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In this study, we have evaluated the applicability of Nd isotopic analysis for the provenancing
of Roman glass and we present a database of Nd isotopic compositions of possible sand raw
materials from the western Mediterranean, as a means of comparison for the growing number
of isotopic studies on ancient glass. The "*Nd/'"**Nd isotope ratio of sands is a good indicator
for their geological (and sometimes geographical) provenance. The use of the isotopic sig-
nature of Nd as a proxy for the source of silica in glass is, however, not always straightforward
because of the possible overlap of signatures from different suppliers.
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INTRODUCTION

The provenance determination of ancient natron glass is one of the most challenging problems
in the field of archaeometry. A good understanding of the production processes and the sources
of the raw materials used to produce them can provide very important insights into the orga-
nization of ancient economies and the distribution of trading routes. However, whereas the
physicochemical analysis of other commodities such as ceramics and marble is well advanced,
this is not the case for glass (Wilson and Pollard 2001). The main reason for this is the
complex nature of glass itself and the non-straightforward relationship between glass and the
raw materials from which it is made. Natron glass is essentially a mixture of three components:
quartz-rich sand, an evaporitic mineral flux rich in soda and a source of lime, either shell or
limestone. During glass melting many characteristics of the raw materials—such as mineral-
ogy, grain size and shape—are lost, so that only bulk chemical data can be used. Unfortunately,
the major elemental composition of ancient natron glass was found to be relatively uniform
and specific objects could hardly ever be uniquely assigned to their origin (Sayre and Smith
1961; Freestone 2006; Wedepohl et al. 2011a). In the past decade, several attempts have been
made to determine the provenance of ancient glass on the basis of trace elements, rare earth
element patterns and isotopic signatures of O, Pb, Sr and Nd (e.g., Wedepohl and Baumann
2000; Freestone etral. 2003; Henderson et al. 2005; Shortland ef al. 2007; Degryse and
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Schneider 2008; Degryse and Shortland 2009; Degryse et al. 2009a). In particular, trace ele-
ments and Sr—-Nd isotopic signatures appear to be promising tracers for raw materials in glass
production, since they may show systematic variations around the Mediterranean Sea as a
consequence of the differing geological environment. The use of Sr isotope ratios as a prov-
enance indicator for the lime source used in Roman glass-making is discussed elsewhere
(Brems et al. 2012a).

Nd isotope ratios are a powerful tracer for detritus in sedimentary basins (e.g., Banner 2004).
Sand being the major component of Roman natron glass, Nd isotope ratios can be useful to
determine its provenance. Over recent years, an increasing amount of Nd isotope ratio data of
ancient glasses has become available (Degryse and Schneider 2008; Degryse et al. 2009b, 2010;
Henderson et al. 2009, 2010; Ganio et al. in press a,b). However, until now there has been no
database of Nd isotopic signatures of possible sand raw materials available for comparison. In
this paper, we present such a database for beach sand deposits from the western part of the
Mediterranean area.

THE Sm-Nd ISOTOPIC SYSTEM

Samarium and neodymium are both light rare earth elements (LREE) belonging to the lanthanide
series. Both Sm and Nd have seven naturally occurring isotopes. The applicability of the Sm—Nd
isotopic system to geochemical studies is the result of the radioactivity of ¥’Sm, which decays
through the emission of an alpha particle to '**Nd.

Variations in the isotopic composition of Nd result from the radiogenic growth of '*Nd in
reservoirs with varying Sm/Nd ratios (DePaolo and Wasserburg 1976). These variations in Nd
isotopic composition are traditionally expressed relative to the stable, non-radiogenic isotope
'INd (the '*Nd/'**Nd ratio). However, Nd and Sm are only fractionated from one another to a
very small extent during partial melting and crystallization, because of their very similar ionic
radii and, consequently, similar geochemical properties. This results in a very small range of
different '"*Nd/'**Nd ratios (0.510-0.514; Best 2003). To make these small differences more
apparent, the isotopic composition of a system is frequently shown normalized to the chondritic
meteorite standard in the form of &, values:

(143Nd/'44Nd) 1
End = MR 1| x 104,
(143Nd/ 144Nd)

CHUR

where CHUR stands for Chondritic Uniform Reservoir, which represents the bulk earth Nd
isotopic composition deduced from measurements in chondrites (DePaolo and Wasserburg 1976;
Jacobsen and Wasserburg 1980). The present-day chondritic value of '*Nd/"*Nd is 0.512638.

Neodymium is a little bit less compatible than samarium. Therefore, Sm is preferentially
incorporated into the mantle. Nd will be more enriched in a partial melt and, as a result, Nd will
be relatively concentrated in the earth’s crust (Wedepohl 1995). The mantle is marked by higher
Sm/Nd ratios and, hence, the '*Nd/'**Nd ratio (and the &, value) is higher in the mantle than in
the crust. Mid-ocean ridge basalts tend to have the highest &y, values, of up to 12 (Goldstein and
Hemming 2003). Young volcanic arcs show &y, values of 0-7 (Grousset ef al. 1988, 1998).
Typical continental crust has &y, values lower than the bulk earth (that is, between about —20 and
—5) depending on the age of the rocks (Goldstein et al. 1984). The oldest parts of the continental
crust, such as the Precambrian craton of Greenland and Mauritania, can have & values as low as
—54 (Grousset et al. 1998; Banner 2004).
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The application of variations in the isotopic composition of Nd to sediments is based on the
fact that accumulated clastic sediments are basically just the mechanical disintegration products
of igneous, metamorphic and older sedimentary rocks exposed in the source areas (Goldstein
et al. 1984; DePaolo 1988; Grousset ef al. 1988; Jeandel et al. 2007, and references therein). The
Nd isotopic signature of the source terrains is generally preserved in the resulting sediments.
Consequently, variations in the isotopic composition of Nd are very useful as tracer in sediment
provenance studies (Linn and DePaolo 1993; Banner 2004; Grousset and Biscaye 2005).

THE Nd ISOTOPIC COMPOSITION OF ANCIENT GLASS

Together with the other light rare earth elements, Sm and Nd are enriched in accessory minerals,
such as apatite, titanite, allanite, perovskite, xenotime and monazite (Wedepohl 1978; Foster and
Vance 2006; McFarlane and McCulloch 2007). They also occur in trace concentrations in many
rock-forming minerals, such as feldspar, biotite, amphibole and clinopyroxene, in which they
replace major ions (Best 2003; Faure and Mensing 2005). Because of the large difference
between the ionic radii of Sm* (0.104 nm) and Nd*" (0.108 nm) and that of Si* (0.026 nm)
(Shannon 1976), quartz contains virtually no Sm or Nd. The concentration of Nd in siliciclastic
sediments and sedimentary rocks is usually in the order of 5-50 ppm (Faure and Mensing 2005).
In limestone and shell, the absolute Nd content is even lower (between 0.5 and 10 ppm: Wedepohl
1978; Faure and Mensing 2005; Wedepohl ez al. 2011b). Natron appears to contain hardly any
Nd—that is, of the order of 20—40 ppb Nd (Wedepohl ef al. 2011b; Shortland et al. unpublished
data)—and consequently has no influence on the Nd budget and the Nd isotopic signature of the
glass. The Nd in Hellenistic, Roman and Early Byzantine period glass (i.e., natron-based glass)
thus originates from the heavy or non-quartz mineral fraction of the silica raw material (Degryse
and Schneider 2008).

Due to the varying sediment influx from the Nile (fluvial), the Sahara (aeolian) and the
European continent (fluvial), the Nd isotopic composition of deep-sea sediments in the eastern
Mediterranean Sea varies significantly. The River Nile has an exceptionally high gy, value in its
sediment load, of around —1 (Weldeab ef al. 2002; Scrivner et al. 2004), as it is dominated by
young volcanic rocks from the Ethiopian Plateau. Sediments dominated by input from wind-
blown Saharan dusts, on the other hand, show typically low (old) & values of around —13
(Grousset et al. 1988, 1998; Henry et al. 1994). Sediments entering the Ionian Sea from the
Calabrian Arc and the Adriatic Sea are characterized by low &y, values of around —11.06
(Weldeab et al. 2002). Aegean Sea sediments show average &, values of around —7.89 (Weldeab
et al. 2002). When these sediments enter the Mediterranean Sea, they are redistributed by the
dominant sea currents (Pinardi and Masetti 2000; Weldeab et al. 2002; Hamad et al. 2006). For
example, the Nile sediments are transported eastwards along the Egyptian and Israeli coasts,
possibly up to Turkey. Because of the combination of all these different sources and currents, the
isotopic pattern of the eastern Mediterranean surface sediments shows a pronounced east—west
gradient, from as high as &gy =—1 at the mouth of the River Nile and the coasts of Egypt and Israel
to &y = —12 south of Sicily (Goldstein ef al. 1984; Frost et al. 1986; Weldeab et al. 2002).
Sediment samples from Alexandria (Egypt) show &, values between —8 and —6 (Freydier et al.
2001; Tachikawa et al. 2004). These values are significantly lower than the pure Nile end-
member, and suggest mixing between Nile particles and sediment with a Sahara origin coming
from the west with the dominant sea currents. Raw natron glass from the known primary
production centres in Egypt and Syro-Palestine has a relatively small variation in &y, with values
between —6.0 and —5.1 (Degryse and Schneider 2008; Freestone et al. unpublished data).
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In the western Mediterranean, the distribution of the Nd isotopic signatures is less well known.
Only a few results for particulates from the Rhone and the Po Rivers and deep-sea sediments near
Gibraltar and the southern French coasts are published, and they all show rather low signatures,
with &, between —10.8 and —9.7 (Frost er al. 1986; Grousset et al. 1988; Henry et al. 1994). One
result from the Tyrrhenian Sea shows an &y, value of —7.6 (Frost et al. 1986). Although the
number of analyses is small, there seems to be a significant difference in Nd isotopic signatures
between the easternmost part of the Mediterranean Sea and the rest of the basin. If the same
regional variations in Nd isotopic signatures occur in sand deposits across the Mediterranean, this
can be used to trace ancient glass artefacts to their primary origin.

OBJECTIVES

Nd in ancient glass is incorporated with the source of silica. The variation in Nd isotopic
signature observed in deep-sea sediments across the Mediterranean Sea offers great potential to
distinguish possible sand raw materials and primary glass from the eastern and western part of the
basin. However, it is of course not possible to directly compare the Nd isotopic signature of glass
to that of seafloor sediments. Sand deposits are often much more locally derived and it is not
certain that these beach sands show the same regional variation in Nd isotopic composition.

In this study, we have therefore investigated whether variations in Nd isotopic signatures can
distinguish sand deposits around the Mediterranean. Seventy-six beach sand samples from Spain,
France and Italy (Fig. 1) were analysed for their Nd isotopic composition and we have assessed
whether the regional pattern in Nd isotopic signatures of deep-sea sediments can be recognized
in these beach sands. Some of these sands have been previously identified as suitable raw
materials for Roman natron glass production (Brems ez al. 2012b, in press a).

METHODS

Backshore sediment samples were collected from 76 sandy beaches along the coasts of Spain,
France and Italy. The sample locations are shown in Figure 1, and their geographical coordinates
are given in Table 1. About 2 kg of sediment sample was collected from the upper 10 cm of sand,
representing the contemporaneous sedimentation layer.

For separation of Nd from the sample solutions, the sequential extraction procedures devel-
oped by Pin et al. (1994), Pin and Zalduegui (1997) and Mikova and Denkova (2007) were
combined and slightly modified. An extensive evaluation of the isolation protocol used is given
by Ganio et al. (in press ¢). Nd isotope ratios were determined using a Thermo Scientific Neptune
multi-collector ICP-MS instrument, equipped with a micro-flow PFA-50 Teflon nebulizer
coupled on to a spray chamber consisting of a combination of a cyclonic and a Scott-type spray
chamber. The measurements were carried out in static multi-collection mode. The JNdi-1 stan-
dard was used to correct for instrumental mass discrimination during the measurements of
SNd/"Nd. The Nd concentration of all samples and the standard were matched to 300 ug 1" Nd.
The intensity for '’Sm* was measured to correct for potentially remaining isobaric interferences
from "**Sm™ on the corresponding Nd nuclide. The '*Nd/"**Nd isotope ratios were measured with
an average internal precision (20) of 0.0000219.

The determination of the Nd concentration in the samples was carried out using a Thermo-
Scientific Element XR sector field [CP-MS instrument, in its standard configuration. In order to
maintain maximum sensitivity, the instrument was operated in low-resolution mode. The Nd
concentration was determined by measuring the intensity of '**Nd, as both isobaric overlap and
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interference by oxide or hydroxide ions of other elements present in the sample are negligible for
this nuclide. External calibration (based on four standards, with concentrations ranging between
0.5 and 10 pg I"' Nd) was used for quantification, and the use of Ru as internal standard allowed
us to correct for potential matrix effects, signal drift and instrument instability. All standard
solutions were prepared by diluting 1 g1 single-element standards with 0.3 M sub-boiled
HNO;. The sample solutions obtained after digestion were appropriately diluted prior to ICP-MS
analysis, resulting in samples with a final acid concentration of 0.3 M HNO,, a dilution factor of
250 and an internal standard (Ru) concentration of 3 pg I"'. Procedure blanks were used for blank
correction.

RESULTS AND DISCUSSION

The results are shown in Table 1 and Figure 1. The gy, values of the beach sands analysed are
broadly related to the large geological regions and vary relatively gradually along the coastlines
(Fig. 1). The Spanish and French sands all show relatively low &y, values, from —12.40 to —7.99,
in close agreement with the data from the deep-sea sediments. The Italian sands, however, show
a wide range of &, values, between —12.85 and —3.05. The Nd concentration of most sands lies
between 3 and 60 ppm Nd. One sample (IT21), however, contains 296 ppm Nd. In this section,
we will discuss the isotope ratio results in relation to the composition of the beach sands and their
broader geological setting. A more extensive description of the composition of the beach sands
analysed and the local geology is published elsewhere (Brems et al. 2012b).

The Iberian Massif and the Betic Cordillera

In southwestern Spain, the beach sands (SP46, SP45 and SP43) are mostly derived from the
crystalline basement rocks of the Iberian Massif and are characterized by &y, values between
—9.20 and —7.99. In the Bay of Cadiz (SP42), detritus from Triassic—Neogene sedimentary rocks
of the western Subbetic Zone make up the local beach sands. Here, the &y, value has fallen to
—10.96. This lower Nd isotopic signature can be attributed to the starting influence of the Internal
Zones of the Betic Cordillera. This part of the Betic mountain range stretches along the southern
coast of Spain from the Gibraltar Promontory to Cartagena. It is mostly composed of Palaeozoic
metasedimentary successions of the Malaguide, the Alpujarride and the Nevado—Fildbride Com-
plexes. All of the beach sands analysed along this coast (SP37, SP32, SP28, SP27, SP22 and
SP20) have rather low &, values, between —12.30 and —11.33.

In the southern Gulf of Alicante, sandy sediments (SP17) are derived from the recycling of
Miocene to Quaternary post-orogenic siliciclastic and carbonaceous sedimentary rocks. The &
value of the sands in this area is —9.69. In the northern part of the Gulf of Alicante, the beach
sands are the erosion products of Jurassic to Miocene limestones and sandstones of the Prebetic
External Zone of the Betic Cordillera. The & value remains relatively low, at —10.32.

The Iberian System, the Catalonian Coastal Ranges and the Pyrenees

In the eastern part of the Iberian Peninsula, the Hercynian rocks of the Iberian Massif are covered
by Mesozoic and Tertiary siliciclastic, carbonate and evaporitic sedimentary rocks of the Iberian
System, which were deformed during the Alpine orogeny. Between Cullera and the Ebro Delta,
most sediments derived from these rocks (SP10, SP09, SPO8 and SP04) have &, values between
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—10.98 and —9.99. Locally, near Castellon de la Plana (SPO6 and SP02), however, recycling of
Carboniferous greywackes lowers the &y values to —12.10 to —11.58.

The drainage basin of the Ebro River lies between the northern side of the Iberian Ranges and
the southern flanks of the Pyrenees. Within the drainage basin, abundant Tertiary sedimentary
successions crop out. The &y, value of sediments delivered to the Ebro Delta (FH06) is relatively
low, at —11.49. Along the coast between the Ebro Delta and Barcelona, the sandy sediments are
derived from Cenozoic and minor Mesozoic sedimentary rocks. The &y, values along this small
stretch of coast (FHO8, SP47 and FHO4) vary quite a lot, lying between —11.18 and —9.84.
Magmatic rocks of the Catalonian Coastal Ranges crop out north-east of Barcelona. In the eastern
Pyrenees, similar plutonic rocks occur, together with Palaeozoic metamorphic rocks. These rocks
produce beach sands with &gy values between —10.03 and —8.68 along the Catalonian Coastal
Ranges (FHO3 and FH11) and at the eastern side of the Pyrenees in northern Spain and southern
France (FH10 and FR04).

The Massif Central, the Rhone Basin and the Western Alps

The southern part of the Massif Central is partly covered by Jurassic and Cretaceous limestones
and Cenozoic siliciclastic sedimentary rocks. Erosion products of these rocks are deposited in the
central part of the Gulf of Lion. These beach sands (FR08) are characterized by an &y value of
—8.74. The Rhone River drains an extensive area, spreading from the Massif Central over the
Vosges and the Jura to the Western and Northern Alps. The &y, value of —8.31 for sand from the
Rhéne Delta (FR10) can be seen as an average value of the exposed rocks in the river’s drainage
basin. The Bay of Marseilles is dominated by Cretaceous and Jurassic limestone cliffs. Locally,
however, recycling of Oligocene sedimentary rocks produces very mature quartz-rich beach sand
(FR13), with an &y, value similar to those of beach sands more to the west, at —9.14.

Near the city of Hyeres (FR16), along the metamorphic Maures—Tanneron Massif in south-east
France, the beach sands have a very low &, value of —12.40. These sands are derived from the
Precambrian metagranites of Bornes, Cambrian quartzites and gneiss, and Ordovician—Silurian
schists. Further east along the Maures Massif (FR17), the &, value of the beach sands increases
again, to —10.14. On the beaches in the Gulf of Fréjus and the Gulf of Napoule, sediments from
Cambrian—Ordovician quartzites, schists and granites, and Permian sedimentary and volcaniclas-
tic rocks, are mixed with detritus from Triassic to Cretaceous limestones. These sediments (FR18
and FR19) have &, values between —8.48 and —8.03.

Sand from a beach near Imperia (IT12) has an &y, value of —8.83. These sediments are composed
of calcareous and siliciclastic grains derived from Cretaceous—Paleogene turbidites. In the Gulf of
Genoa, similar turbidites alternate with extensive outcrops of Jurassic metaophiolites. These
ultramafic rocks, with their very high gy, values of up to 10 (Rampone et al. 1998), have a strong
influence on the bulk Nd isotopic signature of the beach sands in this area. This is already
conspicuous near Finale (IT13), with an &, value of —6.75, but even more so in sands further to the
eastern part of the gulf (IT17), where the &y, values are as high as —3.05. The ultramafic source of
sands in this area results in very high Fe,05;, MgO and Al,O; concentrations (Brems et al. 2012b).
As a consequence, these sands cannot have been used to produce Roman natron glass.

The Tuscan and Roman Magmatic Province

The beach sands between Viareggio and Livorno (IT09, IT30 and IT31) are brought to the coast
by the Arno River. This river drains an area covered with Cretaceous to Pleistocene sedimentary
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rocks. The &y, values of these beach sands show a small range from —8.41 to —7.84. In the Gulf
of Follonica (IT34 and ITO1), relatively mature sands derived from turbidite sequences and
coastal-plain sediments have & values varying between —9.40 and —8.86.

Along the Tyrrhenian Sea margin of the Lazio region, the Northern District of the Roman
Magmatic Province is found (Avanzinelli et al. 2008). The Pliocene to Holocene potassic vol-
canic rocks of the Vulsini, Vico, Cimini, Sabatini and Alban Hill volcanoes have rather low &
values of around —11 to —8 (Di Battistini et al. 2001; Conticelli et al. 2002; Peccerillo et al.
2010). Since detritus from these volcanic sources contributes to the local beach sands, the sands
found between Monte Argentario and Sperlonga (IT39, ITO6 and 1T44) all have similar &
values, between —9.85 and —9.16. Further south, Pleistocene—Holocene rhyolitic volcanic rocks
belonging to the Neapolitan District of the Roman Magmatic Province (Avanzinelli ez al. 2008)
have much more variable &, values (Conticelli ef al. 2002, and references therein). In particular,
the Roccamonfina volcanic rocks have a wide range of possible &y, values, between —11 and 3.
The &y, values of the Somma-Vesuvius suite are generally higher; that is, between —5 and O.
Sediments brought to the Campanian beaches by the Garigliano and Volturno Rivers can there-
fore have a wide range of Nd isotopic signatures. The four samples analysed in this study (IT20,
IT21, IT22 and IT23) vary between —9.90 and —4.40 &,,. These sands contain high percentages
of heavy minerals, resulting in high Fe,O; and Al,O; levels, making them unsuitable as raw
materials for glass production (Brems ef al. 2012b, in press b). Also, the Nd concentrations of
these sands are rather peculiar. Whereas most sands analysed in this study have Nd contents
below about 25 ppm, sands from this area all contain more Nd. One of the samples (IT21) even
has a concentration of 296 ppm. South of Mount Vesuvius, near Amalfi, small pocket beaches
alternate with high calcareous cliffs. Sand from one of these beaches (IT02) is composed of 60%
calcareous fragments from the Mesozoic carbonates and abundant volcanic detritus. The &y
value of the sand (—4.35) is in agreement with the relatively high values reported for Vesuvius.
Further south, along the Cilento promontory, quartz-rich beach sand (IT47) derived from Jurassic
to Oligocene quartzo-feldspathic turbidites has an & value of —8.48.

Calabria and Sicily

The coastlines of Calabria and the northeastern tip of Sicily (IT50, IT52, IT56, IT75 and IT80)
are dominated by sands derived from Hercynian low- to high-grade metamorphic and plutonic
rocks, and the overlying sedimentary cover. These sands generally have &, values between
—11.63 and —10.75. Along part of the western coast of Calabria, near Cosenza (IT50), however,
small amounts of detritus from local ophiolitic sequences result in a higher &, value of —=7.71. At
the centre of the northern coast of Sicily, in the Termini Imerese Gulf (IT59), quartz-rich beach
sands have an gy, value of —11.04.

The most negative &y, values encountered in this study were found in the northwesternmost part
of Sicily. Sediments from the Gulf of Castellammare (IT62) and south of Trapani (IT63) are mainly
derived from Miocene sedimentary rocks and have &, values between —12.85 and —12.47. The
sediments deposited in this area during the Miocene were probably derived from old (Palaeozoic
or even Precambrian) rocks with a crustal affinity. The southwestern part of Sicily (ITO8 and IT68)
is characterized by &, values between —11.14 and —10.07. Although the beach sands from the Gulf
of Catania, on the east coast of Sicily (IT71), are mainly derived from Oligocene—Pleistocene
sedimentary rocks, small contributions from volcanic rock fragments from Mount Etna result in a
slightly elevated &y, value, at —7.86 (Conticelli ef al. 2002, and references therein). Sandy
sediments closer to the Etna volcano will most probably show higher &, values.
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Adria

The eastern part of the Italian peninsula, which approximately coincides with the Apulia region,
is geologically distinct from the rest of Italy. This area forms part of the so-called Adria
microplate, which acted as the Adriatic and African foreland during the peri-Adriatic orogeny
(Bosellini 2004, and references therein). Geologically, it has more affinity with the African Plate
than with Europe. The area is mostly composed of Jurassic to Miocene platform carbonates,
overlain by a thin layer of Neogene and Quaternary sedimenticlastic deposits. The results of the
Nd isotopic analysis of beach sands along the coast of this part of Italy are rather peculiar. In
the Gulf of Taranto, north-east of the Cape of Spulico, detritus is still mostly derived from the
sedimentary successions exposed in the Southern Apennines. These sediments (IT84) are deliv-
ered to the coast by the Sinni and Agri Rivers and have an &y, value of —9.24. Further to the north
of the Gulf of Taranto, between the mouths of the Basento and the Bradano Rivers (IT85), the &
value of the beach sand increases to —6.11. The only clear potential source for this relatively high
Nd value are the Mount Vulture volcanic rocks, which have &, values between 1 and 3 (Conticelli
et al. 2002, and references therein). Although these volcanic rocks are exposed about 10 km
outside the Bradano River drainage basin, volcaniclastic material rich in mafic minerals (mostly
pyroxenes) derived from Mount Vulture is also reported to be present in the Middle Pleistocene
sediments covering the platform carbonates of the Adria microplate (Acquafredda et al. 1997;
Mastronuzzi and Sanso 2002). Recycling of these sedimentary sequences also delivers unradio-
genic Nd to the beaches in the area. Closer to the city of Taranto (IT11), the &y, value of the beach
sand decreases again, to —8.66. South-east of Brindisi, on the northeastern side of the Salentina
peninsula (IT87), the & value of the beach sand is —4.17. This sand is derived from the
Pliocene—Pleistocene siliciclastic sedimentary rocks overlying the limestones of the Apulia
platform. The presence of layers rich in pyroxene and garnet coming from the Mount Vulture
volcano in the Pleistocene successions in the area (Mastronuzzi and Sanso 2002) can explain this
high Nd isotopic value. Another possibility is that mafic minerals from Mount Vulture get
transported from the mouth of the Ofante River to the south, along the Adriatic coast of Apulia,
and incorporated into the local beach sands (Caldara et al. 1998; Mastronuzzi et al. 2007). A
relatively high & value of —6.03 is also encountered in the Gulf of Manfredonia (IT90).
However, this value can also be attributed to detritus from Mount Vulture, brought to the gulf by
the Ofante River and then transported to the north in a clockwise motion along the coast
(Fabricius and Schmidt-Thomé 1972). Carbonate-rich sand from the Gargano promontory (IT07)
shows a lower &y, value of —7.67.

The Central Apennines, the Po Basin and the Southern Alps

North of the Gargano promontory and up to Pesaro (IT91, IT92, IT0O4 and IT94), the beach
sands are derived from the eastern flanks of the Central Apennines. The &, values for these
sands range from —9.32 to —8.12. Between Pesaro and Rimini (IT96), a beach sand with
abundant calcareous fragments has an &y, value of —7.95. Sedimentary material derived from
the eastern side of the Northern Apennines is deposited along the beaches near Ravenna
(IT10). The &y, value of these sands is very similar to those of the beach sands along the
Central Apennines; that is, —8.34.

The Po River derives its sediment load from the Western, Central and Southern Alps and the
northwestern side of the Northern Apennines. Mixing of detritus from diverse source rocks
exposed in this large drainage basin results in & values between —8.79 and —8.37 for the beach
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sands along the Po Delta (IT99 and IT101). Erosion of the extensive carbonate rocks exposed in
the eastern Dolomites results in highly calcareous beach sands along the coast of north-east Italy
(IT104). These sediments have an &, value of —7.10.

THE g, VALUE AS A PROVENANCE INDICATOR FOR THE SILICA SOURCE?

The sands under investigation were previously evaluated for their suitability for Roman natron
glass production by comparing their major and minor elemental compositions to the compo-
sitional ranges of Roman imperial natron glass (Brems et al. 2012b). Seven sand raw materials
from six limited areas were found to be suitable for the production of natron glass, either with
or without the need for an extra source of lime (Fig. 1). When we focus on these sands, we can
evaluate the Nd isotopic signature as a provenance indicator for sand raw materials and raw
natron glass. The four sand raw materials that can be used to produce Roman natron glass after
the addition of extra lime all have relatively low &, values, typical for the western Mediter-
ranean. Sand SP46, from southwestern Spain, has an &y value of —7.99. Suitable sand from
near El Rubial in southeastern Spain (SP20) has an &, value of —11.76. Sand raw materials
from Les Bormettes in the Provence (FR16) have an even lower &y, value of —12.40. Finally,
the sands from Calla Violina in Tuscany (ITO1), which would make good natron glass after the
addition of lime, have an & value of —8.86. A mixture of shell fragments, collected along
several beaches in southern France and north-west Italy, has a Nd concentration of 1.0 ppm and
an &y, value of —6.6. Since this Nd concentration is 5-20 times smaller than the concentration
in most sands and the additional lime only makes up ~10% of the total glass batch, the
additional source of lime only has a very small influence on the final Nd budget of a glass.
Glass produced with either of these sand sources would thus be readily distinguishable from
glass from the eastern Mediterranean, since raw glass from Egypt and Syro-Palestine has
relatively low variation in &y, with values between —6.0 and —5.1 (Degryse and Schneider
2008; Freestone et al. unpublished data).

Three sands from Italy were identified as being suitable for Roman glass production in their
present form (Brems et al. 2012b). Sand IT34 from Tuscany also has a rather low &y, value, of
—9.42. The two other suitable glass-making sands found in the Basilicata (IT85) and Apulia
regions (IT87) in south-east Italy, however, have relatively high & values of —6.1 and —4.2,
respectively. These values coincide with the range of Nd isotopic signatures previously thought
to be characteristic for an eastern Mediterranean origin (Degryse and Schneider 2008; Freestone
et al. unpublished data). This shows that the use of Nd isotopic signatures as a provenance
indicator for Roman glass is not as straightforward as previously thought. Nd isotopic analysis is
not the miracle cure for the provenancing of Roman natron glass, but it has certainly proven its
value. On the basis of the Nd isotopic signature of glass artefacts, certain possible areas of
production can be suggested or excluded. For further differentiation, other techniques will have
to be applied. A pilot study is currently being performed to see whether trace element geochem-
istry can be used to distinguish between suitable sand raw materials from Italy and Syro-
Palestine, which happen to have similar Nd isotopic signatures.

CONCLUSIONS

The aim of this study was to evaluate the use of Nd isotopic signatures for the provenance
determination of Roman natron glass. To do this, 76 beach sands from the coasts of Spain, France
and Italy were analysed for their Nd isotopic composition. Nd in Roman natron glass originates
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from the heavy mineral fraction of the sand raw material, and its isotopic composition is an
indication for the source of the silica. Suitable glass-making sands from Spain, France and the
western part of Italy all have relatively low &, values and glass that would be produced from
them could be readily distinguished from glass from the known primary production sites in Egypt
and Syro-Palestine. Two good sand sources in the Basilicata and Apulia regions (south-east Italy),
however, have &, values that coincide with those of glass with an eastern Mediterranean origin.
Further research is required to determine whether these possible sources of glass can be distin-
guished from each other by relying on trace element patterns.
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