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In this paper we report the Sr isotope signatures, and Sr, Al and Na concentrations of 30 surface waters
(lakes/ponds and rivers/creeks) and 19 soil sample extracts from the island of Bornholm (Denmark) and
present a categorized 87Sr/86Sr value distribution map that may serve as a base for provenance studies,
including archaeological migration and authenticity proof for particular food products. The Sr isotopic
compositions of surface waters range from 87Sr/86Sr = 0.7097–0.7281 (average 0.7175 ± 0.0049; 1r),
whereas 0.1 M HNO3, 0.05 M HNO3, and 0.01 M CaCl2 soil extracts range from 87Sr/86Sr = 0.7095–
0.7197 and define somewhat lower but statistically indistinguishable averages of 0.7125 ± 0.003 (1s).
These compositions are lower than the values expected from the Precambrian granitoid basement
(87Sr/86Sr = 0.758–0.944), and from the overlying, mainly clastic Paleozoic sediments. Combined Sr
isotope composition vs. Sr, Na and Al concentration relationships of soil extracts imply that lowering
of the isotopic composition of leachable Sr on Bornholm results as a consequence of significant admixture
to this fraction of Sr deposited as marine salts (aerosols), and that rainwater only has a minor influence on
the Sr budget of the surface waters. Positively correlated Al/Na and [1/Sr] vs. 87Sr/86Sr relationships in soil
extracts and surface waters indicate that the surface run-off on Bornholm is characterized by two pre-
dominant sources, namely marine aerosols (sea salts) with high Sr and low 87Sr/86Sr values, and a source
with lower [Sr] delivering radiogenic Sr to the surface waters, which we equate with Sr leached from the
products of mineral weathering (soils).

A feasibility study for using Sr isotopic compositions of surface waters and soil extracts as a proxy for
bioavailable Sr signatures was performed with a few samples collected in the vicinity of the eleventh cen-
tury AD Ndr. Grødbygård cemetery site in SW Bornholm, from where Sr isotope compositions of modern
fauna samples and tooth enamel of humans buried in the cemetery have been reported. Waters and soil
extracts studied herein from around this site range from 87Sr/86Sr = 0.7104–0.7166 and correspond to Sr
compositions extracted from snail shells in this area which span a range of 87Sr/86Sr = 0.7095–0.7160.
Some human tooth enamel is characterized by more radiogenic values (87Sr/86Sr up to 0.718) which
points to a possible provenance of these humans from the granite–gneiss terrain in the north of the island
and/or to immigration of these humans in their childhood from other places (for example from mainland
Sweden) to Bornholm. If the total compositional range of 87Sr/86Sr = 0.709–0.718 (n = 44) recorded in
human enamel from the Ndr. Grødbygård site is considered representative for the variation of bioavail-
able Sr on Bornholm, then our soil leachate and surface water data entirely covers this range. We there-
fore propose that the combination of Sr isotope analyses of surface waters and soil leachates are an easy,
fast and relatively cost efficient way to characterize a local bioavailable 87Sr/86Sr signature, and conse-
quently propose that the overall average of 87Sr/86Sr = 0.7153 ± 0.0048 (1r; n = 50) can be taken as a band
for bioavailable Sr fractions suitable to discriminate between local and non-local signatures in prove-
nance studies in the field of archaeology and for food and plant authenticity control in agricultural
applications.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The Sr isotope compositions of surface waters have the poten-
tial to mirror the average composition of bioavailable Sr of a
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Fig. 1. Geographical sketch map showing the location of the island of Bornholm
(red rectangle corresponds to the area covered by the maps in Figs. 2 and 3).
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specific area (catchment) and the relatively simple analytical pro-
tocols of water–Sr isotopic analysis have recently led to a number
of attempts to produce extensive regional distribution maps meant
to be used as bases for archaeological, geological, hydrological and
agricultural provenance studies (Beard and Johnson, 2000; Evans
et al., 2009, 2010; Frei and Frei, 2011; Voerkelius et al., 2010). In
the field of archaeology, for example, Sr isotope signatures of hu-
man bone tissues (particularly of tooth enamel) can offer substan-
tial evidence for characterizing prehistoric migrations (Bentley,
2006; Montgomery, 2010; Price et al., 2002). By comparing the iso-
tope values in archaeological human tooth enamel to bioavailable
signatures characterizing the region, one hopes to identify the geo-
graphical area where the diet of a person was obtained during
childhood. Unlike carbon, nitrogen and oxygen, Sr isotopes are
transferred, without the 87Sr/86Sr ratio measurably changing, from
the weathering of rock minerals through soils and interstitial soil
water into the biosphere and food chains. In mammalian tooth en-
amel, Sr substitutes for calcium in hydroxyapatite. Because
87Sr/86Sr values in rocks and minerals vary, depending on their
Rb/Sr concentration ratio and their geological age (as 87Rb radioac-
tively decays to 87Sr with a half-life of 48 billion years), Sr isotopes
can therefore be used as a geological, and hence geographical,
tracer within archaeological skeletons. Clearly, a regional map of
biologically available Sr isotope values is indispensable for inter-
preting isotope signatures in archaeological skeletons. Numerous
recent applications of this tracer system include migration and dis-
persal studies of birds (Sellick et al., 2009), proof of origin authen-
ticity of certain food products (Crittenden et al., 2007; Horn et al.,
1993; Rossmann et al., 2000), plants (Evans et al., 2010; Kelly et al.,
2002; West et al., 2009), mineral waters (Montgomery et al., 2006;
Voerkelius et al., 2010), and also involve forensic investigations
aiming at origin assignments of unidentified corpses (Rauch
et al., 2007). All these studies rely on geographical reference data
bases which allow mapping of the bioavailable Sr isotope signa-
tures over potential local and regional target areas. Because miner-
als with different Sr concentrations and 87Sr/86Sr ratios weather at
different rates, a geological map of 87Sr/86Sr variations in bedrocks,
as initially proposed by Beard and Johnson (2000) is not always
sufficient to predict the 87Sr/86Sr entering the environmental Sr
cycle.

One way to map regional bioavailable 87Sr/86Sr ratios is to ana-
lyze hundreds of soil leachate, water and plant samples, as Hodell
et al. (2004) have impressively done for Mesoamerica. An alterna-
tive way, applied in archaeological studies, is a more direct mea-
surement of biologically available isotope signatures and relies of
the analyses of 87Sr/86Sr ratios directly in archaeological tooth en-
amel of a low-mobility animal species from different excavation
sites (Bentley et al., 2004; Price et al., 2002). Through a lifetime
of feeding, herbivores seem to obtain a remarkably consistent aver-
age 87Sr/86Sr ratio that is representative of their catchment area
(Blum et al., 2001; Burton et al., 1999; Price et al., 2002). The rea-
son why archaeologists proposed to sample archaeological rather
than modern material is that the modern environment can poten-
tially be contaminated with exogenous Sr from human sources,
such as for example from fertilizers (e.g.,(Böhlke and Horan,
2000; Hosono et al., 2007; Probst et al., 2000; Vitoria et al.,
2004). These additional, non-geologic sources of Sr in the bio-
sphere are a threat to the successful use of the Sr isotopic tracer
system, and need to be taken into consideration when for example
using soil extracts or water analyses as monitors for the past bio-
logically-available signature at a suspected location of origin.

In this contribution, we evaluate the use of Sr isotopic composi-
tions of surface waters (rivers/creeks and lakes/ponds) and soil
leachates from the island of Bornholm (Fig. 1) with its important
archaeological history to obtain a picture of the geographic distri-
bution of biologically-available Sr, primarily with the aim of con-
structing a reference baseline map for archaeometrical studies of
geographic mobility of humans and animals, for investigations of
food authentication, and potentially for forensic purposes.

A recent study (Maurer et al., 2012) advocated the Sr isotopes
from river waters as comparative samples in studies of past mobil-
ity and migration, particularly because of its relative insensitivity
towards anthropogenic contamination and because of its temporal
consistency with respect to preserving Sr isotope signatures over
long periods of time. However, these authors also challenged the
use of soil leachates as an accurate means to provide an estimate
for the local 87Sr/86Sr signature, an issue which we address in the
present study with our own data.
2. Geological relationships

2.1. The basement geology of Bornholm

2.1.1. Precambrian rocks
The basement of Bornholm consists of rocks of Precambrian age

(Fig. 2). The rocks consist of 1455 ± 10 Ma (Waight et al., 2012)
gneisses and granites cut by N to NE striking diabase dykes. The
basement rocks are essentially free of any cover on the northern
two thirds of Bornholm except for thin Quaternary deposits.
Numerous faults cut Bornholm also with strikes N–NE and NW
(Fig. 1). Lakes, fens, bogs, heaths, drift-sand and raised beach
deposits cover part of the basement. To the south, the basement
continues beneath the Paleozoic sequence. The identities of the
hidden basement rocks are not known.

The contact to the Paleozoic rocks to the south is partly fault-
bounded (Fig. 2). The southern part of Bornholm is lowered in steps
along prominent faults striking NW to WNW. The Mesozoic se-
quence is downfaulted along faults inside but closely following
the coastline to the south and to the west.

2.1.2. Lower Palaeozoic and Mesozoic strata
The island of Bornholm includes a Lower Palaeozoic sedimen-

tary sequence of approximately 500 m thickness of which Lower
Cambrian coarse and medium-grained clastic deposits constitute
more than half (Nexø, Hardeberga and Læså Formations; Fig. 2).
The dominant lithology above the Lower Cambrian is shale and
mudstone including minor intercalation of limestone (Alun schist:
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Fig. 2. Simplified geological map of Bornholm with categorized 87Sr/86Sr values of surface waters and soil extracts. Also plotted is the location of the 11th century BC
cemetery of the Ndr. Grødbygård site (GG).
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Late Cambrian; Komstad chalk and Lindegård Formation: Early Or-
dovician; and Rastrites schist: Early Silurian; Buchardt and Nielsen
(1985)).

The Mesozoic sequence occurs in narrow fault blocks along the
south and west coasts and offshore in the Rønne Graben west of
Bornholm covering around 2500 m of sediments spanning a period
from Late Triassic to Late Cretaceous (Graversen (2004); Fig. 2). The
Lower and Middle Jurassic sediments are particularly well exposed
and form a general transgressive or deepening sequence. This se-
quence initiates with deposition of Hettangian lacustrine and fluvi-
atile clay, and coal of the Munkerup and Sose Bugt Members of the
Rønne Formation, overlain by Sinemurian tidal flat and channel
mud and sand deposits of the Galgelokken Member of the Rønne
Formation.

The Lower Cretaceous, Berriasian–Valanginian sand and clay
sediments of the Rabekke, Robbedale and Jydegård Formations
(Fig. 2) are mainly deposited in shallow marine environments, on
back-barriers and in lagoons, channels and lakes.

The Upper Cretaceous deposits consist of the Cenomanian
Arnager Greensand Formation, the Coniacian Arnager Limestone
Formation and the Cenomanian Bavnodde Greensand Formations.
The three marine formations consist of glauconitic sands, marls,
clays, limestones and conglomerates with abundant marine fossils
and trace fossils.
2.2. Quaternary geology of Bornholm

Large parts of the pre-Quaternary crystalline bedrock on Born-
holm are only covered by thin Quaternary sediments, classified
as glacially sourced bedrock on the geomorphological map (Jakob-
sen (2012); Fig. 3). During the Quaternary glaciations, the bedrock
was affected by overriding glaciers (Gravesen, 1996). One of the
most pronounced terrain features on Bornholm is fracture valleys,
which are subglacially eroded faults and fracture zones within the
basement rocks. These valleys outline the fault system from multi-
ple deformation phases in the Sorgenfrei–Tornquist zone (Graver-
sen, 2009).

The southern part of Bornholm, where the pre-Quaternary geol-
ogy is dominated by sandstone, shale and unconsolidated or poorly
consolidated sediments, is characterized by a till plain (Fig. 3).
Marginal moraines occur as sandy and gravelly hills, and outline
three ice marginal stages in the central and northern parts of Born-
holm. A few small outwash plains are found in southwestern Born-
holm. Raised beaches and beach ridges from the Baltic Ice Lake are
found along the coast at different levels, especially towards the
east and north.
3. The Ndr. Grødbygård archaeological site (test area)

The Ndr. Grødbygård site (Fig. 2) is the biggest of three cemeter-
ies dated to the end of the Viking Age and the early Middle Ages
(AD 900–1100) in the southern part of Bornholm (Naum, 2009;
Wagnkilde, 1999, 2000a, 2000b; Wagnkilde and Pind, 1996; Watt,
1985). The communal-sized Ndr. Grødbygård cemetery in particu-
lar has the potential to unravel migration patterns of humans at
the end of the Viking Age. Of specific interest in this respect is
the identification of potential immigration to the island (Price
et al., 2012).

The cemetery at Ndr. Grødbygård (Fig. 2) is located in the south-
ern half of the island not far from the coast situated on glaciogenic



Fig. 3. Geomorphological map of Bornholm (modified from Jakobsen (2012)). Bornholm is roughly divided into two terrains: a northern one where Precambrian granite/
gneiss is exposed and only covered by a thin Quaternary sediment cover, and a southern one where Phanerozoic sediments overlie the granitoid basement and are covered by
glaciogenic till.
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till developed atop of fine and coarse grained sand-and mudstones
of the lower Cretaceous Jydegård Formation (Graversen (2004);
Fig. 2). Approximately 553 individuals were buried there in 516
graves covering an area of 2275 m2. The cemetery was excavated
between 1986 and 1993 (Wagnkilde, 1999, 2000a, 2001;
Wagnkilde and Pind, 1996) and has been dated to the eleventh
century (ca. AD 991–1074?) by coins and other objects in the
graves. A summary of the archaeological details of the Ndr.
Grødbygård cemetery, a typical representative of early medieval
cemeteries in Scandinavia, is contained in Price et al. (2012).

In spite of the large number of burials in the cemetery, the pres-
ervation of human skeletal remains was very poor and relatively
little anthropological information is available. In most cases only
the teeth, some parts of the skulls and very few other bone frag-
ments remained.

Price et al. (2012) have measured a series of 15 snail shells from
the site of Ndr. Grødbygård itself in order to characterize the isoto-
pic composition of local bioavailable Sr fractions. They report a
mean 87Sr/86Sr value for these snails of 0.7133 ± 0.0020, with a
range from 0.7093 to 0.7155 and propose that this range be used
for the baseline values at the site. Price et al. (2012) also report
the 87Sr/86Sr values of some 44 tooth enamel samples from human
skeletal remains from the Ndr. Grødbygård cemetery, ranging from
0.7092 to 0.7231. This range exceeds (mainly towards more radio-
genic values) the range defined by the modern snails collected at
this site. The suite of samples include a substantial number of
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individuals that were buried with objects associated with the Slavic
tradition, such as beads and fragments of earrings found in the cra-
nial area, knives in mounted sheaths and potshards of Baltic ware.

Based on the combined fauna-human enamel Sr isotope data,
Price et al. (2012) concluded that many of the individuals in the
cemetery may be local to the area of the cemetery, or from other
parts of the island with similar isotopic values. Price et al. (2012)
also suggest that the few 87Sr/86Sr values of individuals which lie
outside the baseline values for the site indicate that these respec-
tive individuals are non-local and possibly not from Bornholm. Be-
low we discuss this interpretation in the light of our new data.
4. Samples and analytical techniques

Surface water (rivers, creeks, ponds and lakes) and soil samples
were collected during a 3 days field campaign in July 2012. Soil
samples were taken as topsoils (topmost 10–15 cm of the soil pro-
file). The sample localities, distinguishing water from soil samples,
are plotted in Fig. 4a and b. Respective latitude–longitude coordi-
nates are contained in Table 1.

Water aliquots were filtered with disposable syringe filters
(0.45 lm) and between 2 and 6 ml aliquots were transferred to
7 ml Teflon (Savillex™) vials. The aliquots were dried down on a
hot plate at 80 �C over night.

Soil samples were dried in an oven at 50 �C over night and then
homogenized by hand with a mortar in a porcelain pistil. Soil ex-
tracts were produced in three ways: (1) by adding 10 ml of a
0.1 M HNO3 solution to 1 g of untreated soil in a 10 ml centrifuge
tube, (2) by adding 10 ml of a 0.05 M HNO3 solution to 1 g of un-
treated soil in a 10 ml centrifuge tube, and (3) by adding 10 ml
of a 0.01 N CaCl2 solution to 1 g of untreated soil in a 10 ml centri-
fuge tube. The use of CaCl2 extractant was found to favourably
compare with other extractants to mimic the heavy metal behav-
iour in the soil–plant system (Alvarenga et al., 2008; Houba
et al., 1996). After agitating the slurry for 2 h at room temperature,
the solids were centrifuged off and 2 ml of the supernatant were
pipetted off, transferred into another 10 ml centrifuge tube and di-
luted to 10 ml with 2% HNO3. These samples were then analyzed
by ICP-OES for their Sr, Al and Na concentrations. Another 1 ml
of the respective leachates was transferred to a 7 ml Teflon beaker
and dried down over night. This aliquot was further processed
through an ion chromatographic process to obtain pure Sr fractions
for isotope analyses.

4.1. Ion chromatographic procedures

Samples (water evaporates, dried soil extracts) were taken up in
a few drops of 3 M HNO3 and then loaded on commercially avail-
able (Eppendorf ™) 1 ml pipette tips with a pressed-in filter de-
signed to be used as an extraction column. These ‘‘columns’’
were charged with 200 ll of an intensively pre-cleaned mesh
50–100 SrSpec™ (Eichrome Inc./Tristchem) resin. The elution rec-
ipe essentially followed that of Horowitz et al. (1992), scaled to
our needs. Sr was eluted/stripped by pure deionized water and
then the eluate was dried on a hotplate.

4.2. Thermal ionization mass spectrometry

Samples were dissolved in 2.5 ll of a Ta2O5–H3PO4–HF activator
solution and loaded directly onto previously outgassed 99.98% sin-
gle rhenium filaments. Samples were measured at 1250–1300 �C in
dynamic multi-collection mode on a VG Sector 54 IT mass spec-
trometer equipped with eight Faraday detectors (Institute of Geog-
raphy and Geology, University of Copenhagen). Five nanogram
loads of the NBS 987 Sr standard gave 87Sr/86Sr = 0.710236 ±
0.000010 (n = 14, 2r). The 87Sr/86Sr values of the samples were cor-
rected for the offset relative to the certified NIST SRM 987 value of
0.710250. The errors reported in Table 1 are within-run (2rm) pre-
cisions of the individual runs.

4.3. Sr, Na, and Al concentrations in waters and soil extract solutions

Sr, Na and Al concentrations in waters and the various soil ex-
tracts (aliquots from which Sr isotopic compositions were mea-
sured) were analyzed by ICP-OES (Perkin Elmer Optima 8000
system). Aqueous standards and internal reference water solutions
were used for respective calibrations. The multi-element standards
(Sr, Na, Al) were prepared from 1000 ppm (Merck) aqueous stan-
dards (0.05, 0.5, 5.0 and 50 ppm).

4.4. Reagents and blanks

We systematically used ultrapure acids (Seastar™ and dilutions
thereof) and water from a Milli-Rho-Milli-Q (Millipore) system in
the ion chromatographic procedures of the water and soil extract
samples. All chemistry was performed inside better than Class
100 Hepa filter equipped chemical workstations, located inside a
suite of Class 1000 overpressured clean rooms. Total procedure
blanks amounted to <85 pg of Sr for surface water sample analysis
and �150 pg Sr for the 0.1 M HNO3 and 0.05 M HNO3 soil leachate
procedures. The 0.01 M CaCl2 extractant procedural blank was
somewhat higher and amounted to �3.5 ng Sr. Sr blank composi-
tions measured during the analytical period yielded 87Sr/86Sr ratios
between �0.7085 and �0.7101. The amount of blank Sr introduced
during chemical procedures is insignificant relative to the amount
of sample Sr (�200 ng), and therefore the measured Sr isotopic
compositions of the waters and soil extracts were insensitive (in
the critical first five digits) to a blank correction.
5. Results

5.1. 87Sr/86Sr compositional range

The Sr isotope compositions of waters and soil extracts are
listed in Table 1. 87Sr/86Sr values span a rather large range between
0.7095 and 0.7281, and the average surface water composition is
calculated to 87Sr/86Sr = 0.7175 ± 0.005 (1r). The range of surface
water samples analyzed herein coincides with the range (defined
by very few samples though) of waters previously established for
Bornholm of 87Sr/86Sr = 0.7097–0.7206 (Table 1 in Frei and Frei
(2011)).

Soil extracts range from 87Sr/86Sr = 0.7095–0.7197. The three
(0.1 M HNO3, 0.05 M HNO3 and 0.01 M CaCl2) leachates returned
87Sr/86Sr values which do not differ much. However, there is a
notable slight but systematic increase in the values from 0.01 M
CaCl2–0.05 M HNO3–0.1 M HNO3, which we interpret to derive
from increased aggressiveness of the extractant towards mineral
weathering products in the respective soils.

The 87Sr/86Sr averages and the 87Sr/86Sr compositional ranges of
surface waters and the various soil leachates are higher and signif-
icantly expanded compared to the 87Sr/86Sr values of surface
waters from within territorial Denmark (range from 0.7079 to
0.7128; average value of 87Sr/86Sr = 0.7096 ± 0.0015 (2r; n = 194;
Frei and Frei (2011). While there is no data readily available for
Paleozoic sediments on Bornholm, whole rock data from Precam-
brian granites and gneisses exposed in the northern two thirds of
the island (Fig. 2) (Waight et al., 2012 and Waight, unpublished
data) span a range in composition from 87Sr/86Sr = 0.757–0.945.
This range is significantly more radiogenic than those defined by
the surface waters and soil extracts analyzed herein.
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Fig. 4. Geographic location of the soil (a) and surface water (b) samples on Bornholm.

152 R. Frei, K.M. Frei / Applied Geochemistry 38 (2013) 147–160
5.2. Distribution patterns

The categorized Sr isotopic compositions of the 30 water and
the average leachates of 20 soil samples are plotted on the simpli-
fied basement geological map of Bornholm in Fig. 2. The aim is to
verify whether or not the regional distribution of 87Sr/86Sr values
somehow reflects the geological relationships on Bornholm. We
have calculated the combined average 87Sr/86Sr values of water
and soil extracts taking the sample localities into consideration.
Samples which were collected from the northern part of Bornholm
which is dominated by Precambrian gneisses and granites (respec-
tively coded in Table 1) define an average value of 0.7161 ± 0.0049



Table 1
Strontium isotope compositions and concentrations of surface waters and soil extracts.

Sample 87Sr/86Sr ±2r [Sr] (ppm) [Al] (ppm) [Na] (ppm) Latitude Longitude Terrane

Surface waters
BOR 2 0.71478 0.00001 0.11 0.07 28.32 55.15994 14.79125 GG
BOR 4 0.71283 0.00001 0.16 0.09 20.24 55.17958 14.76458 GG
BOR 6 0.71401 0.00001 0.18 0.09 26.13 55.16936 14.71911 PH
BOR 7 0.72465 0.00001 0.07 0.16 28.00 55.26342 14.76267 GG
BOR 8 0.71789 0.00001 0.12 0.09 30.10 55.26694 14.76344 GG
BOR 9 0.71410 0.00001 0.13 0.07 32.72 55.27183 14.75547 GG
BOR 11 0.71614 0.00001 0.12 0.08 23.13 55.28536 14.76819 GG
BOR 14 0.72270 0.00001 0.08 0.06 11.33 55.22964 14.87867 GG
BOR 16 0.71640 0.00002 0.13 0.05 11.92 55.20672 14.94203 GG
BOR 17 0.71643 0.00001 0.09 0.08 15.67 55.19400 14.98808 GG
BOR 18 0.72814 0.00001 0.06 0.12 14.89 55.14994 15.08947 GG
BOR 19 0.72307 0.00002 0.09 0.17 29.33 55.11219 15.14317 PH
BOR 20 0.71145 0.00002 0.30 0.10 27.66 55.05678 15.12681 PH
BOR 24 0.72277 0.00002 0.11 0.09 12.12 55.02692 15.00722 PH
BOR 25 0.71696 0.00001 0.11 0.07 13.77 55.04156 14.94792 PH
BOR 26 0.71843 0.00001 0.10 0.03 6.84 55.06550 14.91822 GG
BOR 27 0.72590 0.00002 0.08 0.10 11.18 55.09147 14.91511 GG
BOR 28 0.71626 0.00001 0.10 0.08 23.69 55.11189 14.90647 GG
BOR 30 0.71638 0.00001 0.11 0.15 28.02 55.11667 14.90664 GG
BOR 31 0.71651 0.00001 0.10 0.03 5.58 55.12750 14.94281 GG
BOR 32 0.71673 0.00001 0.16 0.10 30.43 55.14256 15.11681 GG
BOR 34 0.71651 0.00001 0.10 0.08 17.99 55.18019 14.97372 GG
BOR 35 0.72665 0.00001 0.08 0.26 43.68 55.21597 14.92781 GG
BOR 36 0.71630 0.00001 0.15 0.05 10.85 55.19239 14.91292 GG
BOR 37 0.71675 0.00001 0.10 0.08 14.51 55.17017 14.94164 GG
BOR 43 0.71555 0.00002 0.14 0.07 15.15 55.15025 14.96056 GG
BOR 45 0.70976 0.00001 1.05 0.07 22.03 55.10347 14.72847 PH
BOR 46 0.70997 0.00002 0.58 0.08 21.85 55.10586 15.14433 GG
BOR 47 0.70972 0.00001 0.95 0.07 45.00 55.07514 14.73014 PH
BOR 48 0.71599 0.00001 0.15 0.03 7.00 55.02347 14.90692 PH
BOR 51 0.71661 0.00001 0.10 0.05 10.00 55.03522 14.94217 PH

Average all waters 0.71752 0.00495* 0.19 0.09 20.62
Average GG waters 0.71800 0.00465* 0.13 0.09 20.28
Average PH waters 0.71559 0.00499* 0.34 0.08 21.45

0.1 M HNO3 (2 h) 0.05 M HNO3 (2 h) 0.01 M CaCl2 (2 h) Latitude Longitude Terrane

87Sr/86Sr ±2r [Sr]
(ppm)

87Sr/86Sr ±2r [Sr]
(ppm)

[Al]
(ppm)

[Na]
(ppm)

87Sr/86Sr ±2r [Sr]
(ppm)

[Al]
(ppm)

[Na]
(ppm)

Soil extracts
BOR 1 0.71017 0.00001 – 0.71007 0.00001 0.90 27.55 1.37 0.71024 0.00001 0.75 0.62 0.85 55.08742 14.70300 PH
BOR 3 0.70985 0.00001 1.11 0.70948 0.00000 1.46 28.31 1.29 0.70952 0.00001 1.06 0.64 0.97 55.17717 14.78931 GG
BOR 5 0.71522 0.00001 – 0.71564 0.00001 0.24 43.15 1.00 0.71520 0.00002 0.18 1.11 0.62 55.17064 14.72311 GG
BOR 10 0.71449 0.00001 0.35 0.71402 0.00001 0.32 22.26 0.72 0.71389 0.00001 0.25 0.78 0.61 55.27144 14.75492 GG
BOR 12 0.71472 0.00001 0.38 0.71462 0.00001 0.25 31.22 0.63 0.71371 0.00001 0.24 0.79 0.48 55.28683 14.76444 GG
BOR 13 0.71103 0.00001 0.91 0.71089 0.00001 0.59 26.62 1.00 0.71075 0.00002 0.56 0.58 0.90 55.28192 14.78886 GG
BOR 15 0.70982 0.00001 1.25 0.70978 0.00001 0.97 36.31 1.12 0.70972 0.00001 0.97 0.65 0.86 55.22733 14.87917 GG
BOR 21 0.71151 0.00002 0.66 0.71141 0.00002 0.45 28.07 1.12 0.71102 0.00002 0.49 0.61 0.78 55.00300 15.05744 PH
BOR 22 0.71104 0.00001 – 0.71092 0.00001 0.53 42.95 1.10 0.71077 0.00001 0.51 0.50 0.81 55.02653 15.01267 PH
BOR 23 0.71151 0.00001 – 0.71148 0.00001 0.54 43.99 1.31 0.71098 0.00002 0.47 0.47 0.86 55.02617 15.00994 PH
BOR 29 0.71841 0.00002 – 0.71825 0.00002 0.18 34.69 0.69 0.71561 0.00002 0.19 1.56 0.52 55.11544 14.90708 GG
BOR 33 0.71583 0.00001 – 0.71582 0.00001 0.22 20.87 0.53 0.71451 0.00001 0.21 0.77 0.43 55.16019 15.04486 GG
BOR 38 0.71071 0.00001 0.76 0.71088 0.00007 0.50 26.23 1.30 0.71082 0.00001 0.55 0.55 0.88 55.17094 14.95800 GG
BOR 39 0.71035 0.00001 0.85 0.71026 0.00002 0.75 39.21 1.44 0.70997 0.00001 0.72 0.50 1.01 55.16789 14.94531 GG
BOR 40 0.70985 0.00002 – 0.70977 0.00001 0.92 20.44 1.52 0.70973 0.00002 0.87 0.65 1.04 55.15756 14.94403 GG
BOR 41 0.71973 0.00002 – 0.71970 0.00001 0.15 24.61 0.24 0.71837 0.00001 0.12 2.05 0.21 55.15094 14.95856 GG
BOR 42 0.71852 0.00001 0.21 0.71832 0.00002 0.16 72.75 0.78 0.71684 0.00001 0.14 2.49 0.43 55.15064 14.96031 GG
BOR 44 0.70988 0.00002 – 0.70971 0.00002 1.16 29.36 1.07 0.70959 0.00002 1.04 0.59 1.03 55.14789 14.96667 GG
BOR 50 0.71043 0.00001 0.81 0.71023 0.00002 0.81 27.54 0.97 0.71020 0.00002 0.42 0.56 0.91 55.03336 14.94558 PH
BOR 52 0.71223 0.00001 0.56 0.71202 0.00001 0.48 38.25 0.76 0.71193 0.00002 0.32 0.96 0.65 55.03114 14.94072 PH

Average all soil extracts 0.71277 0.00326* 0.71 0.71266 0.00328 0.58 33.22 1.00 0.71217 0.00270 0.50 0.87 0.74
Average GG soil

extracts
0.71346 0.00368* 0.73 0.71337 0.00370 0.56 32.57 0.95 0.71273 0.00306 0.50 0.98 0.71

Average PH soil
extracts

0.71115 0.00076* 0.67 0.71102 0.00076 0.62 34.72 1.10 0.71086 0.00063 0.49 0.62 0.81

Average all (water +
CaCl2 soil extracts)

0.7153 0.0048*

GG = Granite–Gneiss terrane (Precambrian).
PH = Phanerozoic cover sediments.
* = 1s.
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Fig. 5. Diagram showing the Sr concentrations in 0.01 M CaCl2 vs. 0.05 M HNO3 soil
leachates. The good fit (correlation line with R2 = 0.95) implies that extraction of
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extractant mobilizes �10% more Sr with a slightly higher 87Sr/86Sr value from the
soils compared to the 0.01 M CaCl2 extractant, for details refer to text.
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(n = 37; 1r), whereas samples from localities on the Phanerozoic
sedimentary basement (except 5 water samples from creeks whose
catchment areas predominantly lie in the granitoid terrain, e.g.
samples BOR 24–25, BOR 48 and BOR 51) define an average of
0.71101 ± 0.0013 (n = 10; 1r). Clearly, as expected, the values mea-
sured on samples from localities within the exposed Precambrian
ganitoid terrain do reflect the radiogenic nature of this basement
with respect to Sr isotopes, but not to a degree that values would
actually correspond to the whole rock compositional range of the
granites and gneisses.

However, we want to emphasize that exceptions to this general
pattern exist in both the northern and southern terrains on Born-
holm. An example is water sample BOR 46 from within an area
dominated by the Mesoproterozoic Svaneke granite in the north-
western part of Bornholm (Fig. 2) with a low 87Sr/86Sr value of
0.70997. Likewise, soil extract samples BOR 3 and BOR 40, taken
from within the gneiss terrain dominating the northern part of
Bornholm, also yielded low 87Sr/86Sr values of 0.70835 and
0.70985, respectively, unlike elevated values expected from the
basement lithologies. On the other hand, as already mentioned
above, water samples BOR 24–25 and BOR 46 collected at localities
within the Phanerozoic sedimentary cover predominant in the
southern part of the island, are characterized by elevated 87Sr/86Sr
values ranging between 0.715 and 0.723 (Table 1; Fig. 2) and better
fit the range of water and soil extract values measured from sam-
ples collected from within the Precambrian granite–gneiss terrain.
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Fig. 6. Diagram plotting the Na vs. the Al concentrations in soil leachates (note
logarithmic scale on Al concentrations). The lack of a pronounced correlation
implies that these elements derive from different sources in the soils. While Al is
associated with release from silicate mineral weathering products, Na is domi-
nantly sourced in marine aerosols (sea spray salts). For discussion see text.
5.3. Sr, Al and Na concentrations in waters and soil extracts

Sr, Al and Na concentrations in surface waters vary to some de-
gree, but are generally low and average 0.19 ppm, 0.09 ppm and
20.62 ppm, respectively (Table 1). The range of Sr concentrations
measured in the water samples from Bornholm ([Sr] = 0.08–
1.05 ppm) is surprisingly similar to the range of [Sr] = 0.14–
1.08 ppm, reported by Frei and Frei (2011) for surface waters from
territorial Denmark. No systematic correlations between Sr, Al and
Na concentrations in the surface water exist. This is taken as an
indication that these three elements have distinctively different,
or at least, multiple sources within the soils. We note that Na con-
centrations are more than an order of magnitude higher than those
in the soil leachates (see below). We interpret this tentatively with
a significant contribution to the surface run-off of Na from
rainwater.

Sr, Al and Na concentrations in the various soil leachates show a
trend similar to that depicted by the respective 87Sr/86Sr ratios. We
see an increase in the concentration of Sr from 0.01 M CaCl2–
0.05 M HNO3–0.1 M HNO3, and correspondingly elevated Na and
Al concentrations in the 0.05 M HNO3 compared to the 0.01 M
CaCl2 extractants (reflected by a sample by sample comparison
or in the average concentrations listed in Table 1). The much higher
Al concentrations measured in the 0.05 M HNO3 leachates com-
pared to the 0.01 M CaCl2 extractants imply the release and mobi-
lization of an elevated silicate-derived fraction into the HNO3

media.
Fig. 5 illustrates a comparison of the mobile Sr measured in the

0.01 M CaCl2 and 0.05 M HNO3 extractants. With the exception of
one sample (sample BOR-3 with the highest Sr concentration), data
correlate strongly (R2 = 0.95). The correlation line is defined by a
slope of 1.16, implying that the 0.05 M HNO3 extractant has only
a slightly increased Sr mobilization capacity compared to the
0.01 M CaCl2 solution. As mentioned above, this is also seen by
slightly elevated 87Sr/86Sr values measured in the 0.05 M HNO3

leachate, which we, in combination with the trends seen in Al
concentrations, prefer to explain by an increased attack of silicate
mineral weathering products in the soils.
Al vs. Na concentration relationships (Fig. 6) in the 0.05 M HNO3

and 0.01 M CaCl2 leachates illustrate an excessive scatter in the
data, implying that Al and Na are essentially derived from indepen-
dent sources within the soil. We associate Na predominantly with
marine aerosols (sea salts), and Al, due to its lithophile nature, with
silicates and their weathering products in the soils.
5.4. Relationships between 87Sr/86Sr signatures and elemental
concentrations

Fig. 7 is a mixing diagram which plots 87Sr/86Sr values of surface
waters and the various soil leachates vs. their respective reciprocal
Sr concentrations. It is apparent from this diagram that all the data
form strongly correlated arrays (R2 values >0.9 for the various soil
leachates; R2 value of �0.7 for the surface waters) which imply the
predominance of two major sources contributing Sr to the leach-
ates and surface waters. A further particularity of the arrays in
Fig. 6 is that they converge towards a single common source in
the lower left of the diagram, a source characterized by a relatively
high Sr concentration (low [1/Sr]) and an unradiogenic 87Sr/86Sr
value of �0.709). The radiogenic end-members of the arrays re-
main uncertain, but can potentially be equated with the weather-
ing mineral components in the soils. The increased scatter of data
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points from surface waters, relative to the well defined correlation
trends seen in the extractant data, furthermore implies that be-
sides the two predominant sources, (an)other, less important addi-
tional source(s) is(are) contributing Sr to the overall Sr budget of
the run-off. Last not but least, it can also be seen in Fig. 7 that
0.01 M CaCl2 soil extracts best mimic the compositional array of
the surface waters, at least in the parts where we have a data over-
lap. The slight offset between the correlation lines of surface
waters and CaCl2 leachates is mainly due to increased Sr concen-
trations (lower [1/Sr]) in the extractants compared to the surface
waters (Table 1).

5.5. Results from the Grødbygård test area

In order to check whether surface water and soil extract sam-
ples are a suitable alternative to local archaelogical/modern fauna
for the characterization of the bioavailable Sr fraction of a particu-
lar area, we have analyzed two water samples from a creek and
two soil extracts from nearby the Ndr. Grødbygård site (samples
BOR 25, 51 and 50 and 52, respectively; Fig. 2, Table 1). The
four samples from Ndr. Grødbygård span a range of
87Sr/86Sr = 0.7104–0.7169, fully compatible with the range of
87Sr/86Sr = 0.7095–0.7160 defined by the 15 snail shells collected
in the vicinity of Ndr. Grødbygård by Price et al. (2012).

6. Discussion

In order to understand and interpret the Sr isotopic ratios mea-
sured in the surface waters and soil extracts it would be essential
to constrain the cation fluxes and the identity and magnitude of
cation sources and sinks that are relevant for the total mass bud-
get. Elements present in soil, water and plants of an ecosystem
are ultimately sourced from a combination of atmospheric deposi-
tion (wet and dry precipitation) and weathering of soil parent rock
material. Subsequent to these primary inputs, elements may un-
dergo transfer and recycling between soil solutions, plants, soil or-
ganic matter, secondary minerals, and the so-called soil cation
exchange complex. In addition, the soil–plant–water system can
be modified by input of elements as irrigation water solutes, fertil-
izers and other agricultural additions. There are numerous studies
that have used the Sr isotope system to trace and quantify the
sources and fluxes of base cations in soil, water and plant materials
(Åberg et al., 1989, 1990; Bailey et al., 1996; Hornbeck et al., 1997;
Kennedy et al., 1998; Nakano et al., 2001). The key to the monitor-
ing of short-term elemental mobilization is the analysis of the soil
cation exchange complex which consists of base cations, primarily
Na+, K+, Mg+ and Ca2+, with which Sr shows a strong geochemical
affinity. It is held within the soil matrix by electrostatic attraction
to negatively charged surfaces of clay particles and organic matter.
The soil cation exchange complex is in dynamic equilibrium with
cations in the soil solution and therefore is the main component
of a bioavailable fraction. Collectively the cations in the soil solu-
tion and the soil cation exchange complex are commonly referred
to as labile soil cations (Capo et al., 1998; Stewart et al., 1998).
Studies using Sr isotopes have shown that amounts of precipita-
tion, rock texture and substrate age are parameters which control
the release of cations from soil pools and the relative contribution
to biologically available Sr of atmospheric and weathering sources.
Although chemical weathering is known to be an important control
on cation concentrations of stream water (Berner et al., 1990), de-
tailed studies addressing the bedrock or atmospheric derived con-
tributions to stream water and the geochemical link between
stream and soil water are rare. In one of these few studies, Nakano
et al. (2001) demonstrated that 87Sr/86Sr ratios in surface soil
waters in the Kawakami volcanic watershed (central Japan) were
almost identical to the 87Sr/86Sr ratio of exchangeable soil and
existing plants with different rooting zones. The agreement of Sr
isotope signatures of bedrock-derived secondary minerals with
high cation exchange capacity and wide distribution in lower soil
horizons and water-saturated zones with the signatures of stream
waters led these authors to conclude that stream waters are con-
trolled by Sr through exchange reactions at depth, with a minor
(up to 10%) contribution from atmospherically-derived cations
(rainwater). In contrast, according to Nakano et al. (2001), 87Sr/86Sr
ratios of soil water in the surface soil vary widely (due to the con-
tribution of atmospherically derived cations to the biologically
available, Ca and Sr deficient weathered surface soil pool) and dif-
fer significantly from those of soil minerals at depth.

While an in depth study of the surface water–soil–plant system,
and in particular the soil geochemical and mineralogical character-
ization of the soils exceeds the scope of this article, we discuss cer-
tain issues of the above relationships because of their importance
for the definition of local bioavailable Sr signatures that tentatively
will be used as a base for future migration, authenticity and prov-
enance studies on Bornholm.

6.1. Relationship between 87Sr/86Sr signatures and Sr concentrations in
stream and lake waters

Although data points define a correlated array in ‘‘1/Sr’’ vs.
‘‘87Sr/86Sr’’ diagram (Fig. 7), surface waters from Bornholm exhibit
an increased scatter around a linear correlation line in this dia-
gram, which implies that more than two significant sources of Sr
contribute to the Sr budget of the Bornholm waters. In contrast,
better defined linear trends are observed in the soil leachates
(Fig. 7). This speaks for true binary mixing systems. The high [Sr]
low 87Sr/86Sr endmember in surface waters and the soil extracts
seems to be constrained by the convergence of the correlation
lines. It can be characterized by a 87Sr/86Sr value of �0.709
(Fig. 7). While both, marine carbonates and marine aerosols (sea
spray salts) are valid such endmembers, because of the scarcity
of limestones in the Phanerozoic stratigraphic record on Bornholm,
we prefer marine salts (transported as aerosols) as the likely
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unradiogenic mobilizeable (bioavailable) Sr source. A predominant
binary mixture is also illustrated by the relationship between
Al/Na concentration ratios of the leachates and surface waters vs.
the respective 87Sr/86Sr values (Fig. 8). Here the unradiogenic
87Sr/86Sr endmember is correspondingly characterized by the low-
est Al/Na ratio which is consistent with an interpretation whereby
the unradiogenic endmember is a high Na, low Al source, which in
turn is compatible with a marine salt.

This interpretation is different from that put forward by Frei
and Frei (2011) to explain the circumstances on territorial Den-
mark where these authors argue for the high [Sr], low 87Sr/86Sr
endmember measured in surface waters to result from admixture
of Sr derived from Cretaceous–Tertiary marine carbonates directly
underlying the Quarternary glaciogenic sediments. Likewise, simi-
lar binary mixing relationships in river waters collected in the
vicinity of two early medieval cemeteries (‘‘Thuringians’’, 5–6th
century AD) in central Germany, where the unradiogenic endmem-
ber was associated with marine carbonates of the Muschelkalk
formation, were also reported by Maurer et al. (2012).
6.2. The potential effect of marine salt/sea spray contribution

Sea spray, transported as liquid droplets or evaporated particu-
lates, can contribute to vadose-zone cement formation and diagen-
esis in near-coastal deposits (Art et al., 1974; Gardner and
McLaren, 1994; James, 1972; Quade et al., 1995), and can also be
a significant contributor to the base cation content of coastal soils
(Art et al., 1974). Significant quantities of aerosols derived from sea
spray can be transported inland by wind, where they are deposited
on surfaces including foliage, and transported to the subsurface
during subsequent precipitation (Franzen, 1990; McDonald et al.,
1982).

Whipkey et al. (2000) showed that sea spray is a significant
source of nutrient elements to modern and buried soils developed
on �30,000-year-old Pahala Ash deposits 50 m from the coast at
South Point, Hawaii. The soil profiles evolved in a semi-arid climate
and have always been above sea level and the water table.
Differences in Sr isotopic composition between marine aerosols
(87Sr/86Sr = 0.7092) and tephra parent material 87Sr/86Sr = 0.7035)
allowed quantification of cation sources to the labile soil reservoir.
Mixing equations indicate that 50–80% of labile soil Sr, in their
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study, was derived from marine sources. Vitousek et al. (1999)
show that even �3 ka Hawaiian rainforest soils can receive up to
50% of labile, or plant-available, Sr from atmospheric sources,
although basalt weathering is still the dominant source of Sr for
those young ecosystems.

The soils that either developed directly on the Precambrian
basement of Bornholm with its predominantly granitic–gneissic
lithologies or formed as alteration products of the glaciogenic tills
composed of similar material offer the possibility to trace any po-
tential sea spray contribution. This is because of the expected en-
hanced contrast between radiogenic Sr pertinent to the initial
soils and unradiogenic, marine Sr deposited as aerosols. Our anal-
ysis of the relationship between Sr concentrations and Sr isotopic
signatures (Fig. 7), supported by the relationship between Na and
87Sr/86Sr concentrations (Fig. 9) in soil extracts allows a simplified
qualitative estimation of the marine aerosol (sea spray) contribu-
tion in the mobile soil fractions (best mimicked by the 0.01 M
CaCl2 extractant). The linear relationships observed (Figs. 7–9)
imply that the mobile (bioavailable) Sr is dominated by two
essential sources, of which the high [Sr] (and also high [Na]) and
low 87Sr/86Sr source is compatible with a marine source
(87Sr/86Sr � 0.7092), whereas the low [Sr] (and low [Na]) and
elevated 87Sr/86Sr endmember reflects the mobile fraction derived
from the uncontaminated, mineral weathering products character-
ized by a minimum radiogenic Sr isotope value of 87Sr/86Sr � 0.720
(Figs. 7–9). The existence of more radiogenic mobile Sr is indicated
by some of the surface water values which have 87Sr/86Sr values
>�0.720 (Fig. 7; Table 1) and implies that our soil sampling missed
soils with such radiogenic mobile fractions.

Mixing calculations relevant for a typical surface water and soil
extract sample from Bornholm demonstrate the sensitivity of
mobile Sr fractions (approached by the soil leachates), towards
the sea-apray aerosol contribution. Only fractions of a percent
and �1% of marine salt addition are needed to lower an initial sur-
face water and soil 87Sr/86Sr value of �0.728 and �0.718, respec-
tively, to 87Sr/86Sr values below �0.711 (diagram not shown).

Therefore the aerosol contribution to soils from Bornholm is
significant and conclude that the measured 87Sr/86Sr signatures
in the soil extracts (and surface waters) reflect drastically lowered
values (with respect to highly radiogenic signatures of the base-
ment and glaciogenic cover sediments) of the expected natural
variation of labile Sr on this island.
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R. Frei, K.M. Frei / Applied Geochemistry 38 (2013) 147–160 157
6.3. Impact of wet and dry atmospheric depositions

The dissolved components in rainwater can be divided into 3
groups: (a) those derived from sea salt aerosols; (b) those derived
from terrestrial aerosols (soil dust, biological emissions); and (c)
those derived from anthropogenic sources (industry, agriculture,
burning of vegetation and fossil fuels and fertilizers). Sr isotope ra-
tios in precipitation have the potential to distinguish between
these sources. A growing literature base reporting 87Sr/86Sr values
in rainwater indicates generally large variations of this ratio (e.g.,
Åberg et al., 1989; Dupré et al., 1994; Gosz and Moore, 1989),
but more homogenous compositions were also reported (Herut
et al., 1993; Xu and Han, 2009). Concentrations of Sr in rainwater
are correspondingly variable, but compared to concentrations in
river/stream waters are generally much lower. Bacon and Bain
(1995), for example, reported Sr concentrations in rainwater from
Scotland in the range of 2–210 lg l�1 with no discernible temporal
trends. A similar range (0.031–0.297 lmol l�1, or �3–26 lg l�1)
was reported by Xu and Han (2009) for rainwater collected during
different times in Beijing (China).

In order to estimate the importance of rainwater as a direct
source of Sr to the surface waters of Bornholm, we again refer to
the mixing diagram of Fig. 7. In this plot the composition of rain-
water lies to the right, far outside the plotting limits. If we assume
a seawater-like composition of rainwater, similar to that reported
by Frei and Frei (2011) for a sample collected on territorial Den-
mark, then it becomes intimately obvious that rainwater cannot
be an important source for Sr in surface waters from Bornholm. In-
stead, because the surface water array in Fig. 7 does not lie far off
the array defined by the soil leachates (potentially mimicking the
mobilizeable and thus bioavailable fraction in soils), it becomes
clear that the weathering products of the soils contribute most Sr
to the run-off. Similar has been reported by Bacon and Bain
(1995) in their study of stream and rain waters from Scotland.
Based on the large increase in the Sr concentration in streams
and the Sr isotopic signature of these stream waters reflecting
the geological background of their catchments, these authors con-
cluded, like us, that stream Sr sources are dominated by contribu-
tions from soils and weathering. The enhanced scatter of surface
waters in Fig. 7 may however well be due to admixture of small
amounts of dissolved Sr in rainwater. The importance of rainwater
as a significant source of other cations in the run-off is otherwise
best exemplified by the relatively high Na concentrations in the
analyzed surface waters. These concentrations are roughly an or-
der of magnitude higher than those measured in the soil extract-
ants (Table 1) and imply that simple dilution of a soil extractant
by pure water cannot explain the Na budget of the run-off on Born-
holm. Instead, water enriched in Na, such as rainwater, is required.

It becomes more difficult to estimate the importance of dry
atmospheric contributions to bioavailable signatures. Airborne
particulate (dust) Sr isotopic signatures from two weather record-
ing stations on territorial Denmark (Frei and Frei, 2011) yielded
low 87Sr/86Sr values defining an average of 87Sr/86Sr = 0.71074 ±
0.00088 (2r), with total Sr amounts collected in the filters during
the period of one month averaging �8 ± 6 lg (2r). It is impossible
to calculate mass budget influences without knowing the proper
fluxes from the atmosphere into the soils and onwards to the
stream and lake waters. All we can say here is that airborne partic-
ulate matter, if significant in the mass budget of the labile upper
soil horizons, would shift the bioavailable Sr to lower isotopic com-
positions in waters from Bornholm, unlike in the case of territorial
Denmark, where this contribution would insignificantly raise the
Sr isotopic composition of the average Danish surface water (Frei
and Frei, 2011). The scenario by which the labile Sr in soil water
is dominated by the atmospheric contribution is a rather unlikely
one, as studies have shown that rock weathering is still the major
contributor of Sr to the bioavailable fraction (Bailey et al., 1996). A
study by Probst et al. (2000) has shown that, even with modern
polluted precipitation (87Sr/86Sr < 0.710) supplying half the Sr
available to modern plants in the Vosges Mountains (France), Sr
available to modern plants in the soil solutions there nevertheless
has a substantially radiogenic Sr content (87Sr/86Sr � 0.724) due to
weathering of the bedrock endmember (87Sr/86Sr = 0.735–0.740).
However, studies on the same catchment and following those of
Probst et al. (2000) clearly show that the bioavailable radiogenic
Sr in the soils is more and more replaced by less radiogenic atmo-
sphere-derived Sr (Stille et al., 2006a, 2006b, 2009, 2012).

6.4. Potential importance of fertilizers

The role of fertilizer contribution to surface waters from territo-
rial Denmark has been discussed in detail in the study by Frei and
Frei (2011). We here refer to this study and the references cited
therein, particularly with respect to the mixing calculations using
published Sr concentrations and Sr isotope compositions for typi-
cal fertilizers.

For the surface water, we use our own data determined on the
lake, creek and river waters on Bornholm. (Table 1). For the most
sensitive case we use the water sample with the lowest Sr concen-
tration and highest 87Sr/86Sr value (sample BOR 18;
[Sr] = 0.06 ppm; 87Sr/86Sr = 0.72814). Results from two mixing
scenarios similar to the one calculated above for the marine salt
contribution, using (1) an average 87Sr/86Sr fertilizer value of
0.7085 (deduced from the study of Hosono et al. (2007)) and (2)
an extreme fertilizer with a 87Sr/86Sr value of 0.715 (the highest
value reported for a straight fertilizer by these authors), and an
applied fertilizer Sr concentration of 0.050 ppm (the average of
the data reported by Hosono et al. (2007); their Table 2), can be
summarized as follows: In case (1), the Sr isotopic data of the
calculated contaminated surface water from Bornholm is remark-
ably insensitive to fertilizer addition (more than 40% fertilizer Sr
would be necessary as a mixed-in component to change this par-
ticular surface water beyond the statistically defined variation of
87Sr/86Sr = 0.7175 ± 0.0050; Table 1). In case (2) a minimum of
�60% of fertilizer Sr would be needed to change a pristine surface
water beyond the statistical variation. In both calculations, there-
fore, unrealistically high amounts of applied solute fertilizer would
be necessary to significantly change the Sr isotopic compositions of
the stream and lake waters on Bornholm. We therefore conclude
that the measured 87Sr/86Sr values in these waters reflect the nat-
ural variation of labile Sr (including a marine aerosol contribution;
see above) on land.

6.5. Defining the ‘‘local’’ signature

Most estimates of base cation potentials are based on bedrock
maps (e.g. Beard and Johnson, 2000; Evans et al., 2009, 2010).
However, superficial till deposits, usually derived from off-site,
can be more influential than underlying bedrock as sources of cat-
ions for streams and lakes in general. Pleistocene glaciation re-
moved essentially all pre-existing soils and surficial deposits
from within territorial Denmark and Bornholm. Present day soils
are developed on till, ice contact, and associated outwash deposits
left by the last and/or second last stages of the Saale-Weichsel ice
sheets. Because soils are developed on mixtures of local and non-
local transported materials, the chemical and mineralogical com-
position of the soil parent material reflects a variety of lithogenic
sources eroded and deposited by the glaciers. This complexity
makes it difficult to elaborate on the source and nature of 87Sr/86Sr
values in Danish surface waters in general (Frei and Frei, 2011),
and on Bornholm in particular. One can speculate that labile Sr
fractions with elevated isotopic signatures are leached from soils
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developed on Precambrian basement and overlying clastic Paleo-
zoic cover rocks, and/or from glaciogenic tills (with predominantly
Precambrian granitoid components from northern Scandinavia)
and mixed with unradiogenic components derived from chalk-rich
matrix, marine aerosols in the soils and/or from rainwater. The
dampening effect of the geologically derived values by rainwater
saturation of the soils on the 87Sr/86Sr biosphere budget in western
Britain has been described by Evans et al. (2010) and for Australian
basalt plains by Raiber et al. (2009). This is not the case in the soils
studied herein as we show that dampening of the 87Sr/86Sr values
of the bioavailable Sr fraction is due to marine aerosols.

The ultimate goad in migration and other authentication stud-
ies is the definition of the bioavailable signature to be used for dis-
crimination between ‘‘local’’ and ‘‘non-local’’ sources. All depends
on the relative uptake of Sr via plants and water into the bone tis-
sues of animals and humans. To our knowledge there are hitherto
no concrete studies elaborating on the potential differential up-
take/assimilation rates of Sr into soft tissues of larger animals
and humans. Of particular interest would be to obtain information
regarding the effectiveness of the Sr transfer into the soft tissues
from drinking water relative to that from food intake. While simple
mass budget calculations prefer a dominance of Sr uptake from
food intake, one can argue that Sr in drinking water might be
potentially more readily available compared to that of food which
first has to be processed through the digestive system of humans
and animals. Until this important question is properly addressed
by relevant studies it is too premature to further elaborate on
the respective importance (mass budget wise) of Sr uptake by hu-
mans and larger animals via drinking waters. Of relevance here,
supporting the view of Maurer et al. (2012), is the fact that the
Sr isotopic composition of surface water sufficiently mimics a bio-
available fraction of Sr which can be used as a biosphere proxy for
the characterization of local and regional geographic areas. How-
ever, contradictory to the findings of Maurer et al. (2012), we also
propose that 87Sr/86Sr of soil leachates, particularly of a CaCl2

extractant, are satisfactorily mimicking the run-off signature and
therefore are a valuable additional inventory for the characteriza-
tion of local bioavailable Sr signatures.

6.6. The biospheric 87Sr/86Sr distribution and the geological
background

We have already mentioned that there is no clear-cut apparent
link between the 87Sr/86Sr distribution of surface water and soil
samples (Fig. 2) with the pre-Quaternary bedrock below the Pleis-
tocene glaciogenic sediments on Bornholm. Although whole rock
Sr isotope data from the Paleozoic cover rocks exposed beneath till
in the southern part of Bornholm are lacking, the old age of the
granite–gneiss terrane in the northern two thirds of the island
should favorably be reflected by a radiogenic Sr isotope distribu-
tional pattern of the surface waters and soil extracts. Based on
the distribution of bedrocks and till on Bornholm, depicted on
the geological map (Fig. 2) and the geomorphological map
(Fig. 3), respectively, one would expect some kind of NW–SE diag-
onal split distribution of these values across the island. While this
is pattern is somewhat reflected by higher average Sr isotope val-
ues (87Sr/86Sr = 0.7180 ± 0.0047 (n = 40; 1r; Table 1)) of waters col-
lected from within the Precambrian basement area, relative to
samples from localities on the Phanerozoic sedimentary basement
defining an average 87Sr/86Sr = 0.7156 ± 0.0050 (n = 8; 1r), the pat-
tern of increased 87Sr/86Sr surface water and soil extract values (in
categorized symbol sizes), when plotted on the geological base-
ment map (Fig. 2), does not coherently show up. A comparison of
the sample distribution in Fig. 2 with the map displaying the distri-
bution of different types of Pleistocene glaciogenic, marine and
freshwater sediments (Fig. 3) reveals that, with the sample density
achieved so far, a link between the type of Pleistocene sediment
and the 87Sr/86Sr distribution pattern cannot readily be established
either. While this, as mentioned above, may be due to too low a
sampling density, a more likely reason for the disturbed distribu-
tional pattern of bioavailable Sr is the heterogeneous contribution
by aerosol-derived (e.g., marine) Sr as discussed above.

The general lack of a correlation between 87Sr/86Sr ratios of sur-
face waters and soil extracts and the bedrock geology and/or Pleis-
tocene sediment cover in most areas of Bornholm is conformable
with results of our study of territorial Denmark (Frei and Frei,
2011). The difference, however, lies in the extreme exposure of
Bornholm to strong weather and winds, thus to increased sea spray
contribution, and in the type of ‘‘basement’’ beneath the glaciogen-
ic sediments. While the endmember with high Sr concentrations
and low Sr isotopic compositions is a marine one for territorial
Denmark (seawater-lain carbonates) and Bornholm (marine aero-
sols), the Precambrian basement on Bornholm creates an enhanced
isotopic contrast which should be reflected in the low Sr, high 87-

Sr/86Sr endmember of the surface water array. This can be seen
by comparing the Sr mixing diagrams of Frei and Frei (2011)(their
Fig. 4) with the one presented herein (Fig. 7), where the array of the
Bornholm surface waters exceeds that of the waters from territo-
rial Denmark by 100% in the direction towards more radiogenic 87-

Sr/86Sr values. A larger surface water sample density perhaps could
eventually establish the link between either of the two geological
background maps (Figs. 2 and 3) and the analyzed samples. Each
of these maps potentially could reflect the geographic distribution
of mixtures of the two major Sr sources contained in surface
waters from Bornholm. Information from these maps, combined
with enhanced surface water data sets, has the potential to delin-
eate and more precisely differentiate between isotopically district
biosphere areas on Bornholm, in such way as more successfully
demonstrated by Beard and Johnson (2000), Voerkelius et al.
(2010), Evans et al. (2010) and recently by Frei and Frei (2011) in
their studies and attempts to produce regional maps for prove-
nance purposes.
6.7. Implications of results for the Ndr. Grødbygård archaelogical site

While the span of human enamel 87Sr/86Sr values (Price et al.,
2012) agree with the range of soil extracts and surface water anal-
yses from the vicinity of the site, a few individuals show elevated
signatures up to 87Sr/86Sr = 0.7178. These signatures conform to
the average 87Sr/86Sr value of 0.71800 ± 0.0047 for surface waters
from within the granite–gneiss terrain (Table 1), and it lies close
to suspect that the humans characterized by the most radiogenic
enamel Sr compositions likely grew up in the northern part of
Bornholm therefore. However, their Sr compositional uptake could
have been lowered by, for example, a marine food diet character-
ized by a seawater 87Sr/86Sr value of �0.7092 (McArthur et al.,
2001). This scenario would be supported by d13C values in dental
enamel of five out of a total of 36 individuals from Ndr. Grødbygård
reported in the study of Price et al. (2012), pointing to a significant
proportion (�20%) of marine food in the diet of early childhood.
However, the possibility, as mentioned by Price et al. (2012), that
these humans immigrated from outside Bornholm, cannot be dis-
carded on the basis of our new data set.
7. Conclusions

This study presents Sr isotope and Sr, Na and Al concentration
results of a larger number of surface water and different soil ex-
tract samples from Bornholm which illustrate the potential of Sr
isotope ratio analysis to provide a proxy of the biosphere signa-
tures necessary for provenance/migration studies and for food
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authenticity control. Our conclusions can be summarized as
follows:

(1) 87Sr/86Sr ratios of stream and lake waters span a range from
0.7097 to 0.7259 and define an average value of
0.7175 ± 0.0050 (n = 30; 1r). Soil extracts (0.1 M HNO3;
0.05 M HNO3; 0.01 M CaCl2) yielded Sr isotope compositions
with 87Sr/86Sr = 0.7095–0.7197. The 0.01 M CaCl2 extractant
revealed Sr concentrations and Sr isotope signatures which
best fit the unradiogenic 50% portion of a binary Sr source
mixing array defined by the surface waters. The average
87Sr/86Sr value of 0.7122 ± 0.0027 (1r) defined by the CaCl2

soil leachates implies a significantly depressed signal with
respect to what would be expected from the Precambrian
and Paleozoic basement rocks and/or from the thin Quarter-
nary glaciogenic cover.

(2) The binary mixing relationships observed in soil leachates
and surface waters from Bornholm result from mixing of
Sr from the following two major sources (a) from a mobile,
mostly radiogenic Sr component from mineral weathering
products in the soils and/or from interaction of groundwater
with basement rocks at depth, and (b) from a mobile, unrad-
iogenic Sr derived from marine aerosols (sea spray salts).

(3) The two endmembers defining the binary mixing in [1/Sr] vs.
87Sr/86Sr space are substantiated by linearly correlated rela-
tionships of [Al] and [Na] vs. [Sr] and 87Sr/86Sr values, which
characterize the lithogenic (silicate mineral)-derived and the
marine aerosol derived source, respectively, in the soils and
the surface waters.

(4) The Sr isotope agreement between signatures measured on
modern herbivore fauna (snail shells) and surface waters/
soil extract from a test area which comprises the 11th cen-
tury Ndr. Grødbygård cemetery located in the southern part
of Bornholm suggest that, like in a previous analogue study
performed on material from a test site in territorial Denmark
(Frei and Frei, 2011), that water and soil extracts are a valid
proxy for defining the Sr isotope composition of the bioavail-
able fraction of a particular area.

(5) As water (similar to food) is expected to be an important
source of nutritional Sr, entering larger carnivorous animals
and humans by absorptive uptake, we argue that the average
87Sr/86Sr value of 0.7175 ± 0.0050 defined by surface waters
on Bornholm likely represents the isotopic composition of
bioavailable Sr for investigating and delineating prehistoric
human and animal mobility. This value should discriminate
between ‘‘local’’ and ‘‘non-local’’ signatures determined in
target materials studied for their provenance. We propose
that the band width of 87Sr/86Sr = 0.7125–0.7225 be used
conservatively to characterize a ‘‘local’’ Bornholm signature.
This band discriminates from that previously determined for
territorial Denmark (87Sr/86Sr = 0.7080–0.7112; Frei and Frei
(2011).

(6) Using the conservative ‘‘local’’ band discrimination values
for bioavailable Sr from Bornholm, previously published
results of human enamel from 44 individuals buried in the
Ndr. Grødbygård cemetery (Price et al., 2012) imply that
all individuals spend their childhood on the island.

(7) Alternatively, a refinement of the overall baseline value for
bioavailable Sr fractions is possible if a terrain distinction
between sample locations on Precambrian basement grani-
toids and Phanerozoic cover sediments is taken into account.
While statistically still overlapping, the 87Sr/86Sr value band
for the Precambrain terrain extends towards higher radio-
genic values (87Sr/86Sr upper limit of 0.7227) than that
defined by the Phanerozoic terrain (upper limit of
0.72058), while the lower limits for both terrains are indis-
tinguishable, namely �0.710). This makes it possible to
potentially distinguish a northern from a southern prove-
nance on Bornholm, a criteria which for example can directly
be applied to the human tooth enamel data population
reported by the study of Price et al. (2012).

(8) With the sampling density reached in this study it is not yet
possible to construct a contoured 87Sr/86Sr distribution map
over the island of Bornholm. Until more extensive sampling
is undertaken to achieve this highly desirable goal, the cate-
gorized bioavailable Sr signature map can be used as refer-
ence/proxy map for archaeological, geological and
agricultural studies aimed at tracing the origin of target
materials.
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