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ABSTRACT

Different approaches are used to study wood provenance, but most of them are based on tracers in wood
that are generally controlled by climatic factors. The strontium isotopic ratio 8’Sr/°Sr in trees and soils is
related to the signature of the local bedrock. Despite being used in diverse archaeological studies, Sr
isotopes have rarely been used to trace the provenance of archaeological wood and especially wood from
shipwrecks. In addition, recent analytical advances have allowed the detection of mass-dependent
fractionation of Sr isotopes during biogeochemical processes, as reflected in the variation of 3%8/36sr
values between different environmental materials. The 3%¢/26r values could be used in conjunction with
the 87Sr/%5sr isotope ratio to improve constraints on the sources of Sr in the archaeological materials
being studied. This paper discusses the potential and limitations of using both of these Sr isotope ratios
to trace the provenance of wood from shipwrecks. We review the 87Sr/86Sr and 3%8/86sy variations in
rocks, waters, soils, plants and other living organisms and discuss how to determine the local Sr isotopic
signature of potential sites. We also compile a list of known wood post mortem modifications in seawater.
Possible implications in terms of the modification of the original Sr isotope ratios of wood during storage
in seawater are illustrated through preliminary observations. This paper points out some limitations and
perspectives for using Sr isotopes in provenancing wood from shipwrecks, and suggests future research
to test and apply this approach for tracing the origin of archaeological wood.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of wood provenance (dendroprovenancing) can be
applied for many purposes, including identifying the source of the
construction wood used for building monuments, ancient houses
and ships, understanding wood trading links in the past, and
tracking illegal timber logging. Any physiological or chemical tracer
of wood provenance must be highly specific of the geographic area
of origin. Dendrochronology, wood anatomy, genetics and biogeo-
chemical analyses are among the different tools that can be used to
determine the provenance of wood. The wood in question needs to
be compared with data on wood (or other biogeochemical com-
partments) from the potential sites of origin. Therefore, we need a
comprehensive and large dataset on the tracer, at spatial scales
varying from the region to the catchment or even the stand.
However, in the case of archaeological wood, and regardless of the
selected technique, some methods should be used with caution and
adapted if processes such as diagenesis have modified the wood
structure and/or composition during burial in soils or sediments.

Dendrochronology is the dating and study of annual rings in
trees, representing the most common method developed so far for
wood provenance studies. Trees respond to the climate by adapting
their growth rate. As a result, trees growing in a given geographical
location and experiencing similar environmental conditions (e.g.
annual rainfall, air relative humidity, soil moisture, ground water
availability) will display similar tree-ring patterns and typical
pointer years. Dendrochronology has been used successfully to
determine the origin of diverse wood materials e.g. wood from
shipwrecks (Bonde and Christensen, 1993; Daly, 2007; Daly and
Nymoen, 2008; Dominguez-Delmds et al., 2013), wine barrels
(Eckstein et al., 1975), furniture and altarpieces (Haneca et al., 2005)
as well as wooden foundation piles of historical buildings (Sass-
Klaassen et al., 2008). The use of dendrochronology can be
complicated in some cases when only short chronologies are
available (Billamboz, 2003). Short tree-ring series (less than 60
years) yield lower correlation coefficients when cross-dated and
lead to a higher probability of dating errors compared to longer
chronologies, hence long tree-ring series are required to ensure a
satisfactory interpretation. Another limitation can arise from the
presence of various growth anomalies in the studied timber
(Haneca et al., 2009). While extensive tree-ring databases are
established in some regions (e.g. northern and central Europe),
more data are needed in other regions to cover wider geographical
areas and acquire longer chronologies (Dominguez-Delmas et al.,
2015).

Alternatively, wood anatomy can serve to identify plant taxa to
the genus level and sometimes to the species level. If the genus or
species can be determined, and have small area of distribution
linked to environmental conditions such as climate, this method
might be suitable for wood provenance studies. In particular,
Esteban et al. (2012) showed that the variation of anatomical fea-
tures linked to provenance and microclimate conditions is greater

than the variation within populations of Pinus nigra from 17
different regions in Spain. This observation shows the potential of
using wood anatomy for provenance studies by matching the
anatomical features of the examined wood with material from the
site of origin. However, more studies are needed to validate this
approach in other areas and with other species.

Genetics provides another tool for identifying the provenance of
wood. For example, during the Quaternary glacial episodes, Euro-
pean forests were restricted to the Iberian, Italian, and Balkan
peninsulas (Petit et al., 2003). Afterwards, the chloroplast DNA
(cpDNA) lineages of European oaks became widely distributed due
to post-glacial colonization outward from the different European
refugia. This resulted in a clear geographical structure of cpDNA
haplotypes (Deguilloux et al., 2004, 2003, Petit et al., 2002a, 2002b,
2002c). By characterizing the cpDNA haplotypes of oaks in Ireland,
Kelleher et al. (2004) concluded that they matched the cpDNA of
Iberian refugia out of which oaks migrated following the last
glaciation. This method has a limitation when haplotypes are
distributed over large areas. Moreover, when the wood comes from
plantation trees, the DNA fingerprints do not match the natural
distribution of DNA (Kagawa and Leavitt, 2010).

The compositions of cellulose, hemicellulose and lignin (Sandak
et al., 2011), as well as other wood constituents such as so-called
“wood extractives” (Miranda and Pereira, 2002) or monoterpenes
(Smith et al., 1969) can be significantly different in relation to their
specific geographical distribution. These variations in wood
composition between geographical areas are linked to different
environmental and climatic factors (Sandak et al., 2015). Clarke
et al. (1997) found significant differences between cellulose and
pentosan components in different species of Eucalyptus from
different provenances. Rodrigues et al. (1998) showed variations in
lignin content, which make it possible to trace the provenance of
Eucalyptus globulus. These provenance studies using organic tracers
are encouraging insofar as they reveal distinct organic composi-
tions of certain species according to specific areas. However, further
studies are needed to establish suitable species and organic
component that could be used.

The isotopes of a given element show a shift in their relative
abundances during biogeochemical cycling due to biological and
physico-chemical processes — this phenomenon is known as
“isotope fractionation”. In particular, climatic conditions influence
the isotopic ratios of hydrogen (H), carbon (C) and oxygen (O), i.e.
the main elements present in wood. While the signature of C iso-
topes in plants is linked to soil moisture and depends on relative
humidity, temperature and precipitation (Francey and Farquhar,
1982; Saurer et al., 1995; Stuiver and Braziunas, 1987), the H and
0 isotope ratios are influenced by spatial variations of precipitation
and humidity (Barbour, 2007; Bowen et al., 2005; Farquhar et al.,
1997; McCarroll and Loader, 2004). As a result, the wood from
growth-rings can record a specific isotopic fingerprint linked to the
climatic factors at the original site of the tree (Leavitt, 1993).
Kagawa et al. (2007) found a significant correlation between
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latitude and the O or H isotope ratios in tree-rings. In a study on
pinyon pines from the southwestern United States, Kagawa and
Leavitt (2010) found that C isotope compositions were more
closely linked to the site of origin than tree-ring width. This shows
the potential for using these isotopes in dendroprovenance studies.
Nevertheless, the isotopic composition of tree-rings can be influ-
enced by fractionation effects involving biological or physico-
chemical processes, but unrelated to climate or geographical
factors, which could complicate the use of these tracers.

The methods mentioned above are based on physiological or
biochemical tracers influenced more or less directly by climatic
factors that are specific of a geographic region (longitude, latitude
and elevation). As discussed previously, all of these methods show
advantages as well as drawbacks in dendroprovenance studies. An
alternative and complementary method is to use tracers which
show less dependence on climate, such as inorganic constituents
present in wood. The mineral composition of rocks and soils is
mostly controlled by geology. Therefore, the abundance and iso-
topic signatures of elements released by the weathering of rocks,
which then become available in the soil and which are taken up by
trees, can also display significant local variations. Among these
inorganic potential tracers, the relative abundance of the radio-
genic strontium isotope (87Sr) is very specific of rock type (Faure,
1986) and thus provides a powerful tracer of source materials.
This explains why Sr isotopes were first applied around 30 years
ago in environmental studies (Gosz et al.,, 1983; Graustein and
Armstrong, 1983; Graustein, 1989), to investigate Earth surface
processes such as weathering and erosion, as well as solute and
sediment transport. In archaeology, Sr isotopes have been used to
study human and animal diets and migrations (Ericson, 1985; Koch
etal, 1995, 1992; Sealy et al., 1991). More recently, the detection of
Sr isotope fractionation during biogeochemical and biominerali-
zation processes (Fietzke and Eisenhauer, 2006; Ohno and Hirata,
2007) has opened new avenues for improving our understanding
of the Sr cycle in the environment, while also providing a tool that
could become useful for provenance studies.

In this review, we focus on Sr isotopes to show their potential as
a tool for determining timber provenance and particularly when
applied to wood from shipwrecks. We first establish the chemical
properties of Sr and its range of isotopic variation amongst rocks
and waters at the global scale. We then review existing data on Sr
isotopic variations in soil and plant compartments compared to the
underlying rocks, and discuss the potential of this tool to trace
specific geographic source areas as well as the limits of this
approach. We briefly summarize the results from studies using Sr
isotope ratios to determine the origin of different biological mate-
rials. Only very few studies have used Sr isotopes to trace wood
provenance, and especially archaeological wood from shipwrecks;
hence, in the second part of this paper, we examine how the dif-
ferences between wood from living trees and marine archaeolog-
ical wood could hinder the use of Sr isotopes for determining the
dendroprovenance of shipwrecks. In particular, we discuss the re-
sults of a new experiment of waterlogged wood contamination by
seawater. Finally, we suggest potential lines of future research on
marine archaeological wood from shipwrecks coupling 87Sr/%6sr
and 5%8/865r analyses.

2. The strontium cycle and its range of isotopic variation at
the global scale

2.1. Chemical and isotopic properties of Sr
Strontium (Sr) is an ubiquitous alkaline-earth element and one

of the most abundant trace elements in rocks and sediments. It is
exclusively present in the oxidation state -+ II at the Earth's surface

(e.g. dissolved Sr?* in aqueous solutions). Strontium has four
naturally occurring stable isotopes, with approximate abundances
of 0.56% (®4sr), 9.87% (8%sr), 7.04% (37Sr) and 82.53% (83Sr). These
four isotopes are stable (ie. non-radioactive) and only ®/sr is
“radiogenic”, meaning that it is produced by the radioactive decay
of rubidium-87 (37Rb), with a half-life of 4.9 10'° yrs. Therefore, if
Rb is present in a given system, 3’Sr is added over the course of
geological time to the “initial” amount of 8/Sr. Given that isotope
ratios can be measured more precisely than absolute abundances,
the isotope ratio 37Sr/20sr (8%Sr usually being the stable isotope
systematically used for reference) is systematically used as an index
of this 8’Sr-enrichment. Owing to the relatively small abundances
of 87Rb and #7Sr and the long half-life of 87Rb, the total Rb and Sr
inventories are considered to be only marginally affected by the
radioactive decay of 8’Rb.

In addition to Rb radioactive decay, the relative abundance of Sr
isotopes is affected by mass-dependent fractionation during bio-
logical and physico-chemical processes, similarly to O, C, H, or N.
The term “mass-dependent” means that the magnitude of isotope
fractionation is inversely related to the relative mass difference
between the isotopes under consideration. This has two implica-
tions: (a) heavier elements (e.g. Sr) show less fractionation than the
lighter elements (e.g. O); (b) for a given element, the fractionation
will be highest for the two isotopes with the largest mass differ-
ence; in the case of Sr, the 38sr/3%Sr ratio will fractionate twice as
much as the 87Sr/30sr ratio (because 88—86 = 2 against 87—86 = 1;
note that the largest mass-dependent fractionation would be
observed for the 88sr/34sr ratio, but given the low abundance of
845y, this ratio is never reported in practice except in studies on Sr
isotopic anomalies in planetary materials; Moynier et al. (2012)).
Actually, despite the fact that mass-dependent fractionation does
affect the 87Sr/®0Sr value during physico-chemical processes, in
practice this effect is “normalized away” during measurement with
mass spectrometers and subsequent data reduction. Therefore, the
only cause for variation of measured 87Sr/%6Sr ratios between
different materials is ultimately due to the addition of 8”Sr through
time due to the radioactive decay of 8’Rb, as explained above.

Although the measurement of differences in the 37Sr/%5Sr value
between natural materials has been possible for decades, only
recent advances in mass spectrometry have allowed the detection
of Sr mass-dependent fractionation (Fietzke and Eisenhauer, 2006;
Halicz et al., 2008; Ma et al., 2013; Ohno et al., 2008; Ohno and
Hirata, 2007; Shalev et al,, 2013). The mass-dependent fraction-
ation of Sr is quantified using the deviation of the 885r/86Sr value in
the sample with respect to the value obtained from an international
standard, and is expressed as:

588865y (%0) = [(885r/865r) sample / (885r/865r) srmos7 — 1] x 1000(1)

where SRM987 is the international isotopic standard for Sr (Sr
carbonate provided by the National Institute for Standard and
Technology (NIST), with an accepted 87Sr/%%Sr value of 0.71024).
The 5%8/855r is expressed in %o units to magnify the low range of
variation in the 88Sr/8Sr ratio. Its actual ®Sr/®6Sr value (like that of
any sample) is unimportant, because only relative shifts in 88sr/%6sr
ratios can be quantified.

2.2. Strontium isotopes in minerals and rocks

The ionic radius of Sr (0.113 nm) is close to that of calcium (Ca)
(0.099 nm), which explains its substitution in many Ca-bearing
minerals (calcite, apatite and plagioclase). Conversely, Rb (ionic
radius of 0.152 nm) is an alkali element that easily substitutes for
potassium (K) (ionic radius of 0.138 nm) in K-bearing minerals such
as biotite, muscovite, phlogopite and K-feldspar. Therefore, the
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875r/88sr ratio of K-bearing minerals is higher (more radiogenic)
than that of Ca-bearing minerals having low K and Rb contents.
Table 1 presents a compilation of Sr and Rb contents and 37Sr/%6sr
values of minerals separated from granitic bedrocks at four
different sites.

Since Sr is found in many different minerals, it is present in
almost all rock types. The 87Sr/26Sr ratio in bulk rocks is highly
variable according to the rock type, mineralogy and age (Capo et al.,
1998; Faure, 1986; Faure and Mensing, 2005). Considering rocks
with a similar age, the 87Sr/®Sr value of a rock rich in K-bearing
minerals is more radiogenic compared with a rock rich in minerals
with low K and Rb contents, such as Ca-bearing minerals. For
minerals with a similar initial Rb/Sr content, the older rocks will
have a higher Sr isotopic ratio than the younger rocks. To our
knowledge, at present, no systematic study of 3*%/86Sr in different
minerals has been carried out on igneous rocks to assess the po-
tential mass-dependent fractionation of Sr isotopes.

Table 2 summarizes the range of bulk 87Sr/%6sr and 5%8/86sr
values in various rocks according to their type and age. Granitic
rocks are the most enriched in Rb and have variable Sr contents.
Through 87Rb decay, 37Sr contents are strongly increased in old
granitic rocks over the time since their formation. Therefore, old
granites have a very high 87Sr/%5Sr value (for example: Precambrian
granite from the Zuni—Bandera volcanic field near Grants, New
Mexico yields values between 0.8043 and 0.8644; van der Hoven
and Quade, 2002). In general, basaltic rocks have low Rb and high
Sr contents, which therefore leads to lower 87Sr/25Sr values. Almost
no decay of 8’Rb has occurred in young basaltic rocks since their

Table 1

formation, which explains their very low 87Sr/%6Sr value (for
example, basalts from the Zuni—Bandera volcanic field near Grants,
New Mexico: Sr isotopic ratios measured on basaltic rocks show an
average of 0.7053; van der Hoven and Quade, 2002) as these rocks
basically inherit their 87Sr/6Sr signature from their source, the
Earth mantle.

Although the range of 388/86gr for different terrestrial rocks is
small (andesite, basalt, gneiss, granite, granodiorite and quartz
latite yield values between 0.20%o and 0.35%o; Charlier et al., 2012;
Moynier et al., 2010; Ohno and Hirata, 2007), a relative enrichment
of the lighter isotopes has been observed for some rocks (e.g. 558/
86Sr of ~ —0.20%0 for rhyolite glass; Charlier et al., 2012; and for
potash granite; Ma et al., 2013; Ohno et al., 2008) suggesting that
mass-dependent fractionation can be associated with the forma-
tion of Ca-bearing minerals during magma crystallization (Fig. 1;
Table 2).

The 87Sr/®5Sr ratio of sedimentary rocks is variable (Table 2), but
usually ranges between the values obtained for granites and vol-
canic rocks. Sandstones, usually derived from magmatic rocks rich
in Sr-free quartz, have 87Sr/26Sr ratios reflecting the occurrence of
K-rich minerals (K-feldspars such as orthoclase, or mica) or Ca-rich
minerals (plagioclase). Shales commonly display relatively high
bulk 87sr/88Sr values, as they are rich in fine, radiogenic minerals
such as micas. Limestones that precipitate under marine conditions
should accurately record the 37Sr/%5Sr of the ocean at the time of
their formation, since any Sr isotopic mass-dependent fractionation
during precipitation is cancelled out through data reduction.
Therefore, pure limestones yield 7Sr/2Sr ratios close to the values

Srand Rb contents (ug/g) and 87Sr/%5Sr ratio of minerals in different granitic bedrocks from four sites: New Hampshire-USA (A) California-USA (B and C), Strengbach-France (D
and E) and Goscheneralp region- Switzerland (F). Data compiled from A: Bailey et al. (1996); B: Bullen et al. (1997); C: Kistler et al. (1986); D: Probst et al. (2000); E: Aubert et al.

(2001); F: de Souza et al. (2010).

A B C D E F Range
Apatite
Sr - - 373-525 500 790.2 - 373-790.2
Rb - - 0.7-23.0 - - — 0.7-23.0
875r/36sr — - 0.7059—0.7065 0.7090 0.7161 — 0.7059-0.7161
Biotite
Sr 9.9 44-77 10.3—20.7 7.00 43 17-25 4.3-77
Rb 1719.3 20-380 508—1018 - - — 20-1719.3
875r/86sr 2.5855 0.7128-0.7168 0.8611—-0.8811 5.4000 5.8648 0.7296—0.8309 0.7128-5.8648
Chlorite
Sr 324 - - - - - 324
Rb 27.2 - — - - — 27.2
875r/%5sr 0.7373 - - - - - 0.7373
Garnet
Sr 1.6 - — - - — 1.6
Rb 7.7 - - - - - 7.7
875r/86sr 0.7767 - - - - - 0.7767
Hornblende
Sr - 71-132 37-45.3 - - — 37-132
Rb - 7.2-31 3.5-10.7 - - - 3.5-31
875r/36sr - 0.7067—-0.7071 0.7061-0.7075 - - - 0.7061-0.7075
Feldspar
Sr - 352-509 636—1040 102.7 77.0 44-168 44-1040
Rb — 150—380 212.5-360 - — — 150—380
875r/36sr — 0.7080—0.7093 0.7066—0.7076 0.7827 0.7975 0.7113—0.7550 0.7066—0.7975
Muscovite
Sr 79.4 - - 44 3.1 - 3.1-79.4
Rb 300.3 - — - - — 300.3
875r/35sr 0.7731 - — 7.4964 5.3686 — 0.7731-7.4964
Plagioclase
Sr - 616—809 508—1062 45.6 73.7 286—397 45.6—1062
Rb - 34-123 1.6-37 - - — 1.6-123
875r/86sr - 0.7065—0.7073 0.7057—0.7065 0.7420 0.7743 0.7101-0.7402 0.7057—0.7743
Sphene
Sr — - 34.8-48.0 - - — 34.8-48.0
Rb - - 1.9-36 - - - 1.9-3.6

8758651 _ — 0.7062—0.7066

0.7062-0.7066
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Table 2
Range of Sr, Ca, Rb and K contents, 37Sr/6Sr and 3%8/%6sr (%) values measured in different rock types. Mean 38/26Sr (%o) and number of samples is given in brackets.
Rock types Sr Ca Rb K 875r/%5Sr range References 3%8/865r (%0) range  References
(ug/e) (mg/g) (ug/g) (mg/g) for ®7Sr/%sr (Mean, n) for 53565y
Volcanic
Basalt 390 to 620 76 30 8 0.7028 to 0.7063 a,d,egjk, 0.08 to 0.42 1,2,3,4,5,8,
0,p,q,s,t,u (0.27,n = 93) 9,10,11,13
Andesite — - - — - — 0.18 to 0.32 1,4,9,10,11
(0.26,n = 19)
Rhyolite - - - - — - —0.19 to 0.18 4
(0.03,n = 5)
Other ultrabasic volcanic - - - - 0.7038 to 0.7071 h - -
and metamorphic rocks
Various Lavas and Tephra - - - - 0.7036 to 0.7038 2 —0.02 to 0.27 2
(0.17,n=9)
Plutonic
Plutonic and metamorphic ~ — - - - 0.7038 to 0.7057 1 0.10 to 0.28 1
basic rocks (Gabbro) (0.20,n = 4)
Plutonic and metamorphic 42 to 440 5to 25 110 to 170 25to 42 0.7107 to 0.8644  b,e,g,h,l,p,s —0.20 to 0.37 1,4,5,9,10,18
acid rocks (Diorite, Gneiss, (0.26, n = 64)
Granite and Granodiorite)
Sedimentary
Limestone 101 to 2000 302 to 312 3to 10 27t029 0.7062 to 0.7156 e,f,h,,m,n,p,r,16 —0.42 to 0.38 6,7,11,12,14,
(0.18, n = 280) 15,16,17,18,19
Sandstone 20 39 60 11 0.7074 to 0.7536 d,m,n,r - -
Shales - - - - 0.7279 to 0.7547 r - -

Values of elements content and 87Sr/26Sr ratios compiled from (a) Altherr et al., 1990; (b) Bonhomme, 1967; (c) Brenot et al., 2008; (d) English et al., 2001; (e) Faure, 1986; (f)
Goede et al., 1998; (g) Grupe et al., 2011; (h) Hodell et al., 2004; (i) Koepnick et al., 1985; (j) Kudo et al., 1972; (k) Laughlin et al., 1971; (1) Probst et al., 2000; (m) Rich et al.,
2012; (n) Rich et al., 2015; (o) Shaw et al., 2003; (p) Song et al., 2015; (q) Stein and Hofmann, 1992; (r) Stueber et al., 1987; (s) van der Hoven and Quade, 2002; (t) Weinstein,
2000; (u) Weinstein et al., 2006; (1) Andrews et al., 2016; (2) Bullen and Chadwick, 2016; (16) Shalev et al., 2017.

Values of 3%3/55r (%) compiled from (1) Andrews et al.,, 2016; (2) Bullen and Chadwick, 2016; (3) Chao et al,, 2015; (4) Charlier et al., 2012; (5) de Souza et al., 2010; (6) Halicz
et al.,, 2008; (7) Krabbenhoft et al., 2010; (8) Kramchaninov et al., 2012; (9) Ma et al., 2013; (10) Moynier et al., 2010; (11) Ohno and Hirata, 2007; (12) Ohno et al., 2008; (13)
Pearce et al.,, 2015a; (14) Raddatz et al., 2013; (15) Riiggeberg et al., 2008; (16) Shalev et al., 2017 (17) Stevenson et al., 2014; (18) Stevenson et al., 2016; (19) Vollstaedt et al.,
2014.
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Fig. 1. Measured 5%%/%6Sr (%o) of samples from different Earth compartments and the corresponding mean values. Seawater values include measurements from IAPSO standard and
collected seawater samples. ‘Other waters’ values include glacial ice, porewater, cave waters, dissolved load subglacial flow and mud volcano fluid water. Data compiled from
Andrews et al. (2016); Bullen and Chadwick, 2016; Chao et al., 2015; Charlier et al., 2012; de Souza et al., 2010; Fietzke and Eisenhauer, 2006; Halicz et al., 2008; Knudson et al., 2010;
Krabbenhoft et al., 2010, 2009; Kramchaninov et al., 2012; Lewis et al., 2017; Liu et al., 2017; Ma et al., 2013; Moynier et al., 2010; Ohno et al., 2008; Ohno and Hirata, 2007; Pearce
et al,, 2015a, 2015b; Raddatz et al., 2013; Riiggeberg et al., 2008; Shalev et al.,, 2017; Stevenson et al.,, 2016, 2014; Voigt et al., 2015; Vollstaedt et al., 2014; Wei et al., 2013.

for modern or ancient seawater (Veizer, 1989; see section 2.4).
Precipitation of carbonate and sulphate involves mass-dependent
fractionation, with the lightest isotopes being preferentially
transferred from solution to solids (Bohm et al., 2012; Fietzke and
Eisenhauer, 2006; Raddatz et al., 2013; Riiggeberg et al., 2008;
Shalev et al., 2017; Stevenson et al., 2014; Widanagamage et al.,

2015, 2014), making authigenic sedimentary rocks isotopically
lighter than seawater (e.g. 5%%/%6Sr between 0.04 and 0.39%. for
Phanerozoic fossil carbonate samples, with a mean of 0.16%o
(Vollstaedt et al., 2014) as against 0.39%o for seawater, see section
2.4) (Fig. 1). The lowest values (ie. 0.04%0 and 0.07%c) were
measured in fossils from the Permian and middle Triassic,
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respectively, while the highest values (i.e. 0.36%0 and 0.39%o) were
obtained in fossils from the Permian/Triassic transition. Raddatz
et al. (2013) reported values ranging from 0.14%o to 0.23%o0 for
coral samples from different locations along the European conti-
nental margin, while Riiggeberg et al. (2008) reported values
ranging from 0.04%o to 0.20%o. Carbonates from the Neoproterozoic
yield 5%%/86Sr ranging mainly from 0.20%o to 0.38%o, with a few
dolomites recording very low values down to —0.42%o (Ohno et al.,
2008). The authors attributed the anomalously low values to a
combination of high influx from ancient continental crust with
light 8%/86Sr (such as differentiated granitic rocks) and an
enhanced isotopic fractionation related to high atmospheric CO; or
higher precipitation rate. Terrestrial carbonates (i.e. speleothems,
tufa and pedogenic carbonates) also showed 3%3/86Sr values ranging
from —0.20%o to 0.12%o (Halicz et al., 2008; Shalev et al., 2017).

2.3. Strontium isotopes in rivers

2.3.1. Controls on river dissolved 8Sr/%5Sr and 6%8/865r values

During water-rock interactions at the Earth's surface, Sr is
released from minerals and enters into solution as Sr°*. As Sr is a
fairly soluble element, it is only poorly re-incorporated into sec-
ondary weathering products (such as oxides or clays), except in
young soils developed on volcanic substrates (Stewart et al., 1998).
Since the 87Sr/%0sr ratio is not affected by mass-dependent frac-
tionation, Sr** dissolved in rivers (as well as Sr potentially incor-
porated into neoformed materials in soils and later transported as
river suspended sediment) should inherit the isotope signature of
the minerals undergoing dissolution. This is best visible examining
the isotope composition of small streams draining monolithological
catchments. For example, the 87sr/86Sr ratios of waters draining
three different types of granites in the Vosges Mountains (Angéli,
2006) range between 0.712 and 0.728. According to the author,
this variation is related to the mass fraction of orthoclase and albite
in the three granites. Temporally, the 87Sr/86Sr of small streams can
vary. For example, the 87Sr/®6Sr measured regularly at different
seasons in river water of the Strengbach catchment located in the
Vosges Mountains varies between 0.72251 and 0.72530 related to
the discharge rate affecting the Sr composition in the river (Aubert
etal., 2002; Probst et al., 2000). At a larger scale, the river dissolved
875r/86sr will result from the mixing between waters draining
different rock types. For example, the dissolved 87Sr/86Sr values in
waters from the Moselle river and its tributaries vary between
0.70815 and 0.72495 (Brenot et al.,, 2008). This wide range of
variation is related to the large size of the Moselle River catchment
draining the Vosges Mountains composed of magmatic rocks, as
well as sedimentary terrains farther downstream. This spatial
heterogeneity can lead to temporal variations: such temporal
variation of 87Sr/®5Sr ratio could be observed as in the study of
Henchiri et al. (2016) on the Congo River, at Kinshasa (ratio varying
from 0.71822 to 0.71941 during the year 2010) shown to be related
to temporal variations in the lithological areas contributing to the
weathering flux of the basin. Finally, in very large systems, het-
erogeneity in 87Sr/®8Sr signatures have been observed within the
river cross section itself, due to poor mixing of water masses from
different tributaries (Bouchez et al., 2010).

Altogether, this results in large variations of 87Sr/®Sr signature
in continental waters. Holland (1984) shows that 87Sr/%8sr signa-
tures in river and lake waters vary between ca. 0.712 and 0.730 in
Precambrian shield areas, between 0.706 and 0.709 in catchment
areas dominated by limestone and between 0.704 and 0.706 in
terrains dominated by young volcanic rocks. The 87sr/%6Sr of
Ganges source waters analysed by Krishnaswami et al. (1992) fall in
the range between 0.7300 and 0.7986, with the relatively high

values being attributed to the weathering of 8/Sr-rich, old Pre-
cambrian granites and gneisses. Palmer and Edmond (1992)
measured Sr isotope ratios ranging from 0.7059 to 0.9217 in wa-
ters of the Ganges, Orinoco and Amazon, three of the world's largest
river basins. This large range of values is attributed to the fact that
these basins include a wide variety of geological bedrocks. In the
study cited above, the lowest value of 0.7059 corresponds to water
sample from the Napo River in the Amazon basin influenced by
weathering of the andesite and basalt rocks and the highest value of
0.9217 corresponds to water sample from the Parguaza River in the
Orinoco basin draining the granite of the Guyana shield.

All these results indicate that the variation of riverwater
875r/86sr values largely depends on the drained bedrock materials
but are also affected by temporal and cross-section lateral varia-
tions. It should be noted that this does not mean that the dissolved
875r/85sr ratio is equal to that of the bulk rock undergoing disso-
lution, as the different minerals of a given rock do not all weather at
the same rate (see section 3.1), and differ in their initial 87Sr/%5Sr
signatures (Blum and Erel, 1997). In addition, it has been suggested
that, in a given mineral, 8’Sr located in crystal defects formed
during 87Rb disintegration could be preferentially released during
incipient mineral dissolution, thereby inducing an “apparent”
fractionation during incipient rock weathering (Blum and Erel,
1997).

The 3%8/38sr value for river-dissolved Sr varies from 0.13%o to
0.66%o (Andrews et al., 2016; Krabbenhoft et al., 2010; Pearce et al.,
2015a; Wei et al., 2013) (Fig. 1). At the scale of a given river basin,
differences between §%%/8%Sr values of river water and bedrock
suggest that processes in the weathering zone fractionate Sr iso-
topes (see sections 3.1 and 3.2).

2.3.2. Global riverine input to the ocean

Apart from such large spatial variations, it is important for global
Sr budgets to constrain the average 87Sr/%5Sr of the dissolved load
exported by rivers. Many authors measured the riverine Sr fluxes to
the ocean and its global implications (e.g. Peucker-Ehrenbrink et al.
(2010) and Wadleigh et al. (1985)). More recently, Pearce et al.
(2015a) analysed water samples from small and large rivers in
North and South America, Asia, Africa and Europe and found
875r/86sr ratios between 0.70438 and 0.73723 yielding a global flux-
weighted mean value of 0.71299. These values are consistent with
previous results on the same rivers reported in other studies
(Allegre et al., 2010; Gaillardet et al., 1999; Tipper et al., 2010, 2006;
Vance et al., 2009).

The 3%8/%%sr flux-weighted average (0.32%o; Krabbenhoft et al.,
2010; Pearce et al., 2015a; 0.38%0; Wei et al., 2013) is close to the
range of terrestrial rocks (generally around 0.30%o). This suggests
that, at a large scale, processes which could fractionate Sr isotopes
(e.g. plant uptake, clay formation, adsorption/desorption processes)
do not significantly impact the Sr cycle. However, Shalev et al.
(2017) calculated a ‘source’ (i.e. rock-derived) 383/86Sr for global
rivers of 0.22%o based on the values of the 3%8/8Sr composition of
carbonates (0.16%o; Vollstaedt et al. (2014)), the 388/86g composi-
tion of silicates (0.30%o; Charlier et al. (2012); Moynier et al. (2010))
and the proportion of Sr in rivers derived from the weathering of
carbonates and silicates ~60% vs ~40% (percentage determined
based on the 37Sr/%5Sr of rivers; Pearce et al. (2015a)). This calcu-
lated 3%8/86Sr of 0.22%0 is considerably lower than the measured 388/
865r for rivers (0.32%o; Krabbenhoft et al., 2010; Pearce et al., 2015a;
0.38%o; Wei et al., 2013). The increase of 3%3/86Sr in rivers compared
with their respective drainage basin was attributed by the authors
to isotope fractionation by chemical weathering (preferential
release of heavy Sr into solution; Pearce et al., 2015a), secondary
mineralization during weathering (preferential precipitation of
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light Sr into secondary minerals; Raddatz et al., 2013; Riiggeberg
et al., 2008), calcium carbonate precipitation (Shalev et al., 2017),
or plant uptake (Andrews et al., 2016; Bullen and Chadwick, 2016;
de Souza et al., 2010).

2.4. Strontium isotopes in seawater

The two dominant sources of Sr in the oceanic geochemical
budget are the hydrothermal fluids and the continental discharge
through rivers and groundwater (Beck et al., 2013; Davis et al.,
2003; Palmer and Edmond, 1989). Therefore, the modern
seawater 37Sr/%5Sr value is intermediate between the average
875r/86sr of the continental crust (~0.716; Elderfield, 1986;
Goldstein and Jacobsen, 1988; or taken as equivalent to the dis-
solved load of major rivers ~0.713; Pearce et al., 2015a) and the
875r/86sr of oceanic basalts (~0.703; Albarede et al., 1981; Elderfield,
1986), which reflects supply from hydrothermal inputs and the
weathering of volcanic islands. Seawater Sr has a residence time of
~2.5 Myrs (Broecker and Peng, 1982), much longer than the oceanic
mixing time of ~1 kyrs (Broecker, 1963; Goldberg, 1963; Veizer,
1989). Because of the small Sr input flux in comparison to the
amount of Sr in seawater (4.3 x 10'° mol yr—! and 1.25 x 10" mol,
respectively; Richter and Turekian, 1993), changes in fluxes from
the different sources to the sea will take more than 10 kyrs to affect
the oceanic isotopic composition (McArthur, 1994). As a result, the
seawater Sr isotopic ratios are spatially invariant but shift through
geological time. The 87Sr/80Sr ratios measured in modern seawater
vary between 0.7091 and 0.7092 (Burke et al., 1982; Capo and
DePaolo, 1992; Goldstein and Jacobsen, 1987; Grupe et al., 2011;
Hess et al., 1986; Hodell et al., 1990; Veizer, 1989). Groundwater
discharge to the ocean has a 87Sr/80Sr ratio of 0.70890 (Beck et al.,
2013), close to 37Sr/®0Sr signature of the seawater 0.70918, and
therefore has a limited leverage on seawater 87Sr/86Sr variations.
During the Phanerozoic (542 Myrs to present), the Sr isotope
composition of carbonates indicates that seawater 87Sr/%8Sr ratio
fluctuated between 0.707 and 0.709 (Burke et al., 1982), while late
Proterozoic (850-550 Ma) carbonates indicate that seawater
8751/86Sr ranged from 0.70621 to 0.71860 (Derry et al., 1992). These
variations through time are the result of modifications in the
875r/35Sr signature of the input fluxes to the oceans due to multiple
geological and environmental factors. For example, the Sr dissolved
fluxes and isotope ratios can change due to the increased conti-
nental relief caused by tectonic uplift and implicating intensified
weathering (Li and Elderfield, 2013; Raymo et al., 1988; Richter
et al., 1992) and the locally enhanced mineral weathering rates
following glaciations (Armstrong, 1971; Blum and Erel, 1995; Hodell
et al., 1990). The 3%8/8%Sr of modern seawater is homogenous and is
well established at 383/86Sr = 0.39%o (Liebetrau et al., 2009; Pearce
etal,, 2015a) (Fig. 1). However, because the 5%3/86sr value is affected
by mass-dependent fractionation, the magnitude of the output
fluxes (such as carbonate precipitation), along with the associated
isotope fractionation, also influence the §%/36Sy of seawater
(Riiggeberg et al., 2008).

2.5. Srin atmospheric deposition

Strontium in wet atmospheric deposition is mostly derived from
seawater evaporation. Therefore, the atmospheric deposition has
low 87Sr/®6Sr ratios, very similar to the oceanic composition
(~0.709) especially when near the coasts. This ratio varies with
location (Fig. 2) according to the inputs of natural or anthropic dust
to wet deposition. The 87Sr/26Sr values of rainwater samples range
from a minimum of 0.70727 in the Azores (Pearce et al., 2015a),
reaching values of 0.70880—0.71040 in the Tesuque watersheds of

New Mexico (Graustein and Armstrong, 1983), 0.71122 and 0.71197
in China (Pearce et al., 2015a) and 0.70968 to 0.71326 in the Congo
Basin (Négrel, 1992; Négrel et al., 1993; Pearce et al., 2015a). In
France, rainwater samples from the Paris Basin yield a 87Sr/%6sr
ratio between 0.70796 and 0.71093 (Négrel et al., 2007; Pearce
et al, 2015b; Seimbille et al, 1989), with local values of
0.70944—0.70968 from two sites of the Lorraine plateau (Bedel
et al,, 2016), 0.70920—0.71314 in the Massif Central (Négrel and
Roy, 1998) and 0.70964—0.71290 in the Strengbach catchment
(Aubert et al., 2002; Probst et al., 2000). In Israel, the relatively low
875r/35Sr values between 0.70792 and 0.70923 found in wet at-
mospheric deposition are explained by the significant contribution
of dust minerals derived from post-Jurassic carbonate rocks (Herut
et al,, 1993). In Sweden, on the other hand, where the bedrock is
mainly composed of Precambrian granitoids and gneisses, the
875r/8%sr ratio of atmospheric deposition is higher than seawater,
varying between 0.709 and 0.719 (Aberg et al., 1989; Wickman,
1996), with an increase in dust contamination from west to east.
Gosz and Moore (1989) showed that the 87Sr/30sr values in pre-
cipitation at a given location vary with the season, which could
again be explained by temporary mixing of atmospheric dust with
wet deposition.

Atmospheric dust (dry deposition) has a 37Sr/%6Sr signature
similar to the soils or bedrock from which it is derived. Loess is
derived from glacial outwash plains or from desert environments,
and generally displays 87Sr/®6Sr values between 0.70964 and
0.71850 (continental loess from Banks Peninsula, New Zealand;
Nanking, China; Kaiserstuhl, near Freiberg, Rhine Valley, West
Germany; Kansas and Iowa, USA; Taylor et al., 1983). Pearce et al.
(2015a) reported comparable values ranging globally between
0.70752 and 0.71802. In the case of Argentinian loess, the values
range from 0.7059 to 0.7123 (Smith et al., 2003), while loess and
dust from Patagonia, Africa, Australia, New Zealand and Antarctica
ice-cores yield values between 0.70604 and 0.76336 (Basile et al.,
1997; Grousset et al., 1992). In the latter study, the highest values
were obtained from the Great Sandy Desert in Australia and the
Kalahari Desert in South Africa. Many other studies measured the Sr
radiogenic isotopes in ice-core dusts to successfully trace their
provenance (e.g. Basile et al. (2001); Biscaye et al. (1997); Delmonte
et al. (2004) and Svensson et al. (2000)) and reported values
included in the 87Sr/26Sr range of variation for atmospheric dust
illustrated on Fig. 3.

Chao et al. (2015) and Pearce et al. (2015a, 2015b) reported
values of 3%8/36sr in atmospheric deposition as being isotopically
lighter than seawater, showing variations according to the location
of the studied samples (588/36Sr from 0.05%0 to 0.38%. in rainwa-
ters) (Fig. 1). Given the low volatility of Sr, little or no fractionation
is expected through evaporation. Considering the large difference
between the lowest 338/86Sr values in atmospheric deposition (e.g.
588/865r — 0.05%o in the Congo) and seawater (0.39%q), Pearce et al.
(2015a) interpreted the lighter 3%%/85Sr values as being due to
contamination from anthropogenic sources and/or the dissolution
of dust in the atmosphere (such as loess with a 3%3/86Sr of 0.18%.—
0.29%o; Fig. 1; Pearce et al., 2015a).

2.6. Variation of strontium isotopes at the global scale

Fig. 3 shows the variation of Sr isotope signatures in the
different water compartments at the global scale. The average
875r/86sr ratio of the dissolved riverine input to seawater is esti-
mated as ~0.713 (Pearce et al., 2015a), which is significantly less
radiogenic than the average 87Sr/%%sr value of the igneous conti-
nental crust (~0.716 according to Goldstein and Jacobsen, 1988)
because of the influence of limestone weathering (Elderfield, 1986).
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Fig. 2. The 87Sr/®%Sr ratio of rainwater samples from different countries and range of variation of the values. Data compiled from (a) Aberg et al., 1989; (b) Aubert et al., 2002; (c)
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Fig. 3. Range of variation of 87Sr/®6Sr ratios (values in italic) and 5%%/8°Sr (%) values in rocks, atmospheric dust and different water compartments at global scale.

The input of dissolved load from rivers (875r/26Sr ~0.713) and the
hydrothermal flux reflecting the oceanic crust signature (~0.703)
are the main contributors to the Sr isotope composition of modern
seawater (0.70918). The isotopic composition of atmospheric
deposition (~0.707—0.719) is a mixture between the seawater
signature (0.70918) and atmospheric dust (~0.706—0.765).

The average $88/86Sr of ~0.32%o for riverine input (Krabbenhoft
et al.,, 2010; Pearce et al., 2015a) is slightly heavier than the value

of ~0.30%0 for average continental crust (Charlier et al., 2012;
Moynier et al., 2010) due to isotope fractionation by chemical
weathering (preferential release of heavy Sr into solution; Pearce
et al., 2015a), secondary mineralization during weathering (pref-
erential precipitation of light Sr as secondary minerals; Raddatz
et al., 2013; Riiggeberg et al., 2008), calcium carbonate precipita-
tion (Shalev et al., 2017), or plant uptake (Andrews et al., 2016;
Bullen and Chadwick, 2016; de Souza et al., 2010). The 388/86sy of
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hydrothermal fluids, varying from 0.25%o to 0.42%o, is heavier than
oceanic crust (average ~0.25%o) due to preferential release of heavy
Sr from the oceanic crust to hydrothermal fluids (Krabbenhoft et al.,
2010; Pearce et al., 2015a). The 883/86Sr of seawater, with an average
of ~0.39%o, is heavier than the two major inputs of Sr to the ocean
(i.e. riverine or hydrothermal) due to preferential precipitation of
light Sr during marine carbonate formation leaving the seawater
enriched in the heavier Sr isotopes. The 3%%/85Sr of atmospheric
deposition varies between 0.05%o and 0.38%o, while the 3%8/%5sr of
atmospheric dust varies between 0.18%o and 0.29%o (Pearce et al.,
2015a).

Considering the different inputs to the ocean, the Sr supply is
controlled mainly by riverine discharge and to a lesser extent by
groundwater and hydrothermal fluids (accounting for ~60%, ~29%
and ~4%, respectively; Krabbenhoft et al., 2010), with 61% and 39%
of riverine inputs derived from carbonate weathering and silicate
weathering, respectively (Pearce et al., 2015a).

3. Can strontium isotopes be used as a reliable tracer of the
geographical origins of materials and living organisms?

The reliability of Sr isotopes as a tracer of the provenance of
archaeological material hinges on (i) measurable isotopic signa-
tures characteristic of distinct geographical areas; (ii) sufficient
homogeneity within these areas, implying they should not be too
large; and (iii) the robustness of Sr isotope composition with
respect to potential modifications during biological and physico-
chemical processes - in other words, the isotopic signatures of
biological materials should reflect those of rocks or soils.

As discussed below, these requirements are most likely best
fulfilled by the 87Sr/26Sr ratio - under certain conditions - while the
388/365r values have been shown to vary according to the trophic
level (Knudson et al., 2010; Lewis et al., 2017) and might provide
additional insight on the source of Sr for the archaeological material
being studied (see section 3.2). It should be noted that most
recently, few studies have aimed to establish “isoscapes” in order to
predict variations of 87Sr/2Sr in rocks and rivers for provenance
studies (Bataille et al., 2014; Bataille and Bowen, 2012; Brennan
et al., 2016). While promising, this approach is still challenging to
use in some regions due to the lack of data and inherent inaccur-
acies in the approach.

3.1. Isotopic signatures in different soil compartments at the site
scale

Soil is the solid residue of rock weathering, and is composed of
minerals and a small proportion of organic matter. Soil minerals are
either derived from erosion of the rock (i.e. constituents that are
most resistant to weathering) or have a secondary origin, as in the
case of oxides, clays or pedogenic carbonates formed during water-
rock interactions. Therefore, the bulk soil 87Sr/%6Sr composition is
influenced by the signature of the parent material, modified by the
fact that some Sr has been lost from the more weatherable min-
erals. For example, if minerals with low 87Sr/26Sr ratios are pref-
erentially weathered, bulk soils will show higher 87Sr/®6Sr values
compared to the parent rock (Fig. 4a), whereas preferential
weathering of minerals with high 87Sr/%6Sr ratios will lead to bulk
soils with 87Sr/%6Sr values lower than the parent rock (Fig. 4b).

Another factor that can influence Sr isotope signature in soils is
the precipitation of secondary weathering products, even though
these phases contain very little Sr in their structure. Their 87Sr/%6Sr
ratios will be similar to those of the dissolved Sr pool from which
they precipitate, which is likely to be different from the local, sur-
rounding solid soil. Finally, soil organic matter contains Sr derived

from living biological material that can have a different isotope
signature (see section 3.2). Fig. 5 presents some of the measured
variations in 87Sr/%Sr ratio between rocks, superficial bulk soils,
soil nutrient available pools and plant organs sampled at 28 sites
from different countries and having different types of rocks (results
from 9 articles showing complete data sets of 8’Sr/6Sr on bulk soil,
soil exchangeable pool and organs of plants growing on them; see
references on Fig. 5 caption; site location and rock type are indi-
cated in Table 3 and Fig. 5). The 37Sr/®Sr ratios of bulk rocks were
measured only for the first four sites (Marchionni et al., 2016 (site
1), Song et al., 2015 (sites 2 to 4)). On sites 1 and 3, the 87Sr/%6sr
ratios of rocks and bulk soils are closely similar and lie within the
range of wet atmospheric deposition. On both of the other sites, the
rock and bulk soil samples have distinct signatures. The granite
bedrock on site 2 yields a higher 7Sr/®®Sr value than the bulk soil,
while the basalt bedrock on site 4 shows a lower 87Sr/%6sr value
than the bulk soil, falling in the range of wet atmospheric deposi-
tion. This evolution of 8/Sr/®®Sr signatures between rocks and su-
perficial bulk soils illustrates the preferential weathering of specific
minerals, the possible precipitation of dissolved Sr (initially
released from specific minerals combined with Sr from rain) in
secondary minerals and mixing with organic matter. Finally, recent
studies indicate that the light Sr isotopes are preferentially incor-
porated into secondary weathering products, making their $88/36sy
values lower than in other soil compartments (Bullen and
Chadwick, 2016; Chao et al., 2015; Halicz et al., 2008).

Like other cations, strontium released into soil water by
weathering of minerals can be adsorbed onto the soil exchangeable
complex, which is formed by the negative charges present at the
surface of clay minerals and organic matter. This adsorbed Sr is
called the “exchangeable Sr”, and represents an important pool as it
is though that plants take up their nutrients, and consequently Sr,
from this pool (see below). Several previous studies (e.g. Aberg
et al., 1989; Gosz et al., 1983; Graustein and Armstrong, 1983;
Graustein, 1989; Kennedy et al., 2002) highlight that the 87Sr/%6sr
signature of exchangeable Sr in soils is the result of mixing (as no
fractionation affects 87Sr/®6Sr signatures) between two main sour-
ces: the weathering flux from bedrock and the atmospheric input.
The Sr present in precipitation is deposited on the soil surface,
whereas soil weathering releases Sr from mineral horizons at
depth. As a result, the exchangeable Sr isotopic ratio may vary ac-
cording to depth in the soil profile (Aberg, 1995; Dambrine et al.,
1997; Miller et al, 1993; Poszwa et al., 2004, 2003, 2002;
Wickman, 1996). Fig. 6 illustrates two kinds of 8Sr/®6Sr ratio
gradient formed in soil exchangeable pools: increasing with depth
(soil developed on granitic rocks, Dambrine et al., 1997) and
decreasing with depth (soils developed on glacial materials
composed mainly of the local anorthosite bedrock with low
875r/36sr; Miller et al., 1993). At both sites, the signature of the
deepest soil horizons is close to the bedrock isotopic signature. On
the other hand, atmospheric deposition has a strong effect on the Sr
isotopic ratio of surface soil horizons making their 87Sr/%6sr
signature closer to the signature of the atmospheric deposition and
more distinct from the rock signature.

The stable Sr composition of the soil exchangeable pool should
also be the result of mixing between different sources (e.g.
weathering fluxes and atmospheric deposition) but can in addition
be affected by mass-dependent fractionation during adsorption
and desorption to the negative charges of the organo-mineral
complexes in the soil. To our knowledge, no systematic study was
conducted to test the fractionation of Sr during these processes,
thus their isotopic effect still remains uncertain. Bullen and
Chadwick (2016) measured the exchangeable 5881865t in seven
soil depth profiles (Fig. 1). On five of the seven studied sites, the
lightest isotope composition is observed in the shallowest soil
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exchangeable pools (ranging from —0.15%o to —0.09%o), with 388/
865r values similar to those of plant tissues.

It should be emphasized that the definition of a “soil available
pool” is not straightforward. This term often refers to an opera-
tionally defined pool accessed by means of extraction protocols,
and the methods used can differ greatly between research groups
and studies. Table 3 compiles the methods used to extract available
Sr in soils from 28 sites (isotopic signatures are reported on Fig. 5).
Most authors use salts to extract the soil-available Sr. Although this
operationally-defined Sr is commonly associated with “exchange-
able” Sr, some authors call this fraction “labile Sr” or “mobile Sr”
(Table 3). The protocols used differ in terms of number and duration
of extractions, as well as type of salt and molarity. Other methods
allow the characterization of mobile cations that are not stored in
organic and mineral structures. For example, Marchionni et al.
(2016) used resin capsules in contact with soil and water for ten
days, obtaining a fraction referred to as “bioavailable” Sr. Therefore,
it is expected that the isotopic ratio of the available Sr varies ac-
cording to the operational definition of the soil available pool,
which, in turn, is related to the method used. Considering the 28
sites reported on Fig. 5, the 37Sr/®6Sr ratio of the superficial soil
available pool of 25 sites is clearly distinct from the results obtained
on bulk soil, showing a trend towards atmospheric deposition. This
confirms that the available pool of Sr in soil surface horizons
(regardless of the method used to define the “available Sr”) is

supplied with Sr derived not only from the preferential weathering
of specific rocks and bulk soil minerals, but also, and sometimes
predominantly, from atmospheric deposition. Some authors have
estimated the annual bio-available pool of individual trees by
analysing the fine roots (<1 mm) sampled from each soil horizon
below the trunk, assuming that their 37Sr/%5Sr values reflect the
signature of the soil available pool surrounding the roots (see, for
example, Poszwa et al., 2004, 2002). Dambrine et al. (1997) found
slight difference between the 87Sr/2Sr values in fine roots from the
A1 horizon at three different sites and the corresponding soil
available pools (respectively, 0.7160 and 0.7163; 0.7162 and 0.7158;
0.7173 and 0.7172). Similarly, Bedel et al. (2016) found closely
similar Sr isotopic ratios between the fine roots and soil
exchangeable pools at different depths at two different sites. These
results suggest that fine roots could be used as an alternative ma-
terial to estimate the time-averaged Sr signatures of soil available
pools.

3.2. Strontium isotope composition of plants, animals and humans

Sr is a micro-nutrient which substitutes for Ca in plants, mainly
in cell-wall components such as pectin, cellulose and lignin (Torre
et al, 1992) or in plant leaves as Ca-oxalate crystals. Plants take
up Sr that is available in the soil. The 87Sr/%6Sr ratio measured in
plants or other living organisms is unchanged by mass-dependent
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Fig. 5. Measured ®7Sr/®6Sr ratio ((a) values from 0.706 to 0.727 and (b) values from 0.711 to 0.838) in the bulk rock, bulk superficial soil horizon, available pool in the superficial soil
horizon and different plant organs. Values are compiled from data of Marchionni et al. (2016) (site 1), Song et al., 2015 (sites 2 to 4), Vinciguerra et al., 2016 (sites 5 to 13), Bedel et al.,
2016 (sites 14 and 15), Brunner et al., 2010 (sites 16 to 18), Poszwa et al., 2002 (sites 19 to 21), Drouet et al., 2005b (sites 22 to 24), Poszwa et al., 2004 (site 25) and Sillen et al., 1998
(sites 26 to 28). NA stands for Not Available, volca for volcanic rocks, pluto for plutonic rocks, sedim for sedimentary rocks and metam for metamorphic rocks. The range of #7Sr/6Sr
ratio for wet atmospheric deposition (0.70727—0.71326) is indicated (in grey) on the Figure, but does not include the extremely high values measured for precipitation in Sweden
(values reported by Aberg et al. (1989) and Wickman (1996), ranging up to 0.719; see Fig. 2).

fractionation during uptake or translocation, so it should be close to
the value obtained for the soil bio-available pool. Several studies
have shown systematic variations of 87Sr/®6Sr with the geograph-
ical provenance of plants. Bong et al. (2012) found that the 87Sr/%6sr
values in cabbage differed according to the geological characteris-
tics of the region of origin. Song et al. (2015) reported that plants

maintained the same 87Sr/%0Sr values as measured in the bedrock,
bulk soil, exchangeable pool and carbonate fraction (the latter be-
ing extracted with acetic acid). However, the plant 7Sr/2Sr isotope
signature is often closer to the 87Sr/36Sr value of the soil available
pool than the bulk soil. As discussed in the previous section, the
875r/86sr ratio of the soil bio-available pool of a given site is only
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Table 3
Protocol used, site location and rock type, and 87Sr/25Sr ratio measured in bedrock, bulk soil, soil available pool, and plant organs from 28 different sites (3’Sr/®®Sr values are
illustrated on Fig. 5). NA stands for Not Available.

Author Name of soil Product of Site Region/country Rock type 875r/86sr
fraction extraction number Bedrock Bulk Soil available Plant
soil pool organs
(a) Bioavailable/ Unibest resin 1 central Italy Volcanic rocks 0.71096 0.71056 0.71003 0.71018
leached capsule
(b) Exchangeable NH40Ac, 1M 2 Gonju, Korea Granite 0.71600 0.71450 0.71475 0.71475
3 Yeongwol, Korea Limestone 0.71250 0.71250 0.71225 0.71240
4 Jeju, Korea Basalt 0.70600 0.70975 0.70750 0.70800
(c) Labile NH4NO3; 1N 5 Quebec province, Canada  sedimentary rocks — 0.71267 0.71211 0.71046
6 Quebec province, Canada  sedimentary rocks — 0.71310 0.70986 0.70987
7 Quebec province, Canada  sedimentary rocks - 0.71578 0.70979 0.70994
8 Quebec province, Canada  sedimentary rocks - 0.71538 0.71036 0.71026
9 Quebec province, Canada  Volcanic and sedimentary — 0.71964 0.71335 0.71330
rocks
10 Quebec province, Canada  Volcanic and sedimentary - 0.71571 0.71174 0.71093
rocks
11 Quebec province, Canada  Volcanic and sedimentary - 0.72345 0.71363 0.71482
rocks
12 Quebec province, Canada  sedimentary rocks — 0.72186 0.71012 0.70954
13 Quebec province, Canada  Volcanic and sedimentary — 0.72666 0.71546 0.71522
rocks
(d) Exchangeable NH40Ac, 1M 14 Clermont en Argonne, silicate sedimentary rocks — 0.72567 0.71197 0.71171
France
15 Azerailles, France marls - 0.72098 0.71402 0.71417
(e) Bioavailable/ NH4NO3 16 Zsombd, Hungary NA — 0.71440 0.70640 0.70850
mobile 17 Szeged, Hungary NA — 0.71440 0.70910 0.70820
18 Mezohedges, Hungary NA - 0.71650 0.70870 0.70830
(f) Exchangeable NH4Cl, 1M 19 French Guyana schist and pegmatite - 0.72000 0.71510 0.71450
20 French Guyana schist and pegmatite — 0.72900 0.71560 0.71510
21 French Guyana schist and pegmatite — 0.73200 0.71640 0.71650
(g) Labile pool NH40Ac, 1M 22 Belgium Carbonated Pleistocene loess — 0.73107 0.71173 0.71124
23 Belgium Carbonated Pleistocene loess — 0.73111 0.71214 0.71124
24 Belgium Clastic shales and siltstones — 0.74710 0.71451 0.71460
(h) Exchangeable NH4CI, 1M 25 Svartberget-Nyanget, Gneiss — 0.74001 0.73600 0.73400
Sweden
(i) Exchangeable NA 26 Swartkrans, South Africa  Dolomite — 0.83833 0.73791 0.73568
27 Swartkrans, South Africa  Dolomite — 0.76772 0.72605 0.72320
28 Swartkrans, South Africa  Dolomite — 0.78729 0.73098 0.73468

Values compiled from (a) Marchionni et al., 2016; (b) Song et al., 2015; (¢) Vinciguerra et al., 2016; (d) Bedel et al., 2016; (e) Brunner et al., 2010; (f) Poszwa et al., 2002; (g)
Drouet et al., 2005b; (h) Poszwa et al., 2004; (i) Sillen et al., 1998.
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Fig. 6. Gradients of 87Sr/®6Sr signature in soil exchangeable pools on (a) glacial materials composed mainly of anorthosite (Miller et al., 1993) and (b) granitic rocks (Dambrine et al.,
1997). The letters correspond to the different soil horizons (A and A1: organo-mineral horizons; A2: eluvial horizon; B1 and B2: superficial structural mineral horizons; Bs: illuvial
mineral horizon; Bc: deep mineral horizon; C: weathered rock). Atmospheric deposition and plant organs #7Sr/%6Sr values from both studies are shown on the Figure. Horizon
depths were not assigned in Miller et al. (1993), therefore, the depth values in Fig. 6 (a) should not be taken in consideration.

partly influenced by the underlying geological material (modulated
by the preferential weathering of certain minerals). In addition, the

isotopic composition is controlled by atmospheric Sr deposition on
the ground surface. This is well illustrated by the data on Fig. 5.
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Indeed, compared to bedrocks or bulk soils, the 87Sr/36sr values of
plants from all the sites represented here are shifted towards
rainwater and close to the values measured in surface soil available
pools. Some plant isotopic signatures are included in the range of
rainwater 87Sr/%6Sr ratios, while at other sites these ratios are
clearly distinct, e.g. site 25 is located in Sweden where precipitation
is very low and the weathering input is assumed to have a high
875r/86sr value (Poszwa et al., 2004). This suggests that, in some
contexts, the variability of plant 87Sr/®6Sr values between sites is
sufficient to distinguish different regions. In particular, Hodell et al.
(2004) found significant 87Sr/%8sr differences between bedrock and
plants but noted that this variability was not high enough to pre-
clude the use of 87Sr/%6Sr to distinguish between different regions.

Nevertheless, we should point out few limitations of this
approach:

- The effect of atmospheric deposition is most striking for eco-
systems developed under wet climates on deep and highly
weathered soils (Hewawasam et al., 2013). In particular, tropical
rainforests growing on different rock types can show tree
87sr/%6Sr signatures converging towards atmospheric deposition
values, making it more difficult to distinguish the two sites with
this approach. For example, on two sites in French Guyana, the
875r/%5Sr values measured in leaf litter (representing the average
leaf signature of the rainforest) are similar despite drastically
different bedrock types: 0.713 on deep weathered soils devel-
oped from metavolcanic rocks at the Nouragues station (central
French Guyana, site GP; Poszwa et al., 2009) and 0.7142 to
0.7164 on deep weathered soils developed from Paleoproter-
ozoic schists and pegmatites at the Petit Saut site (northern
coast of French Guyana, Poszwa et al., 2002).

- The presence of specific isotopic depth gradients could increase
the range of variation of tree isotope signatures observed on the
same site. On the sites reported on Fig. 6 (data from Miller et al.,
1993; Dambrine et al., 1997), the isotopic ratio of plants is sys-
tematically close to that of the surface soil available pool.
However, some plants with deep roots may have access to
available Sr with a specific isotopic signature derived from
deeper soil horizons than shallow-rooted plants. Besides, spe-
cific weathering in the root environment and intensive Sr
recycling through litterfall could create specific gradients in the
isotope composition under some species (case of spruce in
Sweden, Poszwa et al., 2004). In this way, the isotopic signature
of two neighboring trees (a Pine and a spruce) could be distinct
according to their specific depth of uptake and their access to
available pools of Sr with different signatures.
In some agricultural contexts, the applied cultivation practices
can impact the original and natural signature of the soils and
vegetation. Techer et al. (2017) reported differences in Sr iso-
topic ratios between two sites (only 1 km apart) having the same
bedrock but different agricultural practices. The irrigation de-
gree and fertilization techniques were found to affect the
875r/%5Sr value of soil exchangeable fraction (extracted using
ammonium salt 1M NH4NO3), soil mobile fraction (extracted
using acetic acid 1M AcOH) and the organs (i.e. branches, leaves
and olives) of the studied olive trees growing on them.

Two recent studies (cited below) have shown differences in the
388/865r values between plants and their nutrient source pool, with
plants having 38Sr-enriched isotope compositions compared to the
soils and rocks on which they grow (Fig. 1). De Souza et al. (2010)
reported 3%3/86Sr values in plants lower by 0.20%:—0.50%0 than
values measured in the corresponding bulk soils. Bullen and
Chadwick (2016) analysed the seedling and an attached rock frag-
ment sampled from a lava flow and found that the 3%8/355r of roots

(—0.53%o), stem (—0.30%o0) and foliage (—0.12%0) were lighter than
in the lava fragment (0.24%o). In both studies, the lighter 5%8/85Sr in
plants can be attributed either to a lighter Sr composition of the
surface exchangeable pool available for the plant and/or preferen-
tial uptake of the lighter Sr isotopes. Andrews et al. (2016) also
suggested fractionation during plant uptake to explain higher 388/
865y of soil water compared to those expected from simple bedrock
weathering leading to higher 83/86Sr values in rivers draining the
Milford Sound region of Fiordland, New Zealand.

Humans and animals that feed on plants and other animals
incorporate Sr into their bodies where it substitutes for Ca in the
skeletal tissue minerals (Bentley, 2006; Bentley et al., 2004, 2003;
Ericson, 1985; Hodell et al.,, 2004; Knudson et al., 2004; Price
et al., 2002, 2000; Slovak and Paytan, 2011). The 87Sr/86sr ratios
in individual skeletons reflect the isotope composition of the plants
and animals consumed, and thus record a site-specific signature
(Fig. 7). Flockhart et al. (2015) measured the 87Sr/®55r signatures in
three associated trophic levels in a controlled greenhouse experi-
ment and found no significant differences between the isotope
composition of leachable Sr from soils, milkweed leaves and
monarch butterfly wings. Blum et al. (2000) observed that the
875r/86sr isotopic values remained unchanged between the soil
exchangeable pools, leaves, caterpillars, snails and eggshells. The
only exception occurs in the case of adult birds having a less
radiogenic 87Sr/®Sr value than the lower trophic level, probably
due to the low 37Sr/%5Sr value of the food consumed in tropical
winter habitats. Therefore, the 37Sr/36Sr signatures of animals and
humans feeding on local nutrient sources reflect the isotope
composition of available Sr at the site of residence. When the nu-
trients are drawn from several sources, the 37Sr/®%Sr signature re-
flects mixing between the different sources.

Stable strontium isotopes have been shown to fractionate ac-
cording to the trophic level, ranging from archaeological and
modern small herbivores (38%/85Sr from —0.21%o to 0.04%0; mean
5881865y — —0.09%0; n = 11), through archaeological and modern
large herbivores (5%%/86Sr from —0.44%c to 0.05%.; mean %%/
865r — — 0.21%0; n = 9) to archaeological human remains (3%8/36sr
from —0.87%o to 1.19%o; mean 3%8/85Sr = — 0.24%0; n = 58), with
lower 388/86Sr values being found at higher trophic levels (Fig. 1;
Knudson et al, 2010). Similarly, lower values of 3%8/86Sr were
identified in dental tissues of domestic pigs (from —0.26%o
to —0.18%o0) compared to the diet (from 0.06%o to 0.13%o) as a result
of trophic level fractionation in a controlled feeding experiment
(Lewis et al., 2017).

3.3. Characterizing the local Sr isotope signature of sites for wood
provenance studies

When determining the provenance of plant materials, the
875r/35sr ratio of the available pool in surface soil horizons gener-
ally represents the “local signature” of a potential site of origin, as
there is usually a good correlation with the plant 87Sr/38sr ratios
(Fig. 5). However, because of the difficulty of precisely defining the
isotopic signature of the Sr available pool and the possible presence
of vertical gradients in isotope composition in soils, there may be
differences in the 87Sr/0Sr signature between soil available pools
and trees. In provenance studies, the best approach is to determine
a site-specific local signature by analysing samples from the same
type of studied material. For the study of wood provenance, it is
thus preferable to determine regional isotopic signatures of Sr by
analysing wood from living trees. Due to possible Sr isotopic vari-
ations between neighboring trees (e.g. presence of various
geological materials and/or isotopic gradients in soils), it is appro-
priate to measure the 37Sr/%6Sr of wood from several individuals to
define the range of variation at the scale of a stand. However, this



E Hajj et al. / Journal of Archaeological Science 86 (2017) 24—49 37

Mix of 87Sr/%¢Sr in the 87Sr/%6Sr in the
x0 87Sr/36Sr in deep rooted » w11
87Sr/86Sr from P p roofec Substitution with skeleton of “local skeleton of “mobile
plants = ¥/St/®Sr in soil Ca at Ca-sites in animals = average animals ~ average
seawater and Jabl |+ depth i
atmospheric avatlable p(?o . cp bones and teeth ;7 St/%68r ratio in plants | ¥’Sr/%Sr ratio in plants
dust gradien ~ and vegetation from | and vegetation from
. the local area . different source areas
87Sr/%Sr in :
shallow rooted
) plants = 87Sr/86Sr
Atmospheric in surface soil
deposition h
available pool
A Plant uptake from A
soil bioavailable pool
A 4
A 87Sr/%6Sr in available soil pool = mix between $7Sr/%Sr from atmospheric
deposition and $7St/%Sr from bedrock and bulk soil weathering fluxes
Weathering fluxes
87Sr/36Sr in bedrock and bulk soil

Fig. 7. lllustration of the links between the 87Sr/®6Sr ratios in rocks, soils, vegetation and living organisms.

range of signatures may not be stable with time. Thus, we may
wonder whether it is suitable to use modern local signatures to
determine the provenance of historical materials.

Over the last hundred years, a decrease in 87Sr/2Sr ratios of soil
available pools has been observed based on several studies using
biological archives (references below). As in any ecosystem,
weathering and atmospheric deposition are the two main natural
sources of available Sr, the decrease in Sr isotopic ratios with time
could be explained either by a variation of the inputs from these
two sources or by the influence of an additional source. Drouet et al.
(2005a) showed a temporal decrease in the 87Sr/2Sr isotope ratio
of tree-rings from beech and oak growing on very acidic soils
impoverished in exchangeable Ca due to the increased atmospheric
acid deposition in the 1920s. A similar trend has been observed in
tree-rings of spruce (Poszwa et al., 2003) and red spruce (Bullen
and Bailey, 2005), also growing on acidic soils. The authors cited
above put forward the hypothesis that acidic atmospheric deposi-
tion causes a deficiency in available Ca and mobilization of mono-
meric aluminium (Al;) in the lower soil horizons. Due to this Ca
depletion and/or Al; toxicity affecting the fine roots, plant uptake
from shallow soil available pools (characterized by lower 87sr/6sr
at those sites) is enhanced. However, little time-variation of
875r/88sr ratio was found in trees from forests growing on Ca-rich
soils (Drouet et al., 2005a).

Aberg et al. (1990) interpreted a constant decrease of 37Sr/®6Sr
values in mussel shells between 1915 and 1985 as the result of
surface water acidification. For the Slerebo River, located in Swe-
den, the slight decrease between 1945 and 1980 was followed by a
sharp drop interpreted as due to the remarkable effect of river
liming (Aberg, 1995), with the limestone used (with low 87Sr/86sr
value) representing a third source of Sr. This possible variation of
875r/36sr signature with time is recorded in archives (such as shells
or tree rings) but rarely in soils. Therefore, for dendroprovenance
studies, it would be more appropriate to determine the past local
875r/86sr signature by measuring the 87Sr/®6Sr ratio of the oldest
tree-rings of ancient trees. Since anthropogenic atmospheric acid
inputs started less than a hundred years ago (whose effects are
recorded in tree-rings that are even slightly older, see below), it

should be possible to find and analyse such old trees. Another
alternative is to use wood from archaeological buildings to deter-
mine past local 3Sr/25Sr values. Nevertheless, this implies that the
wood should be dated and its local origin established.

In any case, to avoid any species-related variations, the local
signature should be determined using trees of the same species as
the studied material. In cases where the wood from living trees is
not available at a given site, it may be possible to measure the local
87sr/86sr signature in (i) the soil exchangeable pool, which is close
to the signature of trees (see Fig. 5) or (ii) the archaeological skeletal
remains of small animals found in specific archaeological layers
(Grupe et al., 2011), in case of a suspected Sr isotopic variation over
time in the corresponding soils.

The Sr composition of a tree-ring undergoes continuous lateral
equilibration as long as the tree-ring is active. This was demon-
strated by Drouet et al. (2005a), who revealed the effect of liming
on a beech stand by analysing tree-rings formed 50 years before the
liming took place. Momoshima and Bondietti (1994) studied the
distribution of the radionuclide ®°Sr in annual rings of different tree
species. This radionuclide was found in rings dated as ca. 35 years
(depending on the species) before the first deposition occurred in
1954. Even though these results suggest a lateral homogenization
of the 87Sr/®6Sr ratio between neighboring tree-rings, analyses
should ideally be performed on a group of tree-rings rather than on
an individual tree-ring, to avoid any effects due to seasonal or
annual variations.

To summarize, the range of variation of a site-specific local
isotopic signature should be defined at the scale of a stand. It needs
to be established by measuring the 87Sr/®Sr in groups of old tree-
rings from a large number of aged individuals.

4. Application of Sr isotopes to provenance studies
4.1. Provenance of foodstuffs and man-made products
By relating the 87Sr/30Sr signature in modern food products to

their geographical origin, many authors have already shown the
promising potential of this approach to studying the provenance of
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food products. Several authors have pointed out the possibility of
using 37Sr/®6Sr ratio as a tracer of wine origin (Almeida and
Vasconcelos, 2001; Dehelean and Voica, 2012; Durante et al.,
2013; Lurton et al,, 1999). Moreover, Barbaste et al. (2002), Di
Paola-naranjo et al. (2011) and Masi and Castorina (2011) sug-
gested that the application of Sr isotopes combined with other
organic, inorganic, and isotopic data may be a promising tool for
determining the fingerprints of wine origin. Even though Almeida
and Vasconcelos (2004) reported significantly higher 87Sr/%6sr
values in wines compared to the grape juices used for their pro-
duction, Vinciguerra et al. (2015) have demonstrated that the
875r/35sr isotope ratio of the wine is representative of the grapes
from which it is made and that the winemaking process does not
affect the Sr isotope ratio. Identifying the provenance of wine can
be of importance to guarantee its authenticity (Durante et al., 2015;
Marchionni et al., 2013; Martins et al., 2014) as well as detecting
fraud in the wine trade (Petrini et al., 2015).

Similarly, 87Sr/26Sr signatures have been used in provenance
studies of dairy products such as cheese (Fortunato et al., 2004;
Pillonel et al., 2003) and butter (Rossmann et al., 2000), as well
as beverages such as cider (Garcia-Ruiz et al., 2007), olive oil
(Medini et al., 2015) and orange juice (Rummel et al., 2010) or
spices such as paprika (Brunner et al., 2010). Besides, 87Sr/3%sr ra-
tios can be used to confirm the production area of rice (Kawasaki
et al., 2002; Oda et al., 2001) and tomatoes (Trincherini et al.,
2014), or determining the authenticity of food products such as
high-quality coffee beans (Techer et al., 2011), medicinal efficient
ginseng (Choi et al., 2008) and valuable varieties of asparagus
(Swoboda et al., 2008). Archaeological food products can also be
tested for geographic provenance. Benson et al. (2006b, 2003,
2009) and Benson (2010) measured 37Sr/%6Sr signatures in
archaeological maize and successfully determined the possible
geographical origins for this dietary staple. The use of &7Sr/%6sr
ratios has also been applied to provenance studies on other types of
samples: glass raw materials (Degryse and Schneider, 2008;
Freestone et al., 2003; Henderson et al., 2005) and building mate-
rials like gypsum and marble (Brilli et al., 2005; Gale et al., 1988).
Benson et al. (2006a) combined Sr and O isotope analyses to suc-
cessfully determine the origin of plants used to manufacture pre-
historic textiles.

4.2. Migration of humans and animals in the past

Several studies have addressed historical and pre-historical
human mobility by analysing 37Sr/20Sr ratios in human skeletons
(Bentley et al., 2003), tooth enamel (Price et al., 2012) or skeletal
bone and tooth enamel at the same time (Bentley et al., 2004; Ezzo
et al., 1997; Grupe et al., 1997; Hodell et al., 2004; Knudson et al.,
2004; Price et al., 1994a, 1994b; Slovak et al., 2009). In other
studies, 87Sr/®8Sr measurements have been combined with other
analyses (elemental concentrations and isotopic analysis of oxygen
and lead) to determine human residential mobility and migration
(Knudson and Price, 2007; Montgomery et al., 2005; Price et al.,
1998; Shaw et al., 2016). Beard and Johnson (2000) analysed the
Sr isotopic composition of skeletal material and tooth enamel to
determine the birth region and geographic mobility of humans and
animals. The 87sr/86sr values along with other isotopic analysis (C;
N and O) were used on mammoth and mastodon tooth enamel
(Hoppe, 2004; Hoppe et al., 1999) to investigate their mobility and
migration, and on elephant ivory and bone samples (van der Merwe
et al., 1990) to identify the region where the animal lived. Strontium
isotope ratio 87Sr/%6Sr have been successfully used to discriminate
salmon from different sites, thus showing potential for the deter-
mination of natal origins (Martin et al., 2013).

It should be noted that diagenetic processes can hamper studies

on the provenance of archaeological materials: Sr from the burial
environment can replace or become mixed with the original Sr
composition of these materials. The diagenetic modification of the
initial 87Sr/38sr signature of archaeological human and animal re-
mains has been shown to be a potential issue (Budd et al., 2000;
Koch et al., 1992; Nelson et al., 1986; Trickett et al., 2003; Tuross
et al., 1989). Indeed, bones and teeth are subject to post mortem
diagenesis, and Sr from the burial environment can be incorporated
into the mineralized tissue and modify the original biogenic Sr
composition. It is thus preferable to use tooth enamel, since this
less porous tissue is less affected by diagenesis. Several sequential
extraction protocols have been developed to resolve the problem of
Sr contamination in bones and teeth (Hedman et al., 2009; Hoppe
et al., 2003; Nielsen-Marsh and Hedges, 2000; Price et al., 1992;
Sillen and Sealy, 1995).

4.3. Provenance of archaeological wood

Despite the numerous applications using Sr isotopes to study
human and animal mobility and provenance of food or other ma-
terials, only few studies so far have focused on the provenance of
archaeological wood using their 87Sr/86Sr ratio. In two case studies,
875r/36Sr signatures were analysed to trace the provenance of
archaeological wood found in the Chaco Canyon, New Mexico.
English et al. (2001) analysed the 37Sr/®5Sr ratios of living trees
(spruce and fir), rocks, soils and stream waters from three potential
source areas for the Chaco Canyon timbers to determine the
signature of the felling sites. These authors also measured the
875r/35Sr values of several archaeological wood samples from six
great houses in Chaco Canyon to determine their provenance. The
source of the timber was successfully determined, and they found
that trees from two of the three studied sites (Chuska Mountains
and San Mateo Mountains) were felled at the same time, with twice
as many beams being sourced in the Chuska Mountains rather than
from the San Mateo Mountains. Reynolds et al. (2005) extended the
875r/%5Sr analyses to ponderosa pine (Pinus ponderosa) and more
sites in the Chaco Canyon. Even though most of the ponderosa pine
yield 37Sr/%5Sr values matching the data from the Chuska Moun-
tains (in accordance with the results of English et al. (2001) on
spruce and fir), many others matched the 87Sr/%0sr signatures of
three sites that were not taken into account by English et al. (2001).

The preliminary studies of Rich et al. (2015, 2012) report the
875r/%6Sr signatures of cedar wood from different forests in
Lebanon, Cyprus and Turkey to test the feasibility of tracing the
provenance of archaeological cedar timber from ancient East
Mediterranean ships. These authors (op. cit.) demonstrate the
possibility of discriminating the Sr signatures for different sources
of timbers, except in the case of two sites where the 87Sr/3Sr values
overlap. Rich et al. (2015) concluded that, combined with other
dendroprovenance techniques, this approach would yield more
accurate results for determining the source of timbers. In a subse-
quent study, Rich et al. (2016) used 37Sr/®8Sr ratios to investigate
the provenance of cedar wood from three different shipwrecks. The
potential sites of origin for the timber were analysed in the previ-
ous studies of Rich et al. (2015, 2012). To our knowledge, the study
of Rich et al. (2016) is the only one to date that aims to trace the
origin of wood from shipwrecks using Sr isotopes. Although these
authors succeeded in determining the origin of timbers from one
shipwreck located on land (Carnegie boat), the origin for the two
others (Uluburun shipwreck and Athlit ram) remains unknown.
The two non-provenanced shipwrecks sunk off the coast and have
Sr isotopic signatures (0.70921 for the Uluburun shipwreck and
0.70891 for the Athlit ram) close to the seawater signature
(0.70918). The 87Sr/®0sr values of the Uluburun shipwreck do not
match any of the sampled forests, while the results from the Athlit
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ram narrow the possible provenance to two different forests having
overlapping ranges of Sr isotopic ratio. However, these isotope
signatures could also be, at least partially, the results of seawater-
derived Sr incorporated into the archaeological wood.

A further issue that remains unresolved is the potential modi-
fication of the Sr isotopic composition of archaeological wood from
shipwrecks, which takes place in relation to marine biogeochemical
processes. In the following section, this issue is addressed in the
context of 87Sr/%6Sr and $88/35sr values.

5. The potential of Sr isotopes to trace the provenance of
archaeological wood from shipwrecks

5.1. Modification of waterlogged wood by living organisms

Wood is composed essentially of lignin, cellulose and hemicel-
lulose in different proportions depending on the tree species. Wood
decomposition is inevitable, but the degree of alteration depends
on the environmental conditions of the timber (Blanchette, 2000).
Physico-chemical factors (moisture, temperature, O and N avail-
ability) affect the activity of the microbial decomposers (bacterial
and fungal communities) and detritivores (invertebrates) causing
the degradation of wood. Wood in waterlogged conditions can
show signs of degradation within few days after waterlogging. In
some other cases, in the absence of oxygen (especially at the sea
bottom or in fine sediments), condition which slows down de-
composers degradation, wood can survive for centuries with min-
imum alteration.

Shipworms are the main agent of physical degradation of wood
under waterlogged conditions. These marine bivalves of the Ter-
edinidae family contain dense communities of intracellular bacteria
contributing to the digestion of the wood (Betcher et al., 2012;
Distel et al., 2002a, 2002b; Elshahawi et al., 2013; Eriksen et al.,
2015). These bivalves perforate the wood when it is exposed in
water or buried in shallow sediment (Fig. 8), which can complicate
dendrochronological and anatomical studies used to determine
timber provenance. Shipworms can enhance the chemical
contamination of timber by boring holes, which increases the
surface of contact with other organisms (e.g. microbial de-
composers) and environmental “contaminants” (seawater
elements).

lcm

Fig. 8. Photograph of an oak wood sample from the Ribadeo shipwreck illustrating
alteration by shipworms.

Microbial activity has an effect on the chemical structure of the
wood, with fungal decay found mostly in timber of terrestrial en-
vironments, whereas timber from aquatic environments is mainly
subject to bacterial decomposition (Bjordal et al., 1999; Blanchette
et al., 1991). Among the different types of fungal decay of wood,
brown-rot and white-rot fungi are associated with non-
waterlogged conditions, while soft-rot fungi are associated with
waterlogged conditions (Blanchette, 2003). The soft-rot fungi can
degrade cellulose, hemicellulose and lignin, thereby softening the
wood surface. Additionally, wood-inhabiting microorganisms
requiring high levels of moisture are linked mostly to waterlogged
wood (Blanchette, 2000). This latter author reported that the most
advanced stages of decay in terrestrial timber from ancient great
houses (Chaco Canyon, New Mexico) are found in locations where
the wood is exposed to weather. Parts of the wood protected from
moisture are relatively free of decay and remain in good condition.
Bacterial decomposition of wood can take place even in anoxic
environments (Sandak et al., 2014). Bacterial attack on waterlogged
wood from shipwrecks is considered as the main cause of the
depletion of wood carbohydrates (Blanchette, 2000). The decay of
organic compounds in wood can complicate dendroprovenance
studies. The modification of C and O contents and isotope signa-
tures can occur during wood burial. For example, archaeological
oak specimens dated at approximately 6000 years and preserved in
a shallow marine setting show distinct 13C-enriched carbon, mainly
due to alteration of the chemical composition of the wood (poly-
saccharides and lignin; van Bergen and Poole, 2002). Importantly,
different pools of Sr in the waterlogged wood (such as bio-minerals
formed during the life of the tree compared to marine neoformed
minerals) could have different Sr isotope signatures (in 87Sr/%Sr or
388/865), so the release of Sr from some of these pools during se-
lective degradation will lead to an apparent isotope fractionation
that will hinder the use of Sr isotopes as a provenance tool.

Furthermore, external compounds can also be added to the
wood over time. For example, several studies have quantified the
accumulation of iron (Fe) and sulphur (S) in wood from shipwrecks.
Analyses carried out on different shipwrecks show that the con-
centrations of these elements are higher on the surface and lower
towards the centre of the samples (Fors et al., 2014, 2012, 2008;
Fors and Sandstrom, 2006). Other studies on the Swedish
warship Vasa found an accumulation of S compounds in the wood
of the shipwreck (Sandstrom et al., 2005, 2002a, 2002b). This su-
perficial contamination results in further degradation of the timber
due to the oxidation of Fe and S, and the formation of acids. The
formation of S-bearing phases (for example gypsum) could lead to
the incorporation of Sr from the environment, with a different
isotope composition both in terms of 87Sr/86Sr and 5%8/86sr, In
section 5.2, we provide an example of such alteration of the initial
Sr isotope signal.

5.2. New data on the modification of the "initial” Sr isotope ratio of
wood during waterlogging

As seawater is relatively Sr-rich (~7.89 ppm; Palmer and
Edmond, 1989), there is a significant risk that Sr from seawater
will become incorporated over time into archaeological wood, thus
obscuring the “initial” Sr isotope composition. Such an effect could
in particular complicate the interpretation of 87Sr/®6Sr signatures in
terms of provenance, as regions underlain by carbonate rocks have
875r/86sr values of 0.708—0.709, close to the value for present-day
seawater. In that respect, 338/85Sr could help distinguish between
the two effects (carbonate source region vs. seawater-derived Sr
incorporation), since their effect on the bulk wood 338/86Sr would in
theory be drastically different. To address these possibilities, we
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performed two sets of measurements that are reported here: (1) Sr
isotope ratios were measured on archaeological wood from a
shipwreck, as a function of distance from the centre to the outer
part of the wood chunk; (2) Sr isotope ratios were determined in
non-marine archaeological wood reacted with seawater for three
months. Strontium isotope analyses were combined with chemical
and mineralogical analyses of wood structure by microscopy to
assist interpretation of the results.

Archaeological oak wood from a 16™-century shipwreck in
Ribadeo Bay, north-western Spain, was analysed to determine its
875r/86sr and 3%8/86Sr values. Ten 1-cm-wide samples were
collected systematically from side to side passing through the
center of the timber. The samples were oven-dried at 60 °C and
then grinded at 0.5 mm before being digested. Strontium from
wood digests was separated using Eichrom Sr-SPEC resin and
875r/86Sr and 3%8/86Sr were measured on a Multi-Collector Plasma
Source Mass Spectrometer (MC-ICP-MS; Neptune Thermo Electron)
at the Institut de Physique du Globe de Paris (see appendix 1. for
methodological information).

The 87Sr/86Sr values measured at the surface of the wood range
between 0.70909 and 0.70916 (Table 4; Fig. 9), very close to the
seawater ratio of 0.70918 (Pearce et al., 2015a), whereas the
signature at the centre of the timber is lower (0.70871 and
0.70883). This difference indicates that Sr from seawater most
likely contaminated the external parts of the timber, with little or
no contamination from seawater at the centre. This interpretation
can be supported by the 338/36Sr results showing values on the
surface (0.32%o and 0.23%o) closer to the seawater signature
(0.39%o; Pearce et al. (2015a)) than at the centre of the sample
(~0.19%0). Wood samples from the surface were studied also by
Scanning Electron Microscope (SEM) at the PTEF-EEF Centre INRA-
Lorraine (Plateforme Technique d'Ecologie Forestiére) (see
Appendix 1. for more detail on SEM analyses). Crystals at the wood
surface and in wood pores were observed on the SEM image
(Fig. 10a and c). Oxalates are the most widely distributed minerals
known to be formed during the life of a tree (i.e. “biominerals”).
Calcium-oxalate formation is of major importance in many plant
species, since it plays a role in Ca regulation in tissues and organs
(Franceschi and Nakata, 2005). While Ca-oxalate crystals show
various sizes and morphologies (Baran and Monje, 2008), the
crystals observed in the Ribadeo sample do not seem to correspond
to the most common types of Ca-oxalate crystal shapes. Moreover,
some S is detected in the EDS spectra of these crystals (Fig. 10b and
d) reducing their possibility of being Ca-oxalate crystals. Therefore,
itis unlikely that they were present during the life of the tree. As Ca
is also detected in these crystals, they would appear to have a
marine origin and should therefore contain some Sr (although Sr
was not detected). These results suggest that, after a long period of
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Fig. 9. Measured 87Sr/%6Sr and 3%%/%6Sr (%) values along cross-section of an archaeo-
logical timber from the Ribadeo shipwreck. Seawater signature is indicated (grey line;
0.70918 and 0.39%o; Pearce et al. (2015a)) on the Figure. Error bars correspond to the
95% CI for 5%8/6Sr values.

waterlogging in seawater, marine Sr can be included in neoformed
crystals in wood (during immersion in seawater or during drying
after sample collection) thus modifying its bulk Sr isotope
composition. The recent studies of AliKhatib and Eisenhauer (20173,
2017b) and Liu et al. (2017) reported Sr fractionation during the
formation of calcite and aragonite crystals, with light Sr isotope
being preferentially incorporated into solid crystals. This fraction-
ation during crystal formation can explain the lower 583/86Sr value
measured in wood sample from the Ribadeo shipwreck (3%8/85Sr of
0.32%0 for the most contaminated surface sample ShiTraO1 as
suggested by its 87Sr/®0Sr ratio close to seawater signature)
compared to the previously reported seawater signature of 0.39%o.

Another test experiment was carried out on 16®-century con-
tinental archaeological wood collected from the Segovia cathedral
in central Spain. Fifteen sub-samples of the wood were measured
for their Sr contents and initial isotopic composition, with five
samples each corresponding to 10 tree-ring periods and covering
50 consecutive years, and the other ten samples corresponding to
10 individual tree-rings. Three other sub-samples were placed in
seawater for three months and then analysed for Sr content and
isotopic ratios. The results are shown in Table 5. The initial
archaeological wood 87Sr/®0Sr ratios range from 0.71314 to 0.71399,
with a mean value of 0.71376 + 0.00012 (95% CI). Values obtained
for stable isotopes 3%8/36Sr vary between 0.07 and 0.18%c with a
mean 3%8/85Sr of 0.12%. + 0.02 (95% CI). The mean Sr content
measured in wood is 1.6 pg/g + 0.1 (95% Cl). Isotopic signatures
obtained in the three separate sub-samples analysed after water-
logging ranged from 0.709297 to 0.709302 (as regards &7Sr/%6sr)
and from 0.46 to 0.55%o (as regards 3%8/86Sr), with respective mean
values of 0.70930 + 0.5 10~ (95% CI) and 0.49% + 0.10 (95% CI) and

Table 4
Mean Sr content, 87Sr/88Sr and 5%%/86Sr (%) values measured in transect samples from an archaeological wood from shipwreck. Column yield (%) was indicated in the table.
Samples Distance from centre Sr 875r/86sr 95% CI 388/86gr 95% CI Yield
(ng/g) (%o) (%0) (%)
Transect samples (n = 10) ShiTra01 —4.5 cm 49.36 0.709165 0.000004 0.32 0.38 96
ShiTra02 —3.5cm 35.01 0.708808 0.000023 0.23 0.01 95
ShiTra03 —2.5cm 53.84 0.708695 0.000003 - - -
ShiTra04 —1.5cm 28.59 0.708716 0.000019 0.21 0.01 89
ShiTra05 —0.5cm 28.26 0.708714 0.000011 - — —
ShiTra06 0.5 cm 26.19 0.708827 0.000015 0.20 0.01 98
ShiTra07 1.5 cm 29.57 0.708822 0.000015 0.19 0.05 92
ShiTra08 2.5 cm 31.26 0.708810 0.000009 0.22 0.06 97
ShiTra09 3.5cm 21.56 0.708919 0.000012 0.23 0.09 101
ShiTra10 4.5 cm 17.87 0.709091 0.000007 0.23 0.04 108
Seawater® (n = 4) Mean - 0.709177 0.000008 0.39 0.01 -

¢ Data from Pearce et al. (2015a) corresponding to IAPSO seawater standard and samples from the Atlantic Ocean, Indian Ocean and Pacific Ocean.



E Hajj et al. / Journal of Archaeological Science 86 (2017) 24—49

kev

41

Fig. 10. Scanning Electron Microscope images of two different crystals (a and c) in a sample of archaeological wood from the Ribadeo shipwreck, with corresponding EDS spectra

indicating elemental composition (b and d, respectively).

Table 5

Mean Sr content, 87Sr/26Sr and 5%%/56Sr (%o) values measured in archaeological wood from Segovia cathedral before and after being waterlogged in seawater for three months.
The before waterlogging samples correspond to (i) ten tree-ring periods (CatPer0O1 to 05) and (ii) individual tree-rings (CatInd01 to 10). The samples (CatAft01 to 03)
correspond to the three sub-samples analysed after waterlogging in seawater. Column yield (%) was indicated in the table. The measured seawater was collected from Berck-

sur-Mer (Pas-de-Calais, France).

Samples Sr 875r/86sr 95% CI 388/865r 95% CI Yield
(ng/g) (%0) (%o) (%)

Before waterlogging (n = 15) CatPer01 1.61 0.713890 0.000062 0.12 0.03 98
CatPer02 1.52 0.713698 0.000042 0.08 0.09 100
CatPer03 1.53 0.713137 0.000006 — — -
CatPer04 141 0.713632 0.000044 0.07 0.06 99
CatPer05 1.52 0.713630 0.000051 - — -
CatIndO1 1.54 0.713861 0.000039 0.12 0.04 95
CatInd02 1.59 0.713861 0.000042 0.12 0.07 96
CatInd03 1.64 0.713934 0.000071 0.09 0.07 93
CatIind04 1.77 0.713985 0.000020 0.18 0.07 98
CatInd05 1.69 0.713937 0.000027 0.13 0.06 95
CatInd06 1.59 0.713918 0.000052 - — -
CatInd07 1.69 0.713909 0.000059 0.13 0.02 96
CatInd08 1.48 0.713454 0.000033 0.17 0.06 104
CatInd09 1.46 0.713773 0.000051 0.15 0.18 93
CatInd10 143 0.713745 0.000019 0.10 0.11 97
Mean 1.6 (0.1) 0.713758 0.000121 0.12 0.02

After waterlogging (n = 3) CatAft01 16.33 0.709302 0.000005 0.46 - 88
CatAft02 15.88 0.709300 0.000013 0.55 0.20° 91
CatAft03 15.88 0.709297 0.000022 047 0.19 87
Mean 16.0 (0.5) 0.709300 0.000005 049 0.10

Seawater SeaWat01 - 0.709276 0.000004 0.39 0.00 -

2 This value corresponds to the long-term 2SD of SRM1515 and not the 95% CI of the sample (see Appendix 1 for the detail).

a mean Sr content of 16.0 pg/g + 0.5 (95% CI). The radiogenic Sr
isotopic signature in reacted wood is virtually indistinguishable
from the measured seawater Sr isotopic  signature
(37sr/%6sr = 0.70928), while the measured 3%8/35Sr in wood is
slightly higher (0.49%o) than the measured 388/865r of seawater
(0.39%o). This might reflect isotope fractionation during marine Sr
adsorption with the heavier 33Sr being preferentially adsorbed on
the wood surface. Although we lack constraints to ascertain this
hypothesis, we note that a similar enrichment of heavy isotopes
during adsorption has been experimentally observed for barium,
another alkali element (van Zuilen et al., 2016). The Segovia
cathedral wood samples were also studied by X-ray Diffraction

(XRD, D2 Phaser) and SEM before and after being placed in
seawater. However, these analyses failed to show the presence of
crystals in the wood before and after marine waterlogging (data not
shown). This experiment highlights the rapid contamination of
wood with marine Sr after a short storage in seawater. This
contamination completely modifies the original isotopic composi-
tion towards a seawater signature. As no minerals were found in
the waterlogged wood, we assume that marine Sr was adsorbed
into the wood and is present in these 3 samples in an exchangeable
form.

Fig. 11 illustrates the processes causing the measured isotopic
variations in our shipwreck and cathedral samples and the
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Fig. 11. Illustrative plot of 87Sr/8%Sr versus 58/86Sr showing seawater signature (Pearce et al., 2015a), expected “unmodified” living plants signature and the signature of samples
from the shipwreck transect and waterlogged cathedral (this study). Plants A, plants B and Plants C have 3%%/8%sr corresponding to the mean value of data reported in Andrews et al.
(2016); Bullen and Chadwick (2016) and de Souza et al. (2010) (n = 13). The corresponding 8”Sr/®6Sr ratio are theoretical values illustrating three different contexts of origin; A: on
silicate rocks; B: on carbonate rocks; C: on volcanic rocks. The dashed arrows show the direction of expected 37Sr/56sr and 3%8/%6Sr modifications (diagenesis) during waterlogging of
a modern wood sample. The full line arrows show the direction of seawater 5%%/38Sr fractionation during Sr precipitation (enrichement in light ®Sr) and during Sr adsorption

(enrichement in heavy 38Sr) on the waterlogged wood.

hypothetical variation of the signature in wood from living trees
due to potential seawater contamination. Because relatively small
388/865r differences are expected in wood from trees growing over
carbonate rocks and those growing over silicate rocks (e.g. Plants A,
Plants B, Plants C and continental cathedral wood samples), the
seawater contamination will affect their 3®%/%6Sr similarly by
enriching the wood with heavier 88Sr isotopes. Contrarily, their
875r/86sr signature will be affected distinctly as function of the
bedrock underneath. Wood on silicate rocks (e.g. Plants A and
continental cathedral samples) will have their 87Sr/®6Sr ratio
decreasing towards 0.70918 (modern seawater signature) while
wood on limestone and basaltic rocks (e.g. Plants C) will have their
87r/86sr ratio increasing towards seawater &7Sr/26Sr value. More-
over, while wood on limestone having 87Sr/36Sr signature close to
that of seawater cannot be differentiated from seawater by
comparing their radiogenic Sr signatures, their 3%8/86Sr will have
very distinct values (e.g. Plants B). Fig. 11 also illustrates that frac-
tionation during marine Sr adsorption would results in higher 8%/
865r values in waterlogged wood compared to seawater (e.g.
waterlogged cathedral samples; this study) and fractionation dur-
ing marine Sr precipitation would imply lower 3%¥/3%sr values in
wood compared to seawater (e.g. surface sample from the ship-
wreck transect; this study). The shipwreck samples from the center
of the transect (ShiTra04 to 07; Table 4) show less contamination
compared to the surface samples as regards 87sr/%0sr (~0.7087

compared to 0.7092 for the most contaminated surface sample and
for seawater) and 3881865 (~0.19%o compared to 0.32%o for the most
contaminated wood surface sample and 0.39%o for seawater). This
388/865r value of ~0.19%o (ShiTra04 to 07) is closer to the signature of
“non-contaminated” wood from the continental cathedral samples
(0.12%0 + 0.02; 95% CI; n = 12; see Table 5) and the different plant
organs signature (0.00%0 + 0.16; 95% CI; n = 13; Andrews et al.
(2016); Bullen and Chadwick (2016); de Souza et al. (2010)). This
plot suggests that the coupling between 8/Sr/86Sr and §%8/36sy
values have the potential to help future studies on
dendroprovenance.

The preliminary results described here suggest that the surface
of wood placed in seawater is rapidly contaminated by marine Sr.
However, Sr substitutes for Ca mainly in plant cell wall constituents
such as pectin, cellulose and lignin. Pectins are water soluble and
can be relatively rapidly degraded by decomposition processes.
Therefore, Sr in archaeological wood is contained mainly in the cell
wall bonded to the lignin and cellulose. FTIR analyses on the
archaeological wood from a shipwreck show a well-preserved
lignin fingerprint typical of the studied type of wood despite the
significant depletion of carbohydrates (Traoré et al., 2016). There-
fore, specific molecules may be selected for Sr analysis to avoid or
reduce the degree of contamination. As applied in the case of
skeletal material (Price et al., 1992), a procedure of non-biogenic Sr
removal should be developed for wood to access the original wood
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Sr isotopic signature.
6. Conclusion and future prospects

Cutting-edge analytical techniques are yielding new insights in
archaeological and historical studies. While dendrochronology re-
mains the most commonly used tool for tracing wood provenance,
it can be combined with other approaches such as anatomy, ge-
netics, organic and inorganic analyses, as well as isotope analyses,
to increase the accuracy and precision of results. Nevertheless, all
these methods are influenced more or less directly by climatic
factors specific to a given geographic area, which vary in relation to
longitude, latitude and elevation. In this respect, the analysis of Sr
isotopes in wood offers a unique opportunity to discriminate more
clearly between different wood sources. Strontium is an element
ubiquitous in rocks and released into waters and soils by weath-
ering processes, then incorporated into the hard tissue of living
organisms (humans, animals and plants). As physicochemical and
biological processes do not affect the measured 87Sr/80sr, this ratio
in plants reflects the local isotopic composition of the soil available
pool which supplies nutrients, as well as Sr, to plants. In a similar
manner, humans and animals show a 87Sr/®8Sr signature in their
tissues that is close to that of the food they have consumed, which
is itself derived from plants yielding the same local 87Sr/8Sr iso-
topic signature. Recent advances in mass spectrometry now allow
the detection of Sr isotopes mass-dependent fractionation,
measured as 3%8/3%Sr; some recent studies demonstrate significant
variations of 3%8/86Sr values between plant and soil compartments,
which can help to distinguish between different sources of
archaeological material.

Despite several applications of this tool to study human and
animal mobility and the provenance of food and other plant
products, few studies have focused on the provenance of archaeo-
logical wood using Sr isotopic composition. One difficulty arises
from the fact that the local signature of a potential site of origin
corresponds to the 37Sr/8Sr signature of the soil available pool at
this site, which is only partly derived from the underlying geolog-
ical substrate. Indeed, this signature in some cases is mainly
controlled by atmospheric Sr fluxes entering the soil surface. As the
Sr isotope signature of rainwater has a narrow range of variation,
overlaps in local signatures can make it difficult to distinguish sites
using this approach. Our review points out the lack of integrated
studies reporting the variation of 87Sr/®8Sr signatures in rocks, bulk
soils, soil available pools and plants (and animals) from the same
site. In addition, the 87Sr/6sr signature of the soil available pool
could be variable laterally and/or vertically within a site and may
have changed through time. This highlights the need to charac-
terize the local signature of a site taking into account a large
number of samples to minimize the spatial heterogeneity and
define the range of variation within the site. It could be interesting
to characterize the local historical Sr signature using the same type
of material (tree wood for studying the provenance of timber from
shipwrecks) and, if possible, having the same age as the studied
material. In addition, future studies should aim at a better under-
standing of the respective contributions of rocks and atmospheric
deposition in various geological, climatic and pedogenetic contexts,
to establish the local Sr isotopic signature of a site. More generally,
maps should be compiled showing local Sr isotopic signatures.

Another major obstacle for the application of the Sr isotopes as a
tracer of archaeological wood from shipwrecks is the diagenetic
modification of the original signature of the timber. This is due to
the physical degradation caused by shipworms, as well as the
fungal and bacterial decomposition of wood and modification of its
chemical composition by adsorption and precipitation of elements
from the marine environment. To determine the provenance of

wood sampled from shipwrecks using this method, more research
should be undertaken to identify the degree and type of contami-
nation of the waterlogged wood. Finally, a dedicated protocol needs
to be developed for the elimination of marine Sr and the restoration
of the original wood Sr signature. Our preliminary results suggest
that stable Sr isotopes could be used to validate protocols and
provide evidence of marine contamination.
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