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The provenancing of Roman natron glass is one of the most challenging problems in the field
of archaeometry. Although the use of Sr and Nd isotope ratios and trace element signatures as
an indication of provenance has proven promising, there are still many unknowns. In this
study, the influence of the different raw materials on the final Sr isotopic composition of Roman
natron glass is examined. It is shown that the 87Sr/86Sr ratio in natron glass is significantly
influenced by the silicate fraction of the sand used and does not always provide a clear
indication of the lime source used.
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INTRODUCTION

Between the fifth century bc and the ninth century ad, the glass most commonly used in the
Mediterranean area and the rest of Europe was soda–lime–silica glass of the natron type. The raw
materials that were used to produce this kind of glass consisted of quartz-rich calcareous sand, a
source of soda called natron and possibly an additional source of lime. The natron was derived
from evaporitic lake deposits rich in sodium carbonates (Shortland 2004; Shortland et al. 2006).
Glass produced with this kind of soda source typically has low concentrations of potassium and
magnesium (Sayre and Smith 1961; Freestone 2006; Wedepohl et al. 2011a,b).

Natron glass was produced from its raw materials in large tank furnaces. Examples of these
production centres have been identified in Egypt and Syro-Palestine. Although the production of
raw glass using sand raw materials from Italy, Gaul and Spain is mentioned by a number of
classical authors, such as Pliny the Elder and Strabo, actual glass-making sites remain unknown
in the western part of the Mediterranean (see also Silvestri et al. 2006; Degryse and Schneider
2008; Freestone 2008; Brems et al. 2012a). Without any clear evidence from excavations, much
archaeometrical research has been conducted with the aim of determining the provenance of
ancient glass, and proving or disproving the existence of a primary Roman glass industry in the
western part of the Empire. However, over the past decades it has been shown to be very difficult
to link a glass artefact to a particular source or site of production (e.g., Degryse et al. 2009). Since
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the major and minor elemental compositions of Roman natron glasses have been found to be
relatively uniform (Freestone 2006; Wedepohl et al. 2011a,b) and hardly ever diagnostic for their
origin, other methods had to be found to provenance ancient glass artefacts. In recent years, the
use of trace elements and radiogenic isotopes has been shown to offer great potential. Radiogenic
isotopes are often relied upon in earth sciences and sedimentary geology, for a wide range of
applications, such as dating the formation of rocks and minerals (geochronology), chemical
stratigraphic correlation, and tracing the sources and transport of dissolved and detrital constitu-
ents in sedimentary, hydrological and biogeochemical cycles (Banner 2004). In particular, Sr and
Nd isotope ratios are powerful tracers for sediments. Because of their relatively large masses and
small relative mass differences, the isotopic fractionation of the different isotopes of Sr and Nd
is negligible in this context (Stille and Shields 1997; Banner 2004). Therefore, the isotopic
composition of these elements in a glass is expected to be identical to that of the raw materials
from which it was derived. In this paper, we investigate the influence of the different raw
materials used in the production of natron glass on the Sr isotopic signature of the final product.
In doing so, we can evaluate the usefulness of Sr isotopic signatures in the provenance determi-
nation of Roman natron glass. In a second paper (Brems et al. 2012b), we discuss the use of Nd
isotopic analysis for the provenancing of Roman glass-making.

THE Rb–Sr ISOTOPIC SYSTEM

Strontium has four naturally occurring stable isotopes. The amounts of the isotopes 84Sr, 86Sr and
88Sr are constant in nature. However, 87Sr is radiogenic as it is the product of beta decay of 87Rb.

Because of the differences in their chemical properties, Sr and Rb behave differently in various
geochemical processes. Rb is much more incompatible than Sr and, therefore, it is strongly
concentrated in partial melts of the mantle that rise and solidify as crustal rocks (Wedepohl 1978,
1995; Stille and Shields 1997; Banner 2004). This elemental fractionation leads to the formation
of a number of geochemically different reservoirs with their own specific Sr/Rb elemental and
isotopic properties (Stille and Shields 1997). While the mantle has a relatively uniform and low
87Sr/86Sr ratio, the continental crust has a much more variable and, on average, higher ratio. Old
Rb-rich rocks contain much more radiogenic 87Sr than younger rocks. The 87Sr/86Sr ratio of the
earth at the time of its formation is estimated to be 0.69908 (Faure and Mensing 2005). Since
additional 87Sr has been produced ever since, the Sr isotopic signature of the present-day mantle
has increased to 0.704 1 0.002. Crustal-rock 87Sr/86Sr isotope ratios can vary from approximately
0.703 for young basaltic rocks to 0.750 for granites formed from older continental crust
(Graustein 1989; Bentley 2006). This difference in Sr isotopic signatures of different types of
rock allows them to be used as a tracer for atmospheric dust and detrital components in
sedimentary basins (Stanley et al. 2003; Banner 2004; Grousset and Biscaye 2005). Regional
variations in 87Sr/86Sr values of sediments are a function of the following features of the source
rocks: (1) the mineralogy, age and crustal versus mantle source for igneous and metamorphic
rocks; (2) the provenance and maturity for sandstones and shales; and (3) the age and extent of
alteration for marine carbonates, evaporites and phosphorites (Wedepohl 1978; Banner 2004).
Shifts in the isotopic composition can be caused by weathering, transport and diagenetic pro-
cesses (Linn and DePaolo 1993).

Another interesting and useful application of the Rb–Sr isotopic system arises from the long
residence time of Sr in the oceans. Strontium is present in seawater as a trace element, with a
concentration of about 7 mg l–1 (Stille and Shields 1997). Because of its long residence time
(5 ¥ 106 y) relative to the inter-ocean mixing time (1.5 ¥ 103 y), seawater has a very homogeneous
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Sr isotopic composition, with 87Sr/86Sr = 0.709165 1 0.000020 (Stille and Shields 1997; Banner
2004). This value, however, did vary through geological time due to variations in the combined
inputs from crustal (high 87Sr/86Sr ratios) and mantle (low 87Sr/86Sr ratios) sources (Burke et al.
1982; Banner 2004). Due to their high absolute mass, mass-dependent fractionation of strontium
isotopes during the formation of seashell is very limited and the Sr isotopic composition of
unaltered marine limestones is thus a very good approximation for the Sr isotopic signature of
seawater at the time the limestones were formed (Burke et al. 1982). This seawater Sr isotope curve
can be used for stratigraphic correlation and to date marine carbonates (Stille and Shields 1997;
Veizer et al. 1999; Banner 2004).

THE ORIGIN OF Sr IN ANCIENT NATRON GLASS

The bulk of the strontium in the earth’s crust occurs as a trace element, dispersed in rock-forming
and accessory minerals. The ionic radius of Sr2+ (0.113 nm) is intermediate between those of Ca2+

(0.099 nm) and K+ (0.133 nm) (Shannon 1976). As a consequence, strontium readily substitutes
for calcium in minerals, such as aragonite, calcite, plagioclase and apatite. To a lesser extent,
strontium can also replace potassium in K-feldspar. To maintain electrical neutrality, this substi-
tution of K+ by Sr2+ must be accompanied by the replacement of Si4+ by Al3+. The strontium
concentration levels in other common rock-forming silicate minerals are considerably lower than
those found in the feldspar, where they can reach up to 5000 ppm (Wedepohl 1978). Because they
have the same ionic charge and similar ionic radii (Shannon 1976), Rb+ (0.148 nm) generally
substitutes for K+ (0.133 nm) in all K-bearing minerals, such as K-feldspar, micas, clay minerals
and others. Rb+ is practically excluded from carbonates, since its ionic radius is too large to
occupy the Ca2+ sites.

Because of a large difference in distribution coefficients for strontium in the different calcium
carbonate minerals, the Sr content of seashells and limestones is controlled by the mineralogy. In
equilibrium with seawater, aragonite and calcite contain about 8000 and 1200 ppm Sr, respec-
tively (Kinsman 1969; Katz et al. 1972). Intermediate values are due to mixed mineralogy of the
specimens (Wedepohl 1978). Since aragonite and high-Mg calcite are metastable, they are
transformed into stable low-Mg calcite during diagenesis. During this dissolution–precipitation
process, the newly precipitated low-Mg calcite will incorporate less Sr into its crystal lattice than
the dissolving metastable phases. As a consequence, older limestones with stabilized mineralogy
have Sr concentrations an order of magnitude lower than those in the originally deposited
material (around 400 ppm—Kinsman 1969; Katz et al. 1972; Veizer 1977; Wedepohl 1978). The
loss of strontium can also be accompanied by a change in the 87Sr/86Sr isotope ratio. This depends
greatly on the extent to which the system was closed and the possible presence of an external
source of strontium with a different 87Sr/86Sr isotope ratio than seawater (Stille and Shields 1997).

In calcareous sediments, such as the beach sands suited for the production of natron glass,
strontium is expected to be mainly contained in the carbonate fractions. The 87Sr/86Sr ratios of the
carbonate are the same as those of the seawater in which it formed and because of the high Sr
content, a small amount of calcium carbonate will usually mask the isotopic signature of the
silicate fraction (Wedepohl 1978). Depending on the mineralogy and the amount of carbonate
present in the sand, varying influences on the bulk 87Sr/86Sr isotope ratios may be attributed to the
detrital silicate phases (mainly feldspar or clays). The average Sr concentrations in sands and
undifferentiated sandstones are in the 30–400 ppm range (Wedepohl 1978).

Roman natron glass contains between 5 and 10% CaO (Foster and Jackson 2009). The bulk of
the Sr in Roman glass is believed to have been incorporated with the lime-bearing material
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(Wedepohl and Baumann 2000; Freestone et al. 2003). Where the lime was derived from
Holocene seashell, the Sr isotopic composition of the glass is similar to that of modern seawater.
Where the lime was derived from ‘geologically aged’ limestone, the Sr isotopic signature reflects
that of seawater at the time the limestone was deposited, possibly modified by diagenesis.
However, other minerals in the sand, such as feldspar and mica, can also influence the Sr budget
of the glass batch (Freestone et al. 2003; Degryse et al. 2006). The contribution of natron to the
Sr content and Sr isotopic signature of glass is negligible (Freestone et al. 2003). The Sr content
of natron glass is also a useful indicator of the source of lime. Since aragonitic seashell may
contain a few thousand ppm Sr and calcitic limestone will only incorporate a few hundred ppm
of Sr, a similar difference in Sr concentration can be expected in glass produced with these two
different sources of lime (Wedepohl and Baumann 2000; Freestone et al. 2003). Natron glass
melted using limestone contains less than 200 ppm Sr, while shell fragments can bring 300–
600 ppm of Sr to the glass.

OBJECTIVES

As described above, the apparent applicability of the Rb–Sr isotopic system to glass studies lies
with the assumption that Sr is incorporated into the glass with the lime source. Because of the
difference in Sr isotopic signatures of modern seashell and old limestone, the 87Sr/86Sr isotope
ratio of the glass could be indicative of the nature of the lime source used. However, other
minerals naturally included within the sand raw material can also contribute to the final Sr
isotopic signature of the glass. The extent of this influence is not well understood.

In this study, we therefore investigated the variation in 87Sr/86Sr ratio of possible sand raw
materials and the extent of the influence of Sr coming from the sand source on the final Sr isotopic
signature of the resulting glass. Seventy-seven beach sand samples from Spain, France and Italy
(Fig. 1) were analysed for their Sr isotopic composition. The suitability of the sands for natron
glass production has been previously evaluated by calculating the major and minor elemental
compositions of glasses that can be produced from these sands and comparing them to the
compositional ranges of Roman imperial natron glass (Brems et al. 2012a, in press a).

METHODS

Backshore sediment samples were collected from 77 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. Bulk Sr concentration of the sands were
obtained by inductively coupled plasma – optical emission spectrometry (ICP–OES) analysis, as
previously described by Brems et al. (2012a).

Prior to Sr isotope ratio measurements, Sr was separated from the sample matrix. Sequential
extraction procedures developed by De Muynck et al. (2009) were combined and slightly modi-
fied. Sr 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 mea-
surements were carried out in static multi-collection mode. During 87Sr/86Sr isotope ratio mea-
surements, NIST SRM 987 SrCO3 was used as external standard to correct for instrumental mass
discrimination (sample-standard bracketing). Before measurements, the Sr concentration in all
samples was matched to that of the standard (200 mg l–1 Sr) by dilution with 3% HNO3. The
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intensities obtained for 83Kr+ and 85Rb+ were used to correct for the corresponding contributions
at m/z 84 and 86 (Kr), and m/z 87 (Rb). On average, 87Sr/86Sr isotope ratios were measured with
an internal precision (2s) of 0.0000439.

RESULTS AND DISCUSSION

The results are shown in Table 1 and Figure 1. The beach sands analysed show a wide range of
87Sr/86Sr isotope ratios between 0.7075 and 0.7290. The bulk concentration of Sr in the sands
varies between 30 and 1186 ppm. In this section, we will discuss the results of the Sr isotopic
analysis in relation to the composition and geological provenance of the beach sands. A complete
mineralogical description of the sands is beyond the scope of this paper and is presented
elsewhere (Brems et al. 2012a).

The Iberian Massif and the Betic Cordillera

In southwestern Spain, the Guadiana and Guadalquivir Rivers deliver siliciclastic sediments
derived from the crystalline basement of the Iberian Massif to the coast. Beach sands in this
region (SP46, SP45 and SP43) contain very small amounts of shell fragments or limestone grains.
Therefore, Sr concentrations are rather low (76–91 ppm) and the 87Sr/86Sr isotope ratio varies
between 0.71197 and 0.71378, indicating the dominant influence of radiogenic Sr from feldspars
in the sand. Further south, in the Bay of Cádiz (SP42), sands are derived from Triassic–
Cretaceous and Neogene siliciclastic and carbonate sedimentary rocks of the western Subbetic
Zone. Here, the beach sand contains about 20% of calcareous fragments from recent seashells
and recycled Miocene calcarenites. This additional source of unradiogenic Sr increases the Sr
concentration to 296 ppm and lowers the 87Sr/86Sr isotope ratio of the sand to 0.70949, which is
just above the modern value for seawater.

The Internal Zones of the Betic Cordillera comprise the Malaguide, the Alpujárride and the
Nevado–Filábride Complexes and are mostly composed of Palaeozoic metasedimentary rocks.
This zone stretches along the southern coast of Spain from Gibraltar to Cartagena. The Sr in all
beach sands analysed along this coast (SP37, SP32, SP28, SP27, SP22 and SP20) is provided by
two distinct sources. Feldspar and metamorphic rock fragments containing micas and other
aluminosilicates are generally present in rather low amounts. However, mixing of these sources
of radiogenic Sr with varying amounts of seashell and limestone fragments produces Sr isotopic
signatures varying between 0.71018 and 0.71716. Sr contents vary between 30 and 212 ppm. The
sands with the highest concentration of calcareous grains show the highest Sr concentrations and
lowest 87Sr/86Sr isotope ratios, and vice versa. Just east of the city of Cartagena, small pocket
beaches alternate with rocky cliffs. Sandy deposits on these small beaches (SP01) are composed
of detritus of the local Pliocene dolomitic limestones. This is reflected in the low 87Sr/86Sr isotope
ratio of this sand, which is 0.70800. The sand contains approximately 65% calcareous fragments.
This results in a bulk Sr concentration of 389 ppm.

In the southern part of the Gulf of Alicante, beach sands (SP17) derived from Cenozoic
siliciclastic and carbonaceous sedimentary rocks contain 35% calcareous fragments. The 87Sr/86Sr
isotope ratio of these sands—that is, 0.70937—is just above that of modern seawater, indicating
the influence of small amounts of minerals with more radiogenic Sr. North of Alicante and in the
southernmost part of the Gulf of Valencia, the erosion of Jurassic to Miocene limestones and
sandstones of the Prebetic External Zone of the Betic Cordillera produces sands with abundant
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limestone fragments. The Sr budget of the beach sands (SP14) is dominated here by the low
87Sr/86Sr isotopic ratios of these limestone grains: 0.70885.

The Iberian System, the Catalonian Coastal Ranges and the Pyrenees

In the eastern part of Spain, Mesozoic and Cenozoic siliciclastic, carbonate and evaporitic
sedimentary rocks of the Iberian System overlay the Hercynian basement rocks of the Iberian
Massif. The 87Sr/86Sr isotope ratios are relatively constant along this part of the Spanish coast.
Between Cullera and the Ebro Delta, the beach sands analysed (SP10, SP09, SP08, SP04, SP06
and SP02) all contain quite a lot of calcareous fragments (~20–35%) and small, but significant,
amounts of feldspar. The concentration of Sr ranges from 134 to 230 ppm. The 87Sr/86Sr isotope
ratios are higher than the value for seawater and vary between 0.70965 and 0.71050. Where the
sand contains up to 50% calcareous grains derived from Jurassic–Cretaceous limestones (SP04),
the Sr content increases to 282 ppm and the 87Sr/86Sr isotope ratio is lower and only just above the
value for seawater, at 0.70928.

The sediments of the Ebro Delta are derived from the southern flanks of the Pyrenees, the
northern side of the Iberian Ranges and the Tertiary sedimentary successions of the Ebro Basin.
These sediments (FH06) contain about 30% of calcite, but their 87Sr/86Sr isotope ratio of 0.71032
indicates that there must be another source of radiogenic Sr. Between the Ebro Delta and
Barcelona, detritus from undeformed Cenozoic and Mesozoic sedimentary rocks is brought to the
coast. The combination of about 8–16% calcareous grains and 10% feldspar in beach sand in this
area (SP47 and FH04) (Hasendonckx 2009) results in 87Sr/86Sr isotope ratios of 0.71253 to
0.71298. Increasing concentrations of feldspar derived from local tonalites and granodiorites in
sands near Cambrills (FH08) result in a more radiogenic Sr isotopic signature: 0.71520. The Sr
concentrations remain virtually the same (147–154 ppm). North-east of Barcelona, the magmatic
bodies of the Catalonian Coastal Ranges are extensively exposed. Similar magmatic rocks occur
in the eastern Pyrenees, accompanied by abundant Palaeozoic metamorphic crystalline rocks.
Beach sands along the Catalonian Coastal Ranges (FH03 and FH11) and the eastern side of the
Pyrenean fold belt in northern Spain and southern France (FH10 and FR04) are practically all
lacking carbonate grains. Consequently, the Sr concentrations are rather low (72–158 ppm) and
the 87Sr/86Sr isotope ratios of these sands are very radiogenic; that is, between 0.71584 and
0.72901.

The Massif Central, the Rhône Basin and the Western Alps

In the central part of the Gulf of Lion, west of the Rhône Delta, beach sands are derived from the
weathering products of the southern part of the Massif Central and overlying Jurassic and
Cretaceous carbonates and Cenozoic siliciclastic deposits. Bulk 87Sr/86Sr isotope ratios for sands
in this area (FR08) are a mixture of unradiogenic Sr from carbonate grains and more radiogenic
Sr from crystalline basement rocks. This mixing results in a 87Sr/86Sr isotope ratio above the
modern value for seawater: 0.71013. The concentration of Sr is 329 ppm. Sandy sediments of
the Rhône Delta are derived from an extensive drainage area including the Massif Central, the
Vosges, the Jura, and the Western and Northern Alps. Although the Rhône sands (FR10) contain
about 20% calcareous fragments, the bulk 87Sr/86Sr isotope ratio is rather radiogenic, with a value
of 0.71177. In the Bay of Marseilles, very mature beach sand occurs between outcrops of
Cretaceous and Jurassic limestones. This quartz-rich sand (FR13) is derived from the local
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recycling of Oligocene sedimentary rocks. At 0.71388, its 87Sr/86Sr isotope ratio is again quite
radiogenic due to the scarcity of carbonate grains in the sand, as is also indicated by its low Sr
content (69 ppm).

Sands with very radiogenic Sr isotopic signatures are found on the beaches along the meta-
morphic Maures–Tanneron Massif in south-east France. The highest 87Sr/86Sr isotope ratio,
0.72358, occurs near Hyères (FR16), where sediments are derived from the Precambrian meta-
granites of Bornes, Cambrian quartzites and gneiss, and Ordovician–Silurian schists. These sands
contain hardly any calcareous fragments. A bit more to the east (FR17), the isotopic signatures are
less extreme, with a 87Sr/86Sr ratio of 0.71315. In the Gulf of Fréjus and the Gulf of Napoule,
detritus from Cambrian–Ordovician quartzites, schists and granites, and Permian sedimentary
and volcanic rocks are mixed with Triassic to Cretaceous limestone fragments. Despite the
additional calcareous grains in these sands (FR18 and FR19), the 87Sr/86Sr isotope ratios have
increased to 0.71587–0.71926. The Sr concentration varies between 104 and 143 ppm.

Sediments derived from Cretaceous to Oligocene calcareous turbidites near Imperia (IT12)
have rather low 87Sr/86Sr isotope ratios due to the abundance of calcareous fragments in the sand:
0.70872. The high Sr content (545 ppm) indicates the same. In the Gulf of Genoa, Jurassic
metaophiolites deliver detritus with very unradiogenic Sr isotopic compositions (Rampone et al.
1998) to the beaches. However, because of their very low Sr concentrations, their influence on the
Sr budget of the beach sands in this area (IT13 and IT17) is only minor. A mixture of radiogenic
Sr from recycled old feldspar and unradiogenic Sr from minor amounts of calcareous fragments
results in bulk 87Sr/86Sr isotope ratios in the range of 0.71135–0.71304. Sr concentrations remain
low (69–75 ppm).

The Tuscan and Roman Magmatic Province

The Arno River delivers sandy sediments to the coastal stretch between Viareggio and Livorno
(IT09, IT30 and IT31). These sands are derived from Cretaceous to Oligocene foredeep turbidites
and Pliocene–Pleistocene sediments. The 87Sr/86Sr isotope ratios of beach sands in this area are
relatively similar, at between 0.71090 and 0.71149. The Sr contents lie between 206 and 259
ppm. In the Gulf of Follonica, the beach sands are composed of detritus from turbidite sequences
and coastal-plain sediments. These sands are relatively mature, but contain varying amounts of
shell fragments (Brems et al. 2012a). This has a significant influence on the Sr isotopic signatures
and Sr contents of these sands. Beach sand with only trace amounts of calcareous fragments
(IT01) shows a rather radiogenic 87Sr/86Sr isotope ratio of 0.71357 and low Sr concentrations of
60 ppm. When about 15% of shell is naturally included within the sand (IT34), the Sr concen-
tration is raised to 225 ppm and the 87Sr/86Sr isotope ratio is lowered to 0.71034.

Between Monte Argentario and Sperlonga, the Cenozoic potassic volcanic rocks of the Vulsini,
Vico, Cimini, Sabatini and Alban Hill volcanoes contribute to the local beach sands (IT39, IT06
and IT44). Also, shell and limestone fragments are present in appreciable amounts in these beach
sands and reach concentrations between 15 and 30%. Most of the Sr, however, is present in the
volcanic rock fragments containing 500–1500 ppm Sr or even more (Conticelli et al. 2002;
Avanzinelli et al. 2008). This results in very high Sr concentrations in the beach sands, of
between 396 and 1186 ppm. 87Sr/86Sr isotope ratios of the sands range between 0.70967 and
0.71073. These values are in agreement with those of the volcanic rocks in the area (Di Battistini
et al. 2001; Conticelli et al. 2002; Avanzinelli et al. 2008). Further south, the Garigliano and
Volturno Rivers bring sediments to the Campanian beaches. These rivers drain an area with
abundant volcanic rocks of Roccamonfina and Somma-Vesuvius. The Sr isotopic compositions of
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the Volturno sands (IT20, IT21, IT22 and IT23) are influenced by this recent volcanic activity
(see also Degryse and Schneider 2008). The sand with the highest concentration of heavy
minerals derived from the Pleistocene–Holocene rhyolites (IT21) has the lowest 87Sr/86Sr
signature—that is, 0.70796—and also the highest Sr content (423 ppm). The other samples
contain more shell fragments and recycled feldspars from Miocene turbidites. As a result, their
87Sr/86Sr isotope ratios are higher, at 0.70922–0.71013. Sand from a small pocket beach near
Amalfi (IT02), south of Vesuvius, is composed of approximately 60% calcareous fragments
derived from Triassic–Jurassic–Cretaceous platform carbonates and abundant volcanic detritus.
The combination of low 87Sr/86Sr ratios from the limestones and unradiogenic Sr derived from the
recent volcanic rocks results in a bulk 87Sr/86Sr isotope ratio of 0.70748. The Sr concentration of
517 ppm is also rather high.

Jurassic to Oligocene quartzo-feldspathic turbidites along the Cilento promontory are disin-
tegrated into quartz-rich beach sand with substantial amounts of feldspar (IT47). Due to the
abundant feldspar and the absence of an important source of calcareous material, the concentra-
tion of Sr is low (141 ppm) and the 87Sr/86Sr isotope ratio is rather radiogenic (0.71326).

Calabria and Sicily

Calabria and the north-east of Sicily are composed of metamorphic and plutonic rocks of
Hercynian age, overlain by syn- to post-Alpine sedimentary cover. The 87Sr/86Sr isotope ratios of
most beach sands in the Calabria and northeastern Sicily region (IT50, IT52, IT56, IT75 and
IT80) are rather high (between 0.71434 and 0.72218) due to the dominance of metamorphic and
plutonic rock fragments rich in feldspar and micas. Near Cosenza, on the western coast of
Calabria, however, the sands (IT50) contain slightly more calcareous fragments. These carbonate
grains, together with small amounts of detritus from local ophiolitic sequences, lower the 87Sr/86Sr
isotope ratio to 0.71164. Further east along the northern coast of Sicily, in the Termini Imerese
Gulf (IT59), quartz-rich beach sands contain about 15% calcareous fragments and only trace
amounts of feldspar. Consequently, the 87Sr/86Sr isotope ratio of this sand is very close to that of
modern seawater, at 0.70916. The Sr concentration is 181 ppm.

In the northwestern part of Sicily, in the Gulf of Castellammare (IT62) and south of Trapani
(IT63), sediments are derived from Miocene sedimentary rocks. The combination of traces of
feldspar and few calcite grains in these sands results in Sr ratios just above the seawater signature,
at 0.70922–0.70990. However, these minerals occur in only very small amounts, resulting in a
low Sr content of the sands, at between 71 and 101 ppm. The beach sands along the southwestern
part of Sicily (IT08 and IT68) have 87Sr/86Sr isotope ratios just below the value for seawater
(0.70895–0.70914). In these areas, Sr concentrations are appreciably higher, at 310–385 ppm. In
the Gulf of Catania, on the east coast of Sicily, the beach sands (IT71) are mainly derived from
Oligocene–Pleistocene sedimentary rocks, with small contributions from volcanic rock frag-
ments from Mount Etna. The 87Sr/86Sr isotope ratio of 0.70851 can be explained by the presence
of about 20% limestone fragments in the sand and possibly some minor influence from young
unradiogenic Mount Etna minerals.

Adria

North of the Calabria region, north-east of the Cape of Spulico, the beach sands are derived
from the sedimentary rocks of the Southern Apennines. These sediments (IT84) are delivered
to the coast by the Sinni and Agri Rivers. Since feldspar and carbonate fragments make up
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about 7 and 20% of the sand, respectively, its 87Sr/86Sr isotope ratio lies slightly above the
modern seawater signature, at 0.71046. Further north in the Gulf of Taranto, between the
mouths of the Basento and the Bradano Rivers (IT85), the 87Sr/86Sr isotope ratios remain
virtually the same, at 0.71079. Near the city of Taranto (IT11), the sand is a bit richer in
feldspar and limestone. The slightly higher 87Sr/86Sr isotope ratio (0.71178) indicates that
increasing amounts of feldspar have a larger effect on the bulk Sr composition of a sand than
additional limestone. On the northeastern coast of Salento, south-east of Brindisi (IT87), the
beach sand is composed of detritus derived from the Pliocene–Pleistocene siliciclastic sedi-
mentary rocks overlying the Apulia carbonate platform. Sr seems to be mostly derived from
limestone, as is indicated by the low Sr isotopic signature of 0.70867. This is in good agree-
ment with the low feldspar content. However, the sand has a Sr concentration of 336 ppm. This
is rather high for a sand with only about 17% limestone grains, and it suggests the presence
of some shell material or another source of (unradiogenic) Sr. In the Gulf of Manfredonia
(IT90), the sands again contain higher amounts of feldspar from the recycling of immature
Pliocene–Pleistocene sedimentary sequences. Consequently, the 87Sr/86Sr isotope ratios are
above the modern value for seawater, at 0.70978. Along the Gargano promontory (IT07), the
combination of abundant limestone fragments and excess feldspar keeps the 87Sr/86Sr isotope
ratio in the same range (0.71088) and the Sr content relatively high (424 ppm).

The Central Apennines, the Po Basin and the Southern Alps

Between the Gargano promontory and Pesaro (IT91, IT92, IT04 and IT94), the beaches receive
their sand from rivers draining the eastern flank of the Central Apennines. These sands are rich
in quartz and calcareous fragments, but also contain minor feldspar. The Sr concentrations vary
between 181 and 287 ppm. The 87Sr/86Sr isotope ratios are relatively uniform and higher than for
modern seawater, at 0.71064–0.71163. This indicates the important contribution of radiogenic Sr
from the recycled feldspar grains. Between Pesaro and Rimini (IT96), recent shell fragments and
detritus from Miocene–Pleistocene limestones make up more than half of the beach sand. Quartz
and feldspar occur in lower amounts. Because of this additional source of shell and limestone, the
bulk 87Sr/86Sr isotope ratio of the sand is lowered to 0.70916 and the Sr content is 589 ppm.
Further north, sandy sediments derived from the eastern side of the Northern Apennines are
deposited along the beaches near Ravenna (IT10). The 87Sr/86Sr isotope ratios of these sands are
very similar to those derived from the Central Apennines, at 0.71159.

The drainage basin of the Po River stretches between the Western, Central and Southern Alps
and the northwestern side of the Northern Apennines. The combination of 15–20% calcite and
~15% feldspar in the sands along the Po Delta (IT99 and IT101) results in Sr concentrations
between 264 and 310 ppm and rather radiogenic 87Sr/86Sr isotope ratios of 0.71192–0.71202. The
beach sands in the north-east of Italy (IT104) contain very high quantities of calcitic and
dolomitic limestone grains (up to 85–90%) and only 10% of silicates. These sediments are the
erosion products of the eastern Dolomites and the Carnic to Julian Alps: they have low Sr
concentrations (184 ppm) and display a low 87Sr/86Sr isotope ratio of 0.70846.

A MIXED Sr ISOTOPE SIGNATURE IN SAND

The large spread in 87Sr/86Sr isotope ratios encountered in this study can be attributed to two main
sources of strontium. Calcareous fragments in the sand are the first important contributor. Shell
fragments occur in widely varying amounts. Sands with large proportions of shell material can
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contain high amounts of Sr. Some of the sands analysed are mainly composed of limestone
grains. These show lower Sr contents. Shell and limestone fragments deliver Sr with low 87Sr/86Sr
ratios to the sand. The 87Sr/86Sr isotope ratio of the shells is equal to that of present-day seawater;
that is, 0.709165 1 0.000020 (Stille and Shields 1997; Banner 2004). Limestone has even lower
87Sr/86Sr isotope ratios, with values depending on the age of the limestone and the extent of
diagenesis (Burke et al. 1982). The broad range of 87Sr/86Sr isotope ratios, with Sr isotopic
signatures mostly lying above the modern value for seawater, implies that there must be a second
Sr source bringing more radiogenic Sr to the system. The source of this radiogenic Sr must be
sought in the silicate fraction of the sand—and most probably in feldspar, and to a lesser extent
mica, derived from crystalline magmatic or metamorphic rocks, or recycled immature sedimen-
tary rocks.

The bulk Sr isotopic composition of the sand is a combined signal of the relatively unradio-
genic Sr from the carbonates and the higher 87Sr/86Sr ratios from the aluminosilicates. This mixed
Sr isotopic composition is not only dependent on the absolute content of carbonates and feldspar
but also, and even to a much larger extent, on the proportion between the two. This relationship
can be seen in Figure 2. Whereas sands containing high CaO values generally have the lowest
87Sr/86Sr isotope ratios, these values can still be appreciably higher than the value for seawater
(Table 1 and Fig. 2 (a)). The opposite can be seen in the plot of 87Sr/86Sr versus Al2O3 (Fig. 2 (b)).
Sands with low Al2O3 concentrations generally have 87Sr/86Sr isotope ratios very close to the
modern seawater signature. As the Al2O3 concentration increases, the range of 87Sr/86Sr isotope
ratios quickly broadens. The plot of 87Sr/86Sr versus Al2O3/CaO (Fig. 2 (c)) shows that the
87Sr/86Sr isotope ratios of beach sands are only around or below the modern value for seawater,
if they contain at least four times as much CaO as Al2O3 (Al2O3/CaO < 0.25). The higher the
Al2O3/CaO ratio, the higher is the 87Sr/86Sr isotope ratio.

In this regional study, only one sand sample was analysed for each beach deposit. Although
care was taken to obtain a representative sample, small variations in the ratio of shell fragments
to feldspar within the sand deposit cannot be ruled out. These variations would result in small
changes in the Sr isotopic signature of the sand. A detailed study with systematic sampling over
the stretch of a single beach would be useful, to investigate the possible variation within a single
sand deposit.

87Sr/86Sr AS A PROVENANCE INDICATOR OF LIME IN NATRON GLASS?

Roman natron glass generally contains 5–10% CaO (Foster and Jackson 2009). Taking into
account the addition of natron and the loss of the volatile fraction during the melting of the glass,
this corresponds to about 6–11% CaO in the sand raw material. Sands corresponding to this range
of CaO concentrations have varying 87Sr/86Sr isotope ratios, between 0.70851 and 0.71926 (Fig. 2
(a)). However, not all of these sands are actually suitable for the production of glass (Brems et al.
2012a). Most of them are too elevated in Al2O3 and Fe2O3, and do not contain enough SiO2. Only
one of the sands analysed (sand IT85 from the south-east of Italy) would, after fluxing it with
pure natron, produce a glass with a major and minor elemental composition very similar to
that of typical Roman natron glass. Two other sands can be melted into a glass resembling Roman
glass for all but one element. Glass made with sand IT34 would have a low P2O5 concentration
and glass melted with sand IT87 would be unusually low in Al2O3 (Brems et al. 2012a). The
necessary amount of CaO in sands IT85 and IT87 is derived from limestones and marls in the
local hinterland. The available CaO in sand IT34 is mostly contained in shell fragments that
are naturally included in the sand (Brems et al. 2012a). Therefore, we would expect the Sr
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isotopic signature of IT34 to resemble that of seawater, while those of IT85 and IT87 would have
to be a little lower. However, the results are somewhat different. Sands IT85 and IT34 have Sr
isotopic signatures slightly above the modern value for seawater; that is, 0.71079 and 0.71034,
respectively. The 87Sr/86Sr isotope ratio of sand IT87 is indeed lower than the seawater signature,
at 0.70867. This is in accordance with its low Al2O3 content, which indicates that the contribution
of radiogenic Sr from feldspar is very low. It therefore seems that (at least in the western
Mediterranean; see below) the Sr isotopic signature is only indicative of the origin of the lime for
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Figure 2 (a) A plot of 87Sr/86Sr versus CaO. (b) A plot of 87Sr/86Sr versus Al2O3. (c) A plot of 87Sr/86Sr versus Al2O3/CaO.
The horizontal lines represent the present-day seawater 87Sr/86Sr isotope ratio of 0.709165 (Stille and Shields 1997;
Banner 2004).
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sands (and glass) with low concentrations of Al2O3, or better low Al2O3/CaO ratios. As a limit
value for this Al2O3/CaO ratio, we can suggest 0.25 (e.g., for IT34 this value is 0.36, for IT85 0.29
and for IT87 0.14).

Twenty-four of the beach sands that were analysed for their Sr and Nd isotopic compositions
contain insufficient calcareous fragments in order to provide sufficient CaO to produce a stable
glass (see Brems et al. 2012a). These sands with CaO concentrations below 6% mostly have
rather radiogenic Sr isotopic signatures (Fig. 2 (a)). The shortage of CaO in the sand could be
compensated for by adding pieces of shell or limestone to the glass batch. By doing this, four of
these lime-deficient sands (SP46, SP20, FR16 and IT01) could be used to produce glass with a
composition very close to that of typical Roman natron glass (Brems et al. 2012a). Depending on
the Sr content and Sr isotopic signature of the material added, this could result in a shift in the
87Sr/86Sr isotope ratios of the final glass as compared to the Sr isotopic signature of the sand. In
order to determine the extent of this possible shift, we calculated the expected Sr concentrations
and Sr isotopic signatures of the hypothetical natron glasses. This was done by using binary
mixing equations (Faure and Mensing 2005). When two components with different Sr concen-
trations get mixed in varying proportions, the concentration of Sr in the resulting mixture is as
follows:

Sr Sr SrM A A B A= + −f f( ),1

where SrM, SrA and SrB represent the Sr concentrations in the mixture, components A and B,
respectively, and fA and (1 - fA) express the fractions of component A and B, respectively. If these
two components also have different isotopic signatures, the 87Sr/86Sr isotope ratio of the final
mixture can be calculated using the following equation (Faure and Mensing 2005):
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For each lime-deficient sand, three calculations were performed, each one simulating glass
production using a different source of additional lime. In the first calculation, the additional lime
needed was assumed to come from shell material with a high Sr content of 4000 ppm and a
87Sr/86Sr isotope ratio equal to that of modern seawater: 0.709165 (Stille and Shields 1997;
Banner 2004). For the second calculation, we used the Sr concentration and 87Sr/86Sr isotope ratio
that was actually measured for shells collected from a number of beaches along the coasts of
southern France and north-west Italy, as we would expect shells to have been collected by a local
Roman glass producer. The shells were crushed, homogenized and analysed for their Sr concen-
tration and 87Sr/86Sr isotope ratio in the same way as the beach sands. This resulted in a lower Sr
concentration of 1568 ppm. The 87Sr/86Sr isotope ratio remained practically the same, at 0.70915.
For the third calculation, we used theoretical limestone with a Sr content of 400 ppm and an
87Sr/86Sr ratio of 0.70750. The composition of the hypothetical glasses and the proportion of sand
to additional lime was calculated as described by Brems et al. (2012a): the Na2O and CaO levels
were fixed at 16.63 and 7.48%, respectively (the average Na2O and CaO content of Roman glass;
Foster and Jackson 2009). We further assumed that the contribution of natron to the Sr budget of
the glass is negligible.

The original Sr concentrations and 87Sr/86Sr isotope ratios of the lime-deficient sands and the
calculated Sr contents and 87Sr/86Sr isotope ratios of the glasses are shown in Figure 3. Most of
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the sands with low CaO concentrations initially have rather high and variable 87Sr/86Sr ratios
(0.70922–0.72901) and relatively low Sr contents (30–236 ppm). After the addition of shell or
limestone, the Sr isotopic signature of the resulting glass is shifted towards lower 87Sr/86Sr
ratios (Fig. 3 (a)). The extent of this shift is strongly dependent on the concentration of Sr in
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Figure 3 (a) The 87Sr/86Sr isotope ratio of sands with insufficient CaO to produce Roman natron glass and the glass that
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the source of additional lime. Shell with a high Sr content of 4000 ppm would have the largest
influence. Glasses made with this kind of lime source would have 87Sr/86Sr isotope ratios
between 0.70918 and 0.71158. For glasses made with the French and Italian seashells with a
Sr concentration of 1568 ppm, the 87Sr/86Sr isotope ratio is less modified (0.70919–0.71433).
The calculated 87Sr/86Sr isotope ratios of glasses produced with limestone are on average even
higher and show a broader range (0.70889–0.71999), even though we used a low 87Sr/86Sr
isotope ratio of 0.70750 for the limestone in the calculations. Only for one sample (IT63) is the
final 87Sr/86Sr isotope ratio lower than the modern value for seawater. This sand already had a
relatively low 87Sr/86Sr isotope ratio initially. It therefore seems that the Sr isotopic signature is
not necessarily indicative of the source of lime in a glass. Our binary mixing calculations
demonstrate that glass produced with Sr-rich seashell can still show a significant difference
between its 87Sr/86Sr isotope ratio and that of seawater of up to 0.00241. Furthermore, we see
that glass produced with these sands and limestone usually has higher 87Sr/86Sr ratios than
those made with shell fragments.

The concentration of Sr in the calculated glasses is shown in Figures 3 (b) and 3 (c). It seems
that the Sr concentration is more diagnostic for the source of lime. Glasses produced with shells
with Sr contents of 4000 ppm would contain between 294 and 608 ppm Sr. Glasses made with
limestone with 400 ppm Sr have Sr concentrations between 70 and 230 ppm. The range of Sr
concentrations in glasses made with shell material with intermediate Sr contents, however,
overlaps with both previous ranges. The use of the Sr content of glass as a provenance indicator
of the lime source used thus seems to be limited by the wide possible range of Sr content in
(partially recrystallized) aragonite and high-Mg calcite, from which the shells on modern beaches
are made up.

AN EAST–WEST DISCREPANCY?

Freestone et al. (2003, and unpublished data) previously determined the Sr isotopic composition
of raw glass from primary glass production sites in Egypt and Syro-Palestine, which were active
between the fourth and eighth centuries ad. The Sr isotopic signature of the Levantine raw glass
was found to be very close or slightly below the modern marine signature. Furthermore, they have
high Sr contents between 300 and 500 ppm, suggesting the use of shell as source of lime. The
Egyptian samples, however, had lower 87Sr/86Sr ratios and Sr contents between 100 and 200 ppm.
These two observations support the idea of a limestone source of lime (Freestone et al. 2003).
The same combination of seawater Sr isotopic signatures and high Sr concentrations, and low
87Sr/86Sr isotope ratios and low Sr contents, has been observed in numerous analyses of Roman
natron glass (e.g., Wedepohl and Baumann 2000; Freestone et al. 2003; Degryse et al. 2006;
Degryse and Schneider 2008). So why does this approach not seem to work for our calculated
glasses? The problem seems to be that the Sr isotopic signature of the lime source is overshad-
owed by the influence of the Sr from the silicate fraction in the sands. In the western Mediter-
ranean, Sr derived from the silicates is usually very radiogenic. However, lithogenic (i.e.,
non-carbonate) Nile sediments, which dominate the eastern Mediterranean, have lower 87Sr/86Sr
ratios that are very close to, or lower than, the present-day value for seawater, with a pure Nile
end-member of 0.707043 and sediments along the Nile Delta and the Levantine coast varying
between 0.7075 and 0.7095 (Krom et al. 1999a,b; Weldeab et al. 2002). In the eastern Mediter-
ranean, the influence of Sr from feldspar would thus be much smaller, and the final Sr isotopic
signature of the glass would be left unaltered or only slightly lowered. Therefore we conclude that
Sr isotopic signatures are indeed indicative of the source of lime for natron glass produced in the
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eastern Mediterranean, whereas for glass made in the west this is not (always) the case. The Sr
concentrations provide the same information in both regions.

CONCLUSIONS

With this study, we wanted to evaluate the use of Sr isotopic signatures for the provenance
determination of Roman natron glass. Seventy-seven beach sands from Spain, France and Italy
were analysed for their Sr isotopic compositions and, by using binary mixing equations, we
were able to calculate the Sr isotopic signature of glass produced from these sands. The results
of these calculations show that the addition of shell or limestone to the glass batch is often not
enough to obscure the radiogenic Sr isotopic signature of the sand raw materials. Therefore,
the 87Sr/86Sr isotope ratio of glass is not always indicative of the main source of lime. In this
aspect, there seems to be a marked difference between the eastern and western Mediterranean.
In the west, the silicate fraction of the sand often contains important amounts of radiogenic Sr,
resulting in a shift in 87Sr/86Sr ratios to higher values. Since the Sr isotopic signatures of the
Nile-dominated siliciclastic sediments in the eastern Mediterranean lie around or slightly below
the modern-day seawater signature, the induced shift in the Sr isotopic signature of the glass
is less explicit. For glasses produced in the eastern Mediterranean, the Sr isotopic signature is
indeed a good provenance indicator for the source of lime. In the western part of the Medi-
terranean, this is only so for glasses with low Al2O3 concentrations and an Al2O3/CaO ratio
lower than 0.25. The Sr content of the glass is a better and more robust indication of the lime
source.
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