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• Surface proxies in pristine forests are un-
suitable for Sr - baselines.

• 87Sr/86Sr values of soils and plants do not
show regional differences in Denmark.

• OM stores Sr from former more abundant
carbonate relicts in Danish tills.

• Soil leachates, plants and surface waters
share an unradiogenic Sr component.
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Strontium (Sr) isotope based provenance and mobility studies of ancient humans and animals necessitate representa-
tive isoscapes/baselines. However, regions/terranes that were shaped and affected by glaciers during the last Ice Ages
and are covered by glaciogenic sediments present a challenge with regards to the choice of suitable surface proxy ar-
chives. Recent studies proposed that only 87Sr/86Sr signatures from pristine areas are relevant for this purpose.
To test this theory, 160 new Sr concentrations [Sr] and 87Sr/86Sr signatures composed from ~960 subsamples of soil
leachates and plants, complemented with 55 surface waters from agriculturally unaffected pristine forest sites from all
over Denmark (island of Bornholm excluded) were analyzed. The results reveal that average 87Sr/86Sr signatures of all
three proxies (plants: 0.7115 ± 0.0025; 2σ, n = 162; soil leachates: 0.7118 ± 0.0037; 2σ; n = 161, surface waters:
0.7104±0.0030; 2σ, n=55) are elevated compared to largerwater bodies (creeks, rivers, lakes). Inmixing diagrams,
the data converge in a shared high [Sr] low 87Sr/86Sr endmember, which points to either remnant natural carbonates
and/or organic components retaining carbonate Sr in the studied Podzols/Luvisols. The indications for more abundant
carbonates in the past, compared to today's acid leached soils, implies that 87Sr/86Sr valuesmeasured frompristine for-
est locations and heathlands do not adequately reflect the biosphere compositions that prevailed~12,000–2000 thou-
sand years ago. Consequently, pristine forests in Denmark seem to be unsuitable proxy archive environments for
constructing Sr isotope baselines for determining the provenance and mobility of ancient humans and animals.
Hence, 87Sr/86Sr values measured in these pristine areas are non-representative and inadequate, and their use will
lead to wrong interpretations.
Finally, our study sheds light on the complexity of defining relevant and representative isoscapes/baselines in signif-
icantly changing environments and areas where the surface biosphere conditions do not necessary reflect the underly-
ing geology.
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1. Introduction

Provenance studies using the Sr isotope tracer system (87Sr/86Sr values)
have seen an unprecedented boom in the last ca. two decades. Applications
range from modern food (Fortunato et al., 2004; Rodrigues et al., 2011;
Zhou et al., 2018), mineral water (Montgomery et al., 2006; Voerkelius
et al., 2010) and wine (Epova et al., 2019) authenticity studies, to forensic
tracing (Beard and Johnson, 2000; Rauch et al., 2007; Tipple et al., 2018),
modern animal migration tracking (Hobson et al., 2010; Kruszynski et al.,
2021) and many more. In the field of archaeology, the Sr isotope system
has been used by scientists as a powerful tool for identifying ancient
human and animal provenance and mobility at the individual level
(Bentley, 2006; Capo et al., 1998; Ericson, 1985; Frei et al., 2009; Frei
et al., 2015; Frei and Price, 2012); and many others). Here, the adequate
use of this important tracer strongly relies on the statistically solid charac-
terization of relevant baselines. That is the geographicmapping of bioavail-
able Sr fractions that mimic the isotope composition of Sr, which is
conveyed in the dietary uptake path, via food chains, into humans and an-
imals. Once entering the digestive systems, Sr is then incorporated into
body tissues, mostly substituting for the biochemically similar calcium
(Ca) ion. Some of these body tissues, such as tooth enamel, and the petrous
bone have shown resistant against post-mortem diagenetic alterations and
even to cremation (Font et al., 2012; Harvig et al., 2014; Hoppe et al.,
2003; Snoeck et al., 2015), so that the Sr isotope signature measured in
them likely reflects an average dietary strontium characteristic over the
time of the formation (mineralization) of the respective tissues.

In provenance and mobility studies, Sr isotope signatures measured in
the archaeological human and/or animal remains are compared to the
baselines, so-called isoscapes. Even though these baselines are a prerequi-
site for such studies, there are yet no standardized protocols of how to con-
struct such baselines. Neither, there is a consensus regarding which proxies
or bio-archives are best suited (Grimstead et al., 2017). As a result, there are
several ongoing debates on how these baselines should be constructed. One
of themain debates focuses on the questionwhether or not modern agricul-
tural farming has measurable and relevant drawbacks for the construction
of soil-based baselines for provenance and mobility investigations of ar-
chaeological and forensic material (Hoogewerff et al., 2019). These authors
analyzed~1200 soil leachates of agricultural and neighboring grazing soils
from all over Europe for Sr isotope signatures and conclude that there is no
significant impact of agricultural farming on the respective soil Sr isotope
compositions in most areas. Regions which have been strongly affected
by glaciations during the last Ice Ages, especially in northern Europe,
might be an exception to this. This is because of the acid conditions,
which commonly develop in tills and other glacigenic sediments over
long time periods, and which led and continuously lead to strongly leached
and weatheredminerogenic components in the respective soil profiles, ren-
dering these soils problematic for agricultural use. Therefore, addition of
agricultural lime (commonly characterized by elevated Sr concentrations),
for the purpose of neutralizing this soil acidity, is a common practice used
by farmers in such areas/regions. This consequently has a contaminant ef-
fect on Sr in the respective soils, potentially rendering these an inappropri-
ate biosphere proxy archive for baselines in such areas/regions.

Besides soil, plants and fauna, surface water is one of the proxies used to
characterize the average bioavailable Sr isotope baselines of areas/regions
(Brennan et al., 2014; Brönnimann et al., 2018; Frank et al., 2021b; Frei
and Frei, 2011; Frei and Frei, 2013; Ladegaard-Pedersen et al., 2020;
Ladegaard-Pedersen et al., 2021; Pacheco-Forés et al., 2020; Wang et al.,
2018). While surface waters from larger water bodies might have the advan-
tage to average out the bioavailable Sr of areas characterized by a complex
bedrock geology and covered with glaciogenic sediments, like it is the case
in southern Sweden (Ladegaard-Pedersen et al., 2021), recent studies
questioned the significance of such surface waters as a reliable baseline
proxy in Denmark (Thomsen and Andreasen, 2019). Instead, the so-referred
“pristine” areas, free from agricultural lime additions, have been suggested
as more reliable sites for capturing biosphere Sr isotope signatures suitable
for the construction of baselines for archaeological studies (Thomsen and
2

Andreasen, 2019). These authors based their proposition on postulations
that Sr released frommodern agricultural lime added to the farmlands in ter-
ranes covered by glaciogenic sediments, has a significant contaminant effect
on the vadose zone in such areas/regions, thus, in the view of these authors,
render surface waters an unsuitable proxy for baseline constructions.
However, their conclusions could not be supported by data published later
by these authors (Andreasen and Thomsen, 2021b) as demonstrated by
mass balance calculations conveyed by (Frei, 2021). Since, an intense debate
on this topic has unfolded (Andreasen and Thomsen, 2021a; Andreasen and
Thomsen, 2021b; Frei, 2021; Frei et al., 2020a; Frei et al., 2020b; Thomsen
and Andreasen, 2019; Thomsen et al., 2021).

The current study emanated from the intention of complementing the
surface water – and fauna based baselines for present-day Denmark (Frei
and Frei, 2011; Frei and Price, 2012) with data from soil and plants as ad-
ditional biosphere proxies. As a consequence of the recent intense debate
regarding the choice of sampling sites, i.e., circumventing farmland
sites, we followed the recommendation by (Thomsen and Andreasen,
2019) and (Thomsen et al., 2021) to concentrate on pristine sites. This
provided a means to test these author's hypothesis that only pristine
sites (i.e., sites that are not contaminated by agricultural lime) yield Sr
isotope compositions that are relevant for archaeological provenance
and mobility studies.

To this aim, over 1000 environmental samples (soils, plants and some
additional surface waters) from pristine forest site locations distributed all
over Denmark (the island of Bornholm excluded) were collected and ana-
lyzed for the 87Sr/86Sr signatures and the [Sr].

1.1. Soil types and their distribution in Denmark

Denmark is extensively covered by glaciogenic deposits related to the
Saalian and Weichselian glacial periods that sit atop of predominantly
late Cretaceous to Paleocene limestone, and other partially carbonaceous,
clayey and sandy shales. A comprehensive summary of the Quaternary ge-
ology is contained in (Houmark-Nielsen, 1987; Houmark-Nielsen and Kjær,
2003), summarized in (Frei et al., 2020a). Denmark is ~43,000 km2 in
area, and nearly two-thirds of this area are used for intensive mechanized
agriculture. The topography is relatively flat and smooth (mean elevation
32 m, highest point 171 m asl), but is rather complex in nature, developed
by the late glacial and post glacial-marine transgressions and multiple gla-
ciations during the Weichselian. Most of the eastern (Zealand) and central
(Funen) parts of the country are developed in moraine landforms with
loamy soils, rich in clay content (Luvisols). Thewestern parts (Jutland) con-
sist of older and more strongly eroded landforms generated during the
Saale glacier regression stages. These landscapes are overlain by predomi-
nantly sandy glacio-fluvial soils (Podzols) formed on flood plains deposited
during theWeichsel glacier retreat. The northern parts of Jutland consist of
late and post-glacialmarine deposits with a mixture of different soil types,
including clay-rich Gleysols, developed on them (Fig. 1, modified from
Fig. 3 in (Adhikari et al., 2014c)). Podzols and Luvisols are the most fre-
quent soil groups, covering almost two-thirds of the area of Denmark
(Fig. 1; (Adhikari et al., 2014a)), and they are also the predominant soils
in forest areas which make up ~12% of the land area of Denmark.

1.2. Samples

The samples analyzed herein were collected from pristine forest loca-
tions or locations distant from farmlands in October/November 2020 and
May 2021. Danish forests have only been fertilized in experimental scales,
and the outcome of these experiments have not resulted in practical
revitalization programs. Experiments in the period from 1950 to 1989
were concentrated on fertilizing with phosphorus and potassium to
improve N2-fixation. Despite 20 years of experimentation, no trends in
tree growth enhancement could be deduced, and the results discouraged
fertilization aimed at increasing growth in major stands. Experiments
after 1980 focused on counteracting soil acidification, including the
application of lime, but positive growth responses have been ambiguous



Fig. 1. Distributional map of soil types in Denmark (modified from (Adhikari et al., 2014c). Podzols predominate in Jutland, whereas Luvisols are typical in Funen and
Zealand. Various types of soils, including Gleysols, are developed in Northern Jutland.
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and were therefore not implemented on regional/country-wide scale
((Vejre et al., 2001) and references therein).

Typical sample pit profiles of Podzols in Western Jutland and Luvisols
from Funen/Zealand are depicted in Fig. S1. The 15–20 cm depth intervals
were sampled from Podsols (Figs. S1 A,B) after removal of the organic-rich
mor layer, typically consisted of grey, sometimes brown to cream colored
sandwithmottled orange and black dots, and contained remnants of organic
material in different proportions. Rock and flint pebbles of up to 1 cm in di-
ameter were sometimes interspersed, particularly in samples from Western
Jutland. Respective soil horizons in Luvisols (Figs. S1 C,D) typically consisted
of greyish to brownish sand, silt and clay with minor organic material.
Smaller stone andflint fragments and pebbles alsowere occasionally present.

A total of 960 plant and soil subsamples were collected across Denmark
(excluding Bornholm). In addition, a smaller number (n = 55) of surface
water samples were collected near some of the plant and soil sampling
sites. These complement surface water samples from such sites published
by (Thomsen and Andreasen, 2019; Thomsen et al., 2021). To determine
a site's average bioavailable Sr isotope composition, three soil and three
plant subsamples were collected each within a ~ 50m radius at every loca-
tion. For the plant samples, leaves from different shrubs or small tree shoots
(mostly beech, maple, birch, and oak) of up to 2 m height were collected
within close proximity of the soil sampling locations. Root depths of the
shrubs and tree shoots leave samples likely reach ~50 cm below surface,
i.e. the bioavailable Sr fractions represented by the respective porewaters
3

do not exactly correspond to soil leachable fractions of the soil samples col-
lected from more shallow depths.

2. Methods and analytical techniques

2.1. Sample preparation

Plant leaves were cleaned right after collection with moist KIMTECH
wipes to remove any dust and then dried in open air. The air-dried samples
were subsequently ground in the laboratorywith a pestle in an agatemortar
by hand. For every sample site, a composite plant sample was created,
which consisted of equal amounts of ~30–40 mg plant material from
each of its three sub-samples. Treatment and ashing of the samples followed
the procedures described in (Frank et al., 2021b).

The air-dried soil samples were carefully ground using an agate mortar
and a hand pestle, and passed through a 2mmmesh sizedmetal sieve. Sam-
ple preparation and leaching procedures with 1 M ammonium nitrate
(NH4NO3) followed those in (Frank et al., 2021b).

Water samples were filtered through 0.45 μm polyamide syringe filters
and 5 mL aliquots were spiked with a 84Sr enriched tracer before they were
dried down in Teflon beakers at 100 °C.

Soil endmembers used for mixing calculation were defined as follows:
The “clay-dominated siliclastic” endmember was defined by wet-

sieving of three samples (JUT 24, SJA 15, and FYN 11) through 2 μm to

Image of Fig. 1
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yield ~100 mg of a < 2 μm clay fraction each, which then was treated with
0.5 mL of 1 M ammonium nitrate to recover the bioavailable Sr.

The “carbonate component” endmember has been defined by a 1M am-
monium nitrate leachate of 1 g of a hand mortared piece (<2 mm fraction)
of an upper Maastrichtian limestone sample (M1 in (Frei and Frei, 2002))
from Stevns Klint, Denmark.

The “quartz-dominated siliciclastic” endmember was calculated as the
average of 1 M ammonium nitrate leachates of samples N-4 AN (B horizon,
21–33 cm depth) and N-5 AN (meltwater sand horizon, 33–43 cm depth)
from heathland profile “N” described by (Andreasen and Thomsen, 2021b).

2.2. Sr separation from the samples and thermal ionization mass spectrometry
(TIMS)

The Sr separation procedure followed in large parts the method
introduced by (Frei and Frei, 2011). 1 mL pipette tips were mounted with
pressed-in filters that were pre-cleaned in 6 M HCl to be used as disposable
extraction columns. The “columns” were charged with 200 μL of pre-
cleaned SrSpec™ resin (50–100 mesh; Eichrome Inc./Tristchem) and
conditioned with 3 M HNO3. The dried down soil leachates, water and
plant samples were re-dissolved in a few drops of 3 M HNO3 and loaded
onto the columns. To separate Sr, the column matrices were rinsed
with ~10 mL 3 M HNO3 before Sr could be collected using ~2 mL MQ
water. The collected solutions were dried down on a hot plate at 100 °C
overnight. Finally, the samples were loaded onto previously outgassed
99.98% pure single Re filaments using 2.5 μL of a Ta2O5-H3PO4-HF activa-
tor solution to prepare them for TIMS measurements.

The Sr isotopic compositions and concentrations were determined at
the Department of Geoscience and Natural Resource Management (IGN)
at the University of Copenhagen using a VG Sector 54 IT and an IsotopX
PHOENIX mass spectrometer equipped with nine Faraday detectors. The
samples were analyzed in dynamic multi-collector runs with analyzing in-
tensities ≥1 V for 88Sr and analyzing temperatures between 1300 and
1350 °C. Repeated analyses of 100 ng loads of SRM987 Sr standard yielded
a 87Sr/86Sr ratio of 0.710238± 0.000020 (n=7, 2σ) on the VG Sector 54
system, and a 87Sr/86Sr ratio of 0.710215 ± 0.000030 (n = 6, 2σ) on the
PHOENIX facility. These values are slightly lower than the published
value for SRM 987 of 0.710245 (Thirlwall, 1991) commonly accepted as
reference. The measured sample 87Sr/86Sr values were corrected for this
offset. Recordedwithin-run precisions (2SE) of individual runs were consis-
tently <0.0030%. Procedural Sr blank amounts were generally <60 pg for
soil procedures, and < 140 pg for plant procedures (higher blank in plant
procedures were linked to crucibles used in the ashing process) and blank
87Sr/86Sr values varied between 0.7095 and 0.7113. These blank Sr contri-
butions are insignificant when considering the large amounts of Sr proc-
essed in the samples (typically ≥200 ng), so that no blank corrections
were performed.

2.3. Mapping of predicted proxy data

Strontium concentrations and 87Sr/86Sr values of soil leachable
fractions and of plants were processed through the kriging tool pro-
vided by ArcGIS® software by Esri. Predicted values were mapped
using universal kriging and interpolated values are on a 20 × 20 km
grid, using respective semivariograms for the characterization of the
autocorrelations. This technique was used to maintain compatibility
with similar maps from previous studies showing the predicted distribu-
tions of 87Sr/86Sr values of voluminous surface waters and groundwater-
based drinking water from Denmark (Frei and Frei, 2011; Frei et al.,
2020a; Frei et al., 2020b).

3. Results

Strontium concentrations and Sr isotope compositions of soil leachable
fractions, of plants and of the surface waters are listed in Table S1, together
with their site coordinates. Data are grouped into locations on Jutland
4

(including the island of Samsø), Funen (including the island of Langeland),
and Zealand (including the islands of Møn, Falster and Lolland). Summary
statistical parameters are given in Table 1, and data are displayed in box
(whisker) diagrams in Fig. S2 A,B. [Sr] in the three proxies are reported
in log(10) notation due to the large spread of data, rendering the compari-
son of data and mapping of these parameters more convenient. Outliers
were determined as those values exceeding +/− 1.5 times the inter-
quartile range defined by the data.

3.1. Soil leachable strontium

Strontium concentrations of soil leachable fractions, which we inferred
from our leachates, vary substantially from 44 μg/kg to 17,683 μg/kg (av-
erage ~ 2186 μg/kg; Table 1). While there is a statistical overlap between
soil leachable [Sr] from all three regions, data from Zealand display the
greatest [Sr] variation and, at average, yielded higher [Sr] compared to Jut-
land and Funen (Fig. S3 A). This is reflected by average [Sr] of ~3400
μg/kg vs. ~1500 and ~ 1300 μg/kg for Jutland and Funen, respectively
(Table S1). Soil leachable 87Sr/86Sr signatures, displayed in Fig. S3 B,
vary from 0.70816 to 0.72210 and outlier removed data define an average
of 0.7117± 0.0032 (2σ, n=159; Table 1). Statistically, the 87Sr/86Sr data
of soil leachable fractions from the three regions (plotted in Figs. S3
B) cannot be distinguished from each other.

3.2. Plants

Strontium concentrations measured in the plant samples vary from 2.5
to 89 mg/kg (average ~ 20.2 mg/kg; Table 1). 87Sr/86Sr signatures range
from 0.70823 to 0.71730 and the outlier free data define an average of
0.7115±0.0024; 2σ; n=161; Table 1). There is an overall partial overlap,
both in [Sr] (Fig. S4 A) and in 87Sr/86Sr signatures (Fig. S4 B), of the plant
data. However, as depicted in Fig. S4 A, there is a defined regional differ-
ence in plant [Sr] between Jutland and Funen / Zealand, with averages of
27.9 mg/kg vs. 13.4/8.8 mg/kg (Table S1), respectively.

3.3. Surface waters

Strontium concentrations measured in the surface waters range from 7
to 818 μg/L, and 87Sr/86Sr values vary from 0.70824 to 0.71363 (Table 1).
Due to the lack of more data we refrain from presenting region-grouped av-
erages. Our data significantly overlap with values of pristine surface waters
from Denmark reported by (Thomsen and Andreasen, 2019; Thomsen
et al., 2021), although these authors report samples with 87Sr/86Sr even
higher (up to 0.7186) than our maximum value. Importantly, most surface
waters with 87Sr/86Sr signatures >0.711 published by these authors have
very low [Sr] <20 μg/L. Our data confirm the low [Sr] in the samples
that we have from Jutland (Table S1).

3.4. Spatial maps of predicted [Sr] and 87Sr/86Sr signatures

Maps in Fig. 2 A,B depict sample locations and predictable spatial maps,
computed by universal kriging, of [Sr] and 87Sr/86Sr values of the proxies
“soil leachable [Sr]” and “plant [Sr]” from the pristine forest locations.
The semivariogram models (Gaussian, spherical and exponential fits have
been applied) and respective parameters used for the computation of
these maps are also indicated in Fig. 2 A,B.

The spatial patterns of soil leachable (bioavailable) [Sr] (a log10 scale
has been implemented to account for the large spread of bioavailable
[Sr]), and respective 87Sr/86Sr signatures of bioavailable Sr in Fig. 2 A
show no significant regional differences. Perhaps a noteworthy exception
are the low [Sr] and elevated 87Sr/86Sr signatures (however defined by
only one particularly elevated signature which significantly controls the
kriged interpolation of [Sr] in this map of Fig. 2 A), which characterize
the northernmost tip of Jutland. This region also sticks out on spatial
maps of [Sr] and 87Sr/86Sr values of surface and groundwater-based drink-
ing waters computed by (Frei et al., 2020a; Frei et al., 2020b). The elevated



Table 1
Summary statistics of strontium concentrations and 87Sr/86Sr values of plants-, soil leachable fractions, and surface waters.

Parameters Plants Soil leachable fractions Surface waters

[Sr] μg/kg [Sr] μg/kg 87Sr/86Sr 87Sr/86Sr [Sr] μg/kg [Sr] μg/kg 87Sr/86Sr 87Sr/86Sr [Sr] μg/L 87Sr/86Sr

All data ÷ outliers All data ÷ outliers All data ÷ outliers All data ÷ outliers All data All data

Average 20,234 18,848 0.71161 0.71148 2186 1310 0.71192 0.71172 209 0.71042
Median 16,647 16,256 0.71135 0.71129 1060 942 0.71171 0.71167 177 0.71011
2stddev 30,223 24,988 0.00288 0.00245 6496 2392 0.00386 0.00318 50 0.00302
Minimum 2482 2482 0.70823 0.70823 44 44 0.70816 0.70816 7 0.70824
Maximum 89,498 56,782 0.71730 0.71480 17,683 5210 0.72210 0.71853 818 0.71363
Q1 7260 8614 0.71070 0.71069 392 379 0.71079 0.71073 63 0.70955
Q3 26,755 27,278 0.71237 0.71230 237 1758 0.71273 0.71255 292 0.71116
IQR 19,495 18,664 0.00176 0.00161 1986 1379 0.00194 0.00182 229 0.00161
Number 156 152 166 161 156 142 165 159 55 55

Outliers defined as those samples lying outside 1.5 times the interquartile range above the upper quartile (Q1) and below the lower quartile (Q3). IQR= interquartile range.
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strontium isotope signatures in northernmost Jutland can be attributed to
the presence of glacial marine carbonate-poor, mica-rich sands deposited
during marine stages in the Weichselian, which derive from the release of
radiogenic Sr from fine particles and micas contained in these marine de-
posits overlying late Cretaceous limestones in this particular region (Frei
et al., 2020b).

The spatial patterns of [Sr] and 87Sr/86Sr in plants depicted in Fig. 2 B
visualize the discernable, elevated average [Sr] of plants in Jutland com-
pared to Funen/Zealand, and region-independent, small-varied distribu-
tional pattern of predicted Sr isotope signatures in plants over entire
Denmark. A log10 scale was also applied to the [Sr] in plants to account
for the large spread in [Sr].

3.5. Inter-and intra-proxy data relationships

The relationship between [Sr] and 87Sr/86Sr signatures in each proxy is
unclear at first hand. In order to check for Sr source mixing relationships,
we plotted the parameters 1/[Sr] vs. 87Sr/86Sr for soil leachable Sr, plants
and surface waters in Fig. 3 A,B,C. We complemented our water data with
results from pristine waters published by (Thomsen et al., 2021) and
those surface waters coded pristine by (Thomsen and Andreasen, 2019),
also plotted in Fig. 3 C for reference. These diagrams reveal that there is
no simple two component mixing inherent in the data sets (this would re-
sult in hyperbolic arrays in these diagrams if this was the case). Instead,
data plot in such way as to indicate contribution of Sr from at least three
major sources. These three endmember components adhere to those as-
sumed but only vaguely defined by (Thomsen et al., 2021) and defined
above and in Table S2. Mixing lines between the endmembers are plotted
with respective weight fraction percentages for convenience in the dia-
grams of Fig. 3 A-C. These mixing lines are similar to those delineated by
(Thomsen et al., 2021) in their study of pristine surface waters fromCentral
Jutland and SW Zealand, and also with the mixing lines defined by
groundwater-based drinking water from all over Denmark studied by
(Frei et al., 2020b).

Sea spray can constitute another potential source of unradiogenic Sr to
the biosphere.However, the effect of sea spray-derived Sr in soils and plants
seems to be only significant in coast-near sites (i.e., in sites up to 200 m
away from the coastlines), as recently advocated in studies by (Alonzi
et al., 2020) and (Snoeck et al., 2020) in locations of Ireland. We therefore
deem the impact of sea spray-derived Sr on the biosphere data from Danish
soils and plants studied herein minimal.

As depicted in Fig. 4 A, there is no obvious correlation between soil
leachable [Sr] and plant [Sr]. However, one could argue that there is a ten-
dency of those soil sampleswith very high [Sr] have comparable low [Sr] in
the respective plant samples, and vice versa (trend arrows indicated in
Fig. 4 A).

Results of previous studies in other regions like, Cyprus, mainland
Greece, southern Sweden and others (Aguzzoni et al., 2020; Aguzzoni
et al., 2019; Aguzzoni et al., 2018; Frank et al., 2021a; Frank et al.,
2021b; Ladegaard-Pedersen et al., 2020; Ladegaard-Pedersen et al., 2021;
5

Maurer et al., 2012) indicated fairly good correlations between the isotope
compositions of soil leachable (i.e., bioavailable) Sr and respective signa-
tures in the plants from the same locations. Fig. 4 B depicts this relationship
for our data set. Although not perfect, we also find a fairly well defined lin-
ear correlation (r2= 0.50; p < 1.8E-26) between 87Sr/86Sr of soil leachable
fractions and 87Sr/86Sr measured in plants. Enhanced scatter around this
correlation line and the apparent divergence from the expected 1:1 line in
this diagram is noteworthy, but not fully explainable at this stage. The ten-
dency of plants to show, on average, a slightly lower 87Sr/86Sr value
compared to respective soil leachable fractions possibly results from
uptake of Sr from deeper soil horizons by the shrub and tree shoot
root systems. These certainly can reach depths of ~50 cm, where the
soils are expected to be less intensively affected by acid leaching ac-
companying podsolization, and where remnant natural carbonate
components therefore are more likely to be present. This would be
compatible with the observations that surface waters from the few
sites we have data for, also tend to show lower 87Sr/86Sr signatures
(see below and Fig. 5).

While the number of sampling locations of surface waters in forest
areas, from which also leachable soil Sr and plant Sr samples were col-
lected, is limited, it becomes evident that 87Sr/86Sr values from the surface
waters (from ponds, small lakes and drainage channels) differ from the
values in soils and plants from the same site. In otherwords, the surface wa-
ters exhibit lower 87Sr/86Sr values in a significant number of sites compared
to the corresponding 87Sr/86Sr from the soil leachates and plants. This is il-
lustrated in Fig. 5, and it is also visible in the box diagramof Fig. S2 B. Since
the samples are from pristine forest areas, contamination by agricultural
lime-derived Sr can be excluded from being a reason for many of these wa-
ters having lower 87Sr/86Sr signatures. Instead, we see this as a result from
either shallow replenishment/upwelling of waters that interacted with nat-
ural relic carbonates in deeper soil horizons, and/or from the interaction of
the surface waters with OM, which we suspect to store Sr from former relic,
now dissolved carbonates in the soils (see discussion below). The converg-
ing data arrays of waters, plants and soil leachates in 1/[Sr] vs. 87Sr/86Sr
mixing space (Figs. 3 A,B,C) towards a component with high [Sr] and low
87Sr/86Sr, typical of carbonate, as one prominent mixing endmember, sup-
port this scenario. Within the framework of the three mixing endmembers,
it also emphasizes the extreme sensitiveness of [Sr] and 87Sr/86Sr signa-
tures of surface waters towards only minute contributions of Sr from
carbonates.

4. Discussion

The new data illuminate the complexity and problematics inherent in
defining adequate, representative and relevant baselines suitable for prov-
enance and mobility studies of ancient humans and animals. As shown
herein for Denmark, the choice of suitable proxy archives for this purpose
is not always straightforward and is further complicated by the relationship
between the surface environment (e.g. glaciogenic sediments) and that of
the underlying geology.
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4.1. Potential contamination of surface waters by Sr derived from agricultural
lime

There is an apparent difference in the 87Sr/86Sr signatures of surface
run-off characterized by significant water volume/flow (i.e., lakes, rivers
and creeks; (Frei and Frei, 2011)) and respective signatures from smaller
surface waters reservoirs (ponds, drainage channels, small creeks) in
areas dominated by “hill islands” and by sandy outwash plains of western
Jutland and SW Zealand (Thomsen and Andreasen, 2019; Thomsen et al.,
2021). The significance of this discrepancy in isotopic signatures is topic
of an ongoing debate about whether or not the century-long practice of
agricultural liming in regions of Denmark dominated by strongly acid-
leached, predominantly sandy glaciogenic sediments, has a significant con-
taminant effect on major surface run-off (Andreasen and Thomsen, 2021a;
Andreasen and Thomsen, 2021b; Frei, 2021; Frei et al., 2020a; Frei et al.,
2020b; Thomsen and Andreasen, 2019). Observations of decreasing
87Sr/86Sr signatures and increasing [Sr] along the Karup River and one of
its tributaries, the Vallerbæk creek in Western Jutland, have been used as
an argument for this to result from increasing contamination by Sr released
from agricultural lime (Thomsen and Andreasen, 2019).

Contamination of the surface run-off in this region has been strongly re-
futed in two studies by (Frei, 2021; Frei et al., 2020a). Results of these stud-
ies show that most of the Sr added over the last ~100 years by agricultural
liming to representative farmland soils in this region is still today retained
in the topmost organic-rich soil layers. These authors therefore concluded,
that contamination of the surface run-off by Sr from agricultural lime can-
not be as pronounced as anticipated by (Thomsen and Andreasen, 2019).
(Frei et al., 2020a) instead argue that the observations of decreasing
87Sr/86Sr values and increasing [Sr] in the river-tributary system men-
tioned above can equally be explained by surface-near replenishment of
waters which have interacted deeper in the soil profiles with relict natural
carbonate fragments (Frei et al., 2020a). In fact, using themore realistic soil
Sr retention percentages calculated by (Frei, 2021), then only ~30% of the
[Sr] in the Karup River could hypothetically be explained by Sr derived
from agricultural lime. This strongly suggests that the Karup River, a repre-
sentative example for a voluminous surface water reservoir, receives most
Sr from other natural sources. The above discussion is central to the ques-
tion as towhether or not Sr isotope values from voluminously larger surface
water reservoirs in Denmark can be used for baselines that are suitable, rep-
resentative and relevant for provenance studies of ancient humans and an-
imals. We strongly emphasize that the above outlined reasons against a
pronounced contamination of run-off by Sr, derived from agricultural
lime, renders 87Sr/86Sr signatures, of voluminous surface water reservoirs,
reliable and representative proxies for the representation of average bio-
sphere Sr isotope compositions.

4.2. Relevance of Sr isotope signatures in proxies from agriculturally unaffected
sites

While the debate regarding the degree of contamination of the major
surface-run off by agricultural lime is ongoing, Thomsen and Andreasen
(2019) showed that in western Jutland the 87Sr/86Sr ratios are distinctly
higher in pristine surface waters (0.7108–0.7150, n= 37), than in surface
waters from farmland (0.7091–0.7110, n = 16). Results from a follow-up
study by (Thomsen et al., 2021), in which these authors added new analy-
ses from pristine surface waters, support this pattern. Their new measure-
ments of 87Sr/86Sr ratios in central Jutland raise the highest measured
Fig. 2. A. Predicted soil leachable [Sr] (1; note the log(10) scale to improve mapping of h
from locations all over Denmark (3). Distributional maps were constructed using univer
nugget) indicated in (4) for [Sr] and in (5) for 87Sr/86Sr. Except for the northern part of J
87Sr/86Sr of soil leachable fractions are rather homogeneously distributed over Denm
depicted in Fig. 1. For details refer to text. B. Predicted [Sr] in plants (1; note the log(10
in plants (2) based on measured samples from locations all over Denmark (3). Distributi
spective model parameters (range, sill and nugget indicated in (4) for [Sr] and in (5) fo
Zealand, whereas no apparent regional differences are recorded by the 87Sr/86Sr data. F
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values in surface waters to 0.7186. Furthermore, and highly relevant for
the discussion of the new data presented herein, (Thomsen et al., 2021)
show that carbonate-rich areas along the coast of southwest Zealand carry
high 87Sr/86Sr values as well (0.7112–0.7132), where they expected low
values.

In addition to the elevated, expanded 87Sr/86Sr range, surface waters
from pristine areas also have very low [Sr]. By far most waters with
87Sr/86Sr values >0.711 (the upper baseline limit defined by voluminously
large surface water reservoirs in the study of (Frei and Frei, 2011)) in the
studies of (Thomsen and Andreasen, 2019; Thomsen et al., 2021) have
[Sr] < < 0.02 mg/kg, with values commonly as low as 0.002 to 0.010
mg/kg. These very low concentrations, as pointed already out by (Frei
et al., 2020a), reflect a lack of interaction of the sampled small water reser-
voirswith deeper portions of the very permeable, acid-leached soils that are
dominant in the areas where these water were sampled.

As shownherein, the two additional surface proxies “soil leachable frac-
tion” and “plants”, which are used to complement information from surface
waters, also reveal elevated Sr isotope signatures (Table 1, Figs. S2 B, S3 B,
S4 B) that are more or less compatible (but with notable trends towards
lower 87Sr/86Sr values in the waters compared to the soil leachable frac-
tions) with the water data from the pristine sites (Fig. 5). If one assumes,
as suggested by (Thomsen and Andreasen, 2019) “…that the 87Sr/86Sr iso-
tope ratios measured on pristine waters today reflect the prehistoric bio-
available strontium isotopic composition…” then the resulting baseline
range made by the multi-proxy data presented herein (Table 1) would be
significantly broader than the previously defined baseline ranges character-
ized by voluminous surface-water samples (Frei and Frei, 2011) and by
fauna samples (Frei and Price, 2012).

Concretely, the significant difference between the previously estimated
and overlapping baseline ranges for Denmark of 87Sr/86Sr = 0.708–0.711
(by surface waters and fauna) and the baseline calculated from soil data
of pristine areas presented herein (Table 1) of 87Sr/86Sr = 0.708–0.715
raises the obvious question regarding which of the two is the more relevant
one for provenance and mobility studies in archaeology. Irrelevant of
whether information from such archives is suitable for this purpose or
not, it becomes evident that the extremely low [Sr] of published surfacewa-
ters from pristine sites a priori renders such waters an insignificant source
of Sr in the intake budget of humans and animals (cf., (Frei et al., 2020a).
As argued below, there are a number of criteria, that suggest that soil leach-
able Sr fractions and plant Sr, in addition to Sr isotope signatures of volumi-
nously small surface water reservoirs from pristine areas in Denmark, are
neither representative nor relevant for their use as baseline values in prov-
enance and mobility studies of ancient humans and animals.

4.2.1. Time scale criteria of formation of Podzols and Luvisols
The time scale criteria for the development of soils used as proxies for

baselines in past provenance and mobility studies is crucial. This time-
frame aspect is of vital importance for the Podzols and Luvisols which are
the most widely spread soil types in forest areas of Denmark today. This is
because these particular soils have been strongly acid-leached over time
and their compositions today differ from those in the past. To this extent,
the leaching/dissolution of carbonate components (Maastrichtian - Danian
and Silurian carbonate relicts; (Houmark-Nielsen, 1987; Houmark-Nielsen
and Kjær, 2003; Sjørring and Frederiksen, 1980)) originally present in the
tills of Denmark, is central because these have a strong impact on the bio-
spheric composition of Sr due to their high [Sr]. This is also pointed out
by the contribution of carbonate-derived Sr to drinking based groundwaters
ighly variable data) and respective 87Sr/86Sr values (2) based on measured samples
sal kriging with model variograms and respective model parameters (range, sill and
utland, where lower [Sr] and elevated 87Sr/86Sr prevail, the distribution of [Sr] and
ark and do not mirror the distributional patterns of soil types Podzol and Luvisol
) scale to improve mapping of highly variable data) and respective 87Sr/86Sr values
onal maps were constructed using universal kriging with model variograms and re-
r 87Sr/86Sr. Elevated [Sr] in plants are pertinent to Jutland, compared to Funen and
or explanations see text.
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from Denmark (Frei et al., 2020b; Voutchkova et al., 2015). Examples of
studies investigating the time aspect of podzolic soil formations are several.
Rates of podzolic soil formation near Hudson Bay Canada were constrained
to 750 to 2300 years, dependent on the horizons in the soil profiles by (Protz
et al., 1984). Another study from Canada, focusing on soil chronosequence
of a sandy beach deposit at Cox Bay, Vancouver Island by (Singleton and
Lavkulich, 1987) revealed formation of Podzols in<500 years. Importantly,
OM accumulation during this period in the soils studied by these authors
reached an average of 2%. In southern Scandinavia, incipient signs of soil
podsolization become visible in formational ranges from <43 years (in
poor sands and cool and wet climate; (Evans, 1999; Jauhiainen, 1973)) to
Fig. 3. Sr sourcemixing diagrams of soil leachable fractions (A), of plants (B) and of
surface waters from pristine areas, including forest locations in Denmark. Data are
grouped according to regions, and water data are complemented with data from
(Thomsen et al., 2021) and with samples coded “pristine” from West Jutland re-
ported by (Thomsen and Andreasen, 2019). Data from all three proxies can be
explained by contribution of Sr from three prominent endmember sources (de-
scribed in detail in the text and characterized in Table S2. Note the logarithmic
scale of the x-axes. The [Sr] of the endmembers in B and C have been adjusted
with factors of 10 times and 0.5 times, respectively, relative to the endmembers in
A, to allow for the explanation of the datawithin the proposedmixing frame.Mixing
lines between the three endmember sources are indicatedwith percentage fractions.
The data share a common high [Sr] – low 87Sr/86Sr endmember with a 87Sr/86Sr
value of ~0.708 which is compatible with the signatures of natural carbonate com-
ponents (indicated by a yellow band and arrow in all diagrams) contained in the
glaciogenic sediments. The light brown and grey arrows in A roughly depict ex-
pected respective trends in clay containing siliciclastic tills and quartz-dominated
siliclastic tills. For details refer to text.

Fig. 4. A. Diagram depicting the relationship between [Sr] in soil leachable
fractions and plants. With a few exceptions, extreme values (those within grey
ellipses) exhibit opposite characteristics. High [Sr] in plants seems to be
associated with low [Sr] in the soil leachates, whereas high [Sr] in soil leachates
are accompanied by comparably low [Sr] in plants. For details refer to text. B.
Diagram showing the relationship between 87Sr/86Sr values in soil leachable
fractions and plants from the same sample sites. The 1:1 reference line is
indicated by a solid blue line. Regression through the data reveals a correlation
line (R2 = 0.50) with a flatter slope which potentially reflects, on average, a
slightly less radiogenic Sr component from deeper soil profile depths that is taken
up by the shallow rooted plants, compared to the soil leachable fractions studied
herein. This likely stems from contribution of Sr, to the soil solutions, from
remnant natural carbonate clasts, which still occur in the deeper soil profiles of
the Danish till. For details refer to text.
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Fig. 5.Diagram showing the relationship between 87Sr/86Sr values of soil leachable
fractions, plants and surface waters for those samples where all three proxies were
sampled from respective sites. In the majority of these composite samples it
becomes evident that surface waters exhibit the lowest 87Sr/86Sr values, which is
indicative of interaction of the surface waters with remnant carbonate in deeper
parts of the soils, also hinted for by the on average slightly less radiogenic
87Sr/86Sr values in the plant material (cf., Fig. 4B). The baseline range defined by
voluminous surface water from Denmark is indicated by a grey band for reference.
For detailed explanations, refer to text.
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2300–3800 years (in milder climates; (Sauer et al., 2008)). In most studies,
initial topsoil lightening was observed within 100–500 years (Evans, 1999;
Jauhiainen, 1973; Mokma et al., 2004). Similar time-frames of about 1000
to 3000 years were constrained by 14C dating attempts for the formation
of paleopodzolic soil formation in southern Norway (Ellis and Matthews,
1984). (Sauer et al., 2008) also constrained paleo-Podzol development in
sandy beach deposits in southern Norway and came up with time frames
of between 3200 and 4500 years BP (i.e., a Podzol formational period of
~1300 years). Within this time typical characteristics such as slight lighten-
ing of the A horizon, initial leaching of OM and Fe, as well as humus accu-
mulation in the B horizon appeared. Although more chronostratigraphical
work is needed to better constrain time scales of podzolization, existing lit-
erature point to time frames between 100's to about 2000 thousand years
which either postdate or partially overlap with s several archaeological
periods. The relatively recent formation of these soils, even with respect to
historical periods of interest, implies that the mineralogy and composition
of them, and particularly their carbonate contents, was significantly differ-
ent in the past. Hence, information deduced from them today, including
87Sr/86Sr signatures, are not representative and relevant for characterizing
a past biosphere.

4.2.2. Relevance of surface waters in forests and other pristine locations for
baselines

The surface waters presented herein are characterized by a large range
of [Sr] between 7 and 818 μg/kg (average 212 μg/kg) and by 87Sr/86Sr sig-
natures averaging a value of 0.7104 ± 0.0023 (2σ; n = 55), with values
ranging from 0.70823 to 0.71363. This range agrees with the slightly ex-
panded range of surface waters from pristine areas in Jutland and SW
Zealand reported by (Thomsen and Andreasen, 2019; Thomsen et al.,
2021). Similar to data frommore voluminous surface waters (rivers, larger
creeks, lakes) published by (Frei and Frei, 2011), the data from the present
study defines a mixing array with a converging apex defined by high [Sr]
and low 87Sr/86Sr values signifying a chalk/limestone source as one charac-
teristic endmember source of Sr. This is also depicted by the pristine surface
water data reported in the study by (Thomsen et al., 2021); their Fig. 9) and
the new data from the present study confirms this important peculiarity. As
“agricultural lime contamination” of these pristine waters is out of ques-
tion, the convergence of data suggests the presence of either remnant and
relict natural carbonates in the shallow aquifers of these waters, and/or a
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different source in the soils, which is capable of capturing Sr derived from
formerly present carbonate relicts in the glaciogenic sediments (see below).

In combination with a scenario controlled by acid leaching and podsol-
ization of the soils in the nearer past, it becomes highly probable that the
historical surface run-off was characterized by lower 87Sr/86Sr values and
at the same time by higher [Sr] than it is today, simply because carbonates
(as themajor contributor of Sr to the biosphere in the tills of Denmark)were
more abundant some hundreds to thousands of years ago. Hence, also sur-
face waters from pristine forest areas and heathlands in Denmark are un-
likely to adequately reflect the isotope compositional variation of Sr nor
the [Sr] of past run-off. As a result, these should not be included in the con-
struction of baselines used for determining the provenance and mobility of
ancient humans and animals, as recently proposed by (Andreasen and
Thomsen, 2021b; Thomsen and Andreasen, 2019; Thomsen et al., 2021).

4.2.3. Relevance of soil leachable Sr and plant Sr from forests and other pristine
locations for baselines

Attempts to combine information from different proxy archives, such as
leachable soil Sr and plant Sr, to help define baselines, have been under-
taken in many recent studies (e.g., (Bataille et al., 2020; Bataille et al.,
2018; Cavazzuti et al., 2019; Evans et al., 2009; Evans et al., 2010; Frank
et al., 2021a; Frank et al., 2021b; Hoogewerff et al., 2019; Ladegaard-
Pedersen et al., 2020; Ladegaard-Pedersen et al., 2021; Maurer et al.,
2012; Price et al., 2002) and others). Data presented herein on a large num-
ber of soil leachates and plants from the same locations in pristine forests
from all over Denmark confirm results obtained from pristine, small surface
water reservoirs ((Thomsen and Andreasen, 2019; Thomsen et al., 2021)
and are conformable with the new water data presented herein. Soil leach-
able Sr and plant Sr are both likewise characterized by elevated 87Sr/86Sr
ratios, and soil leachable Sr fractions imply low bioavailable [Sr] in the Pod-
zols and Luvisols of Denmark. Surprisingly, the spread of 87Sr/86Sr signa-
tures in the two proxy archives “soil leachable Sr” and “plant Sr” is less
pronounced than in the surface water samples studied by (Thomsen and
Andreasen, 2019; Thomsen et al., 2021). This can be attributed to a relative
increased sensitivity of low [Sr] surface waters towards assimilating radio-
genic and unradiogenic Sr from more deep-seated subsurface components
in the soils that were not captured by the shallow plant root systems. The
convergence of data arrays from all proxies in the 1/[Sr] vs. 87Sr/86Sr
mixing diagrams (Figs. 3 A,B,C) in the same high [Sr] – low 87Sr/86Sr
endmember with a value of ~0.708 strongly implies a certain control of
Sr in these proxies by upper Maastrichtian – Paleocene carbonates ((Frei
and Frei, 2002; Gilleaudeau et al., 2018). Although the acid leached Pod-
zols and Luvisols are today essentially free fromnaturally occurring carbon-
ate fragments, data from pristine surface waters, soil leachates and plants
unveil and/or hint at the former presence of such natural carbonates in
their bioavailable signature patterns today. Since these samples were col-
lected from forest locations and heathlands that were not treated with agri-
cultural lime, this pattern cannot result from modern contamination. Like
surface waters from pristine areas (see above), the Sr isotope signatures of
shallow rooted plants and soil leachates from pristine forest areas and
heathlands of Denmark measured today are not representative of condi-
tions in the past. Consequently, they are also not suitable and relevant as
baseline references for determining provenance and/or mobility of ancient
humans and animals.

This has very recently been corroborated by (Price, 2021) who also
points to the problem of including surface waters with low [Sr] and high
87Sr/86Sr signatures in Danish baseline characterizations. In this author's
study the ranked distribution of 87Sr/86Sr values from tooth enamel of
451 different archaeological human remains from Denmark is also pre-
sented. If one takes this large dataset and applies the baseline range of
87Sr/86Sr = 0.708–0.711 previously defined for Denmark (by voluminous
surface water (Frei and Frei, 2011), small fauna (Frei and Price, 2012)
and locally restricted baseline ranges defined by multi-proxies (e.g., (Frei
and Klingenberg, 2021; Frei et al., 2017; Reiter et al., 2019)) to interpret
mobility, then the outcome would be that the large majority of the
human samples fall within this baseline (Fig. 6), and only ~20% of the

Image of Fig. 5


Fig. 6. Ranked distribution of 87Sr/86Sr signatures of tooth enamel from 451 ancient human samples representing all prehistoric periods from Denmark (modified after
Fig. 3B in (Price, 2021)). If one takes this large dataset and applies the baseline range of 87Sr/86Sr = 0.708–0.711 previously defined for Denmark (by voluminous surface
water (Frei and Frei, 2011), small fauna (Frei and Price, 2012) and locally restricted baseline ranges defined by multi-proxies (e.g., (Frei and Klingenberg, 2021; Frei et al.,
2017; Reiter et al., 2019); marked with a reddish rectangle) to interpret mobility, then the outcome would be that the large majority of the human samples fall within this
baseline, and only ca. 20% of the humans are non-local. In contrast, if one applies the baseline range of 87Sr/86Sr = 0.708–0.715 (Table 1; marked with a grey rectangle,
upper limit indicated with a stippled black line) defined by the soil leachable Sr from pristine sites studied herein, then only about 2% (~10 of the 451 human individuals)
would be interpreted as non-local. Such a lowmobility percentage is at odds for themobility range of 5–30% expected even in past sedentary societies recently proposed by a
large group of leading archaeologists at the Summit for Social Archaeology and Climate Change in Kiel (Germany) at the EAA conference in 2021 (page 10 of the statement;
contact persons Prof. Peter F. Biehl, USA, and Prof. JohannesMüller, Germany). Hence, an only 2%mobility that would be resulting from applying a baseline calculated from
samples from pristine areas seems therefore unrealistic. Overall, it implies that Sr from pristine sites does not adequately reflect the biosphere relevant to humans in
prehistory.
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humans would be considered as non-local. In contrast, if one applies the
baseline range of 87Sr/86Sr = 0.708–0.715 (Table 1) defined by the soil
leachable Sr from pristine sites studied herein, then only about 2% (~10
of the 451 human individuals) would be interpreted as non-local (Fig. 6).
Such a low mobility percentage is at odds for the mobility range of
5–30% expected even in past sedentary societies recently proposed by a
large group of leading archaeologists at the Summit for Social Archaeology
and Climate Change in Kiel (Germany) at the EAA conference in 2021 (page
10 of the statement; contact persons Prof. Peter F. Biehl, USA, and Prof.
Johannes Müller, Germany). Hence, an only 2%mobility that would be re-
sulting from applying a baseline calculated from samples from pristine
areas seems therefore unrealistic. Consequently, pristine sites in Denmark
do not adequately reflect the biosphere relevant to humans in prehistory.

While the proxy data herein have no relevance for provenance and mo-
bility investigations of ancient humans, the newdata from pristine sites pre-
sented herein can instead be used for authenticity applications of modern
target materials, such as for example wood/timber, or for provenance
and/or mobility of fauna that today has forests as their habitat. However,
the potential dependence of plant root depth on biosphere Sr entering the
food chains and its respective effects on animals via uptake of plants need
first to be investigated in detail in future studies.

4.2.4. Additional implications from the soil and plant proxies
It is commonly accepted that the Sr isotopic composition of certain soil

leachates (e.g., ammonium nitrate first used in an extensive European wide
study by (Hoogewerff et al., 2019)) best mimics a bioavailable fraction of
soils that is taken up by respective plant root systems. A number of studies
have elaborated on this connection (Aguzzoni et al., 2018; Flockhart et al.,
2015; Frank et al., 2021a; Frank et al., 2021b; Ladegaard-Pedersen et al.,
2020; Ladegaard-Pedersen et al., 2021; Maurer et al., 2012), and others)
and these studies generally reported good correlations between 87Sr/86Sr
of soil leachates and plants from the same locations. Data presented herein
agree with these findings but also hint at a slight discrepancy between Sr
isotope signatures in the soil leachates and those that are recorded in the
plant samples (expressed by the flatter regression line in Fig. 4 B). While
there is certainly need for more detailed investigations to elaborate on
this peculiarity, based on the illustration in Fig. 5, one can hypothesize
that the shallow plant root systems of shrubs and tree shoots from which
leaves were sampled herein, on average reach deeper parts of the soil pro-
files where remnant carbonate clasts are likely present. Already sparse
abundances of such clasts, because of their high [Sr], would contribute ef-
fectively with unradiogenic Sr isotope fractions to the respective soil
10
solutions at depth (sensitivity of the carbonate component endmember in
proxy data depicted in Fig. 3A-C). Similarly, this would also explain why
the surface waters studied herein, on average, also exhibit lower 87Sr/86Sr
signatures compared to the soil leachable fractions from the same sites
(cf., Fig. 5).

There is a marked difference in [Sr] of plants between Jutland and
Funen/Zealand that is reflected on statistical grounds (Table 1, whisker di-
agram in Fig. S4 A) and by the distributional patterns of [Sr] (Fig. 2 A).At
first sight, this is unexpected, given that, these provinces cannot be distin-
guished from each other in their plant Sr isotope signatures (Figs. S4 B, 2
B). It therefore surprising, that the regional differences in plant [Sr] are
not accompanied by corresponding [Sr] variations in soil leachable Sr (cf.
Fig. S3 A and Fig. S4 A).

Although the scope of this study is not on factors that control the trans-
fer of Sr from the soil into the plant system, the peculiar regional difference
in [Sr] of plants from forest locations with podzolic and luvisolic soils in
Denmark deserves a few thoughts. The uptake of labile Sr from the soil so-
lutions into the root systems of plants and its further translocation into
leaves is controlled by biological parameters (type of plant; development
stage of the plant), by physiochemical properties of soils (pH, cation ex-
change capacity CEC, OM, etc.), and by hydrological conditions within
the soil. Some of these are comprehensively summarized in (Guillén,
2018), therefore only a short summary relevant to our study is given here.

The sampling strategy followed in this study was to collect leaves from
different small tree shoots or shrubs and to prepare composite samples from
3 subsamples in every location. In this way, the factor of “plant type” to ex-
cerpt a major control of the observed regional distribution is basically
removed.

Potential effects resulting from soil compositional differences cannot be
evaluated in detail as we lack respective parameters such as CEC,major and
trace elemental compositions of the soil leachates, etc. The glacial deposits
of western and central Jutland have today relatively low chalk and lime-
stone contents due to increased acidity of the soils, while the deposits of
eastern Jutland and the islands of Funen and Zealand are calcareous
(Houmark-Nielsen, 1987; Kjær et al., 2003). Clearly, these compositional
variations are not adequately reflected by the [Sr] and 87Sr/86Sr signatures
of soil leachates from the Podzols and Luvisols studied herein, with the ex-
ception perhaps of a statistically slightly higher [Sr] average in samples
from Zealand relative to Jutland and Funen (Fig. S3 A). Calcium concentra-
tion in soil is of major importance to the strontium transfer into the plant-
root system, especially its concentration in soil solution and exchangeable
fractions (e.g., (Menzel and Heald, 1959). An increase in the Ca:Sr ratio

Image of Fig. 6
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in these fractions can reduce the strontium transfer (e.g., (El-Shazly et al.,
2016), in fact, an increase in the Ca:Sr ratio in the soil solution was previ-
ously suggested as a countermeasure to reduce the strontium transfer
(Nisbet et al., 1993a; Nisbet et al., 1993b; Nisbet and Shaw, 1994). Along
these lines, the elevated content of calcareous components in the tills of
Funen and Zealand (Houmark-Nielsen, 1987), and thus the expected ele-
vated Ca2+ concentrations in the soil exchangeable fractions, could there-
fore lead to a reduced Sr translocation into plant root and foliage in these
regions of Denmark, relative to Jutland where increased acidity led to a
more effective dissolution of the minerogenic components in the upper
soil horizons. A soil type control on the distributional pattern of [Sr] in
plants is, at least partially, also reflected by the coherence of the distribu-
tional patterns of Podsols and Luvisols (Fig. 1) with that of [Sr] in plants
(Fig. 2 B). Podzols, predominant in Jutland, seem to have a major control
on the elevated plant [Sr] in Jutland. Exceptions to this are the areas of
mid to southeastern and northwestern parts of Jutland where Luvisols pre-
dominate (Fig. 1), but which otherwise to dot discriminate in the predicted
[Sr]map in Fig. 2 B. At this stagewe are unable to explainwhy these Luvisol
dominated areas in Jutland do not show the same distributional patterns for
plant [Sr], but it is strongly suspected that another, non-minerogenic com-
ponent in the soils of Denmark excerpts a marked control on the [Sr] distri-
bution of this proxy.

Organicmatter /organic acid content in soil can have a significant influ-
ence on strontium transfer. This has been illustrated by (Carini, 2001;
Nisbet and Shaw, 1994) in their studies of translocation values in peat
and was suggested to be due to the formation of organo-metallic complexes
able to retain Sr more strongly than ion exchange sites in mineral sites
(Boyer et al., 2018; Nisbet and Shaw, 1994). Themean residence time of lit-
ter, twigs, stems, logs, etc. in soils is relatively short (tens of years), but
humic acids can have residence times of up to more than ~2000 years
(DeLuca and Aplet, 2008). The role of OM is a central one for the effective
retention of Sr added by agricultural liming to farmlands in regions charac-
terized by glaciogenic till and outwash sediments, preventing its transfer to
the vadose zone (Frei et al., 2020a). It is difficult to visually identify a re-
gional difference in the amount of OM in the Podzol and Luvisol samples,
and lack of TOC data from the samples presented herein renders it difficult
to potentially explain the regional differences in [Sr] in the plant foliage.
However, modelling of the vertical distribution of soil organic carbon
(SOC), and mapping its spatial distribution in Denmark at five standard
soil depth intervals (0–5, 5–15, 15–30, 30–60 and 60–100 cm) was done
by (Adhikari et al., 2014b). Distributional maps in this study show that
SOC contents in the ~ top 30 cm of the soils are higher in most of Jutland
compared to Funen/Zealand. This regional difference in SOC seems to dis-
appear in the deeper soil horizons (cf. Fig. 3 in (Adhikari et al., 2014b).
Consideration of this SOC distributional pattern is deemed highly relevant
for the interpretation of elevated [Sr] in plants from Jutland compared to
Funen/Zealand. All this points to an important role of OM in the storage
of Sr in the topsoils of Denmark. It also confirms work by (Rowley et al.,
2018) and (Barreto et al., 2021), and references cited in therein, showing
the correlation between SOC and exchangeable Ca (and by inference Sr)
in soils, and the role of SOC for the actual stabilization of exchangeable
Ca (and by inference Sr), which renders SOC more resistant to oxidation.
In further support of this, the occurrence of stable Ca-dominated organans
in Podszols has been documented by (Protz, 1983).

As mentioned above, pH is another factor that might control the uptake
of Sr into the plant system. Acid soils (with soil solution pH<7), as these are
particularly typical in the strongly leached outwash sediments and heath-
land regions of Jutland, can be detrimental to the plant either by imposing
nutrient deficiencies or ion toxicities (Martin and Marschner, 1988). The
study of approximately 14′000 soil samples from wetlands in Jutland by
(Breuning-Madsen and Jensen, 1991) revealed that acidity in wetlands in
the western part of Denmark is a common feature; approximately a quarter
of the samples were potentially acid. These results are compatible with the
findings of (Adhikari et al., 2014b) who mapped the predicted pH in differ-
ent soil depth intervals. These authors published maps, which clearly show
distinct regional differences in pH between Jutland and Funen/Zealand
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down to 200 cm depth, whereby soils in Jutland are significantly more
acidic. The soil pH distributional patterns of (Adhikari et al., 2014b) are di-
rectly compatible with those of groundwater-based drinking waters from
all over Denmark (Frei et al., 2020b). These show markedly lower (more
acidic) pH values in western Jutland where strongly leached glaciogenic
outwash sediments deposited during the retreat of the Weichselian glaciers
predominate. As low pH in soils promote the solubility of cations and there-
fore their release downward into the vadose zones, it would be empirically
expected that leachable [Sr] in soils from such regions would be drastically
lower than in regions with more neutral and slightly alkaline pH in their
soil solutions. While this might be indicated by the slightly elevated, soil
leachable [Sr] from Zealand (Fig. S3 A), it is statistically not reflected in
the soils from Funen (Fig. S3 A) despite the tills from this island should
also be more calcareous. In contrast to an expected correlated lower [Sr]
in the plant leaves from Jutland, elevated plant [Sr] in this region (together
with a statistically not clearly discernable difference of leachable soil [Sr]
from the other regions) implies that pH directly does not have a decisive
control on the plant [Sr]. The finding that the accumulation of strontium
on the root system of plants decreases as the soil acidity increases between
pH 7.0 and 4.0 (Rediske and Selders, 1953), is also in conflict with the ac-
tual distributional patterns depicted by soil pH and plant [Sr].

In summary of the above outlined discussion, it becomes evident that
OM/organic acid compounds in the soils act as efficient getters for mobile
Sr and that increased acid-promoted mobilization of Sr in the Podzols of
Jutland results in higher proportion of OM adsorbed [Sr] compared to the
luvisolic soil systems on Funen and Zealand. More detailed work, including
TOC concentration analyses of the soils and of [Sr] in OM are necessary to
investigate this topic further.

5. Conclusions

The aim of this study was to test and evaluate the suitability and rele-
vance of 87Sr/86Sr signatures of environmental proxies from pristine forest
areas within Denmark for their use as a baseline signatures in provenance
and mobility studies of archaeological material. Based on the results from
the composites of ~960 soil leachates and plant samples, complemented
by 55 surface water samples collected from ~160 pristine forest sites in
Denmark (excluding the island of Bornholm) the following is concluded:

Soil leachable [Sr] and [Sr] in the plant samples vary considerably and
data span a range from 44 μg/kg to 17.7 mg/kg (average 2.2 mg/kg) and
from 2.5 to 89.5 mg/kg (average 20.2 mg/kg), respectively. Slightly ele-
vated [Sr] were measured in soils from Zealand, compatible with their ele-
vated carbonaceous components, and the samples from Funen are
statistically not discernable from the soil leachable [Sr] of samples from
Jutland.

Plants from Jutland are characterized by higher average [Sr], compared
to plants from the rest of Denmark. Thismost likely is an expression of both,
an increased adsorption of Sr byOM/organic acids favored by the increased
soil acidity in Jutland, and a corresponding increased Ca2+ competition in
the Sr2+ uptake in plants from Funen and Zealand.

There is no clear relationship between [Sr] of the two proxies “soil
leachable Sr” and “plant Sr”. In agreement with other studies reporting
combined data of these two proxies, we observe a mild correlation (r2 =
0.5) between 87Sr/86Sr values of soil leachable fractions and of plants.
The on average slightly lower 87Sr/86Sr signatures of plants compared to
the soil leachable fractions is explained by uptake of Sr from deeper seated
soil solutions by the shallow root systems which obtain unradiogenic Sr
fractions from remnant carbonate clasts that still persist in deeper soil
levels.

There is neither a statistical difference between the average 87Sr/86Sr
signatures of soil leachable Sr and plant Sr, nor are there regional differ-
ences in the distributional patterns of Sr isotope compositions between
the two proxies. The country-wide averages of 0.7117 ± 0.0032 (2σ; n =
159) for soil leachable Sr and of 0.7115 ± 0.0024 (2σ; n = 161) for
plant Sr correspond to the range defined by small surface water reservoirs
(ponds, drainage channels, small creeks) in pristine areas of Denmark,
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including forest locations. These averages are distinctively elevated com-
pared to the range of 0.7096 ± 0.0016 (2σ; n = 192) defined previously
by larger surface water archives (rivers, lakes, streams) from within
Denmark (Frei and Frei, 2011).

Similar to data of surface waters from pristine as well as from farmland
areas, soil leachable - and plant Sr mixing relationship in 1/[Sr] vs.
87Sr/86Sr space exhibit a common high [Sr] – low 87Sr/86Sr endmember
source which they share and which is equated with Sr derived from natural
relict carbonates in the tills.

This study documents the extreme complexity in defining adequate Sr
isotope baselines that are representative and relevant for provenance and
mobility studies for ancient humans and animals. The results presented
herein strongly argue against using bioavailable Sr isotope data deduced
from soil leachates, plants, and voluminously small surfacewater reservoirs
from pristine areas in terranes characterized by glaciogenic tills such as pre-
vailing in Denmark. The compositions of soils from such terranes today do
not reflect those that prevailed in the past. Instead, the elevated 87Sr/86Sr
ratios measured in these proxies reflect the recent depletion of the soils in
natural carbonate components originally contained in the tills. Hence,
such values and their use for provenance studies of ancient humans and an-
imals are non-representative and inadequate, and will lead to wrong
interpretations.

Finally, in combination with Sr-isotope data from ancient human re-
mains unearthedwithinDenmark, this study indicates that the use of Sr iso-
tope signatures of voluminous surface waters work as a relevant baseline
for provenance and mobility studies of prehistoric humans in Denmark.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.153394.
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