
between Palmarola and Monte Arci for many chemical
variables. However Lipari obsidians are separated from
Palmarola and Monte Arci by their Ca, Na, Al content.
In a diagram Na,O vs Al,0, Monte Arci samples are
higher in Al,0, (~15 wt%) and lower in Na,0 (~ 3wt%),
(Figure 11a). Nevertheless, the most striking distin-
guishing features is the occurence of biotite microphe-
nocrysts. In a diagram CaO vs Al,0, diagram Palmarola
samples are lower in CaO (< 0.5%) compared to Lipari
samples (>0.8%) (Figure 11b).

On the basis of the silica and alkali composition, we
confirm that the archaeological obsidian flakes tend to
gather in two main groups (Figure 9b). We can assign to
the Group A a provenance from Pantelleria source for a

FIGURE 12. Hydration rim (or layer) on an obsidian sample by
optical microscope. After Stevenson [2011].

slightly lower silica content and a significantly higher
content of total alkali. The CaO content (>0.8%) sug-
gests that the Group B probably belong to Lipari.

7.2 Mineral assemblages and mineral chemistry

A comparison between the analysis carried out on
the pyroxenes and the literature data [Acquafredda and
Paglionico, 2004] allows to conclude that the pyroxene
compositions distinguish Palmarola (En mol % = 13- 20
and 100* Mg/Mg+Fe= 21 -25) from Lipari sources (En
mol % = 4-8 % 100* Mg/Mg+Fe = 7-12).

The analysis carried out in the pyroxenes of the ar-
chaeological samples allows to conclude that the Group
B present pyroxene compositions corresponding to the
Lipari source. Therefore, we can assign to the Group B
a provenance from the Lipari source. Nevertheless, in
our set two samples (UST-201 and UST- 208) remain
somehow enigmatic since for the enstatite content (re-
spectively 10.95% and 11.68%) and ratio Mg/Mg+Fe (re-
spectively 18.48 and 18.87) in clinopyroxene, distinctly
higher than Lipari samples and lower with respect to
the Palmarola samples.

73 H,0 CONTENT

The H,0 analysis allows to detect a hydration gradi-
ent that can give a rough evaluation of the obsidian
tool’s age since the time of its chipping, applying the
empirical equation proposed by Friedman and Smith
[1960]. About fifty years ago Friedman and Smith rec-
ognized the obsidian hydration phenomenon and pro-
posed an empirical dating method based on the
conversion of the optically measured hydration depth to
an absolute age [Liritzis and Laskaris, 2011], (Figure 12).

Our FT-IR results show a compositional gradient of
H20 content in the range of 0.3 to 0.1 wt% from the
rim to the core of 10 obsidians flakes (Table 6); but de-
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spite that we have not clearly identified any hydration

rim in our samples.

7. CONCLUSIONS

A multi-disciplinary analytical study allowed us to
characterize a group of archaeological obsidian col-
lected in the island of Ustica, also by comparison with
geological obsidian samples of the four Central-
Mediterranean outcrops exploited during the prehistory:
M. Arci, Palmarola, Lipari and Pantelleria.

With regard to provenance, out of 18 samples ex-
amined, 5 (27%) are attributable to the obsidian outcrops
of Pantelleria, and 13 (73%) to the island of Lipari. The
attribution of 5 samples to Pantelleria has appeared ev-
ident starting from the physical analysis: green colour
in transmitted light, and higher density (2.45-2.47 g cm™)
compared to that of obsidians from M. Arci, Lipari and
Pantelleria (2.35-2.37).

SEM-EDS analysis of the major elements performed
on glass bulk of archaeological samples, while con-
firming the Pantelleria provenances characterized by a
P.I. >1, permitted to distinguish three other sources,
thanks to discriminating diagrams Na,O vs Al,0, and
Ca0 vs Al,0O,.

Effective discrimination between the main sources
of obsidian is achievable also by SEM-EDS microanal-
ysis of the crystals present in the vitreous mass: e.g. the
compositions of some pyroxenes (namely, the amount
of enstatite component) distinguish Palmarola source
from Lipari.

At last, we have developed a preliminary study on
the H,0 content of our obsidian fragments, in order to
verify if there is a hydration gradient between the edge
and the core of the sample, caused by the absorption of
atmospheric water in the worked edges. This check is
useful to select the samples on which to carry out a
search for the hydration rim or layer, whose thickness
would allow an approximate calculation of the age of
the tool.
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