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The use of strontium isotopes in pre-historic mobility studies requires accurate isoscapes

for evaluating whether pre-historic individuals are local to the areas in which they were

buried or not. Isoscapes are often based on modern-day samples, commonly surface

waters. There is, however, growing evidence that modern-day farming has a significant

impact on the strontium isotopic composition of surface waters and farmed soils, mainly

due to the use of agricultural lime for soil improvement. In this paper, we investigate the

fate of strontium from agricultural lime in an experimentally-manipulated field in central

Jutland, Denmark. Agricultural limestone was added to this field at very high rates in 2012

and 2013 to investigate CO2 storage in soils. Strontium was first measured from the site

in 2014. In 2019 we reevaluated strontium concentrations and found that 80–100% of

the strontium from the agricultural lime had leached out of the organic-rich topsoil, and

likely seeped into the underlying groundwater and nearby surface waters. In both the

sandy soils of the liming test site and farmed soils and heathland in the adjacent area, Sr

exhibits a degree of mobility similar to that of calcium, which is in agreement with data

for other soil types and what is predicted by the size of its hydrated ions. Strontium

isotopic compositions of unfarmed heathland samples show much higher 87Sr/86Sr

ratios, and so are not influenced by carbonates, suggesting that the limestone 87Sr/86Sr

signature seen in the farmland and in streams and rivers in contact with this comes from

agricultural lime, and not from natural carbonate relicts occasionally found in the area.

This suggests that the 87Sr/86Sr signatures of the area were higher in pre-historic times,

and that an isoscape map based on samples from modern-day farmland is inappropriate

for application to provenance and mobility studies of pre-historic people. Thus, it is

critical that the possible impact of farming is evaluated when conducting provenance

and mobility studies, especially in areas with Sr-poor soils and where agricultural lime is

used for soil improvement. Overlooking this can result in significant overestimation of the

degree of pre-historic mobility.
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INTRODUCTION

For the past 35 years, strontium isotopes have been used to
elucidate the histories of our pre-historic ancestors, from analyses
of their remains, food, tools and other artifacts (e.g., Ericson,
1985; Müller et al., 2003; Haak et al., 2008; Knipper et al.,
2017; Madgwick et al., 2019). The strontium (Sr) method is
based on the observation that 87Sr/86Sr ratios in soils vary
geographically, reflecting the compositions of the soil and the
underlying geology (e.g., Faure et al., 1967; Capo et al., 1998;
Blum et al., 2000; Montgomery et al., 2007). Strontium is released
from the substrate to the groundwater and surface waters, and
becomes bioavailable, so that it is taken up in plants and animals,
with no change to the average 87Sr/86Sr ratio (Blum et al., 2000;
Bentley, 2006; Montgomery, 2010), making Sr a powerful tracer
of the origin and migration history of people and animals during
pre-historic times. In order to interpret measured 87Sr/86Sr ratios
of archeological artifacts from such pre-historic individuals, these
must be compared to a reference map showing the 87Sr/86Sr
ratios of the bioavailable Sr in the area in which the artifacts
were found. Thus, the success of the Sr method hinges on
the accuracy of the reference map or isoscape. In the absence
of contemporaneous samples of known geographical origin,
construction of a given isoscape is based on data measured on
present-day samples of surface waters, plants, animal bones, or
soils (e.g., Grimstead et al., 2017; Bataille et al., 2018, 2020). A
key assumption of the Sr method is that the 87Sr/86Sr signatures
measured in the environment today is the same as those that
would have been imparted to people during pre-historic times.

Yet there is growing evidence that modern-day farming can
impact the 87Sr/86Sr ratios of the surface environment to such an
extent that 87Sr/86Sr signatures measured today may be radically
different than those that existed in preindustrial times, especially
due to the use of agricultural lime in farming (Böhlke and Horan,
2000; Oh and Raymond, 2006; Aquilina et al., 2012; Maurer
et al., 2012; Thomsen and Andreasen, 2019). This can lead to
erroneous conclusions regarding the origin and mobility of pre-
historic individuals, as the application of agricultural lime to
low-calcareous soils can significantly lower the 87Sr/86Sr ratio
of an entire watershed (Thomsen and Andreasen, 2019). In the
cases of iconic Bronze Age females, The Egtved Girl and The
Skrydstrup Woman, buried in central Jutland, Denmark, this
effect was shown to lower the 87Sr/86Sr signatures of the local,
modern watersheds from around 0.713 to 0.709, making it appear
that these individuals must have come from afar, though there
is no chemical or archaeological evidence to suggest that they
came from anywhere other than the areas in which they were
buried (Thomsen and Andreasen, 2019). Recently, the fate of
Sr from agricultural lime was questioned in an article by Frei
et al. (2020a), who hypothesize that Sr from agricultural lime
is retained indefinitely in organic-rich farmed topsoils, and that
the lime-influenced Sr isotopic signatures observed in surface
waters—including lakes and rivers, comes predominantly from
the dissolution of naturally-occurring carbonates in the deeper,
less organic-rich parts of the soil (Frei et al., 2020a).

However, it is challenging to chemically distinguish
agricultural lime from naturally-occurring limestone in a

soil, as agricultural lime is nothing more than pulverized,
naturally-occurring limestone, and thus is very similar to
other naturally-occurring limestones. Marine limestones have
the 87Sr/86Sr signature of seawater at the time that the lime
was deposited (Edmond, 1992), and though the 87Sr/86Sr
compositions of the oceans have changed significantly though
geologic time, the variations of 87Sr/86Sr signatures in marine
carbonates are very small (0.7067–0.7094—Veizer et al., 1999)
compared to the variations in siliciclastic sediments and
bedrock (0.703–>0.725—e.g., Hoogewerff et al., 2019; Bataille
et al., 2020). One approach to studying the release of Sr from
agricultural lime into the environment is using test fields where
known quantities of agricultural lime have been applied to parts
of the field, while other parts of the fields are used as control sites.
One such test field is located in Voulund, south of the town of
Ikast in central Jutland, Denmark, where the Geological Survey
of Denmark and Greenland (GEUS) conducted CO2 storage
in soil experiments from 2010 to 2014, by applying massive
quantities of agricultural lime to farmland soil, in an attempt to
increase the CO2 binding capacity of the soil. This test field was
later used by Frei et al. (2020a) as “a representative site in the
West Jutland sandy outwash plain” in their paper concluding
that Sr from agricultural lime is retained in topsoils indefinitely,
and does not contribute to the 87Sr/86Sr ratios of surface waters
in contact with these. We reinvestigated this site 5 years later to
study the fate of the Sr in the soils.

METHODS

Massive quantities of agricultural lime were applied to parts of
the test field at Voulund (56, 02, 06N; 9, 10, 24 E) in 2012 and
2013 by Jessen et al. (2014a), as part of their experiments on CO2

storage in soils. The test field is located on a glacial outwash plain
from the Weichsel ice age (Figure 1), and has been farmed for at
least 100 years. The site was split into 4 quadrants (A,B,C, and
D) (Jessen et al., 2014a,b), and agricultural lime was supplied at
a rate of 32 t/ha to quadrants B and C in 2013, and at a rate of 4
and 16 t/ha to B & C, respectively, in 2012, for a total 36 t/ha lime
added to B, and 48 t/ha lime to C. Quadrants B and C differed,
in that the topsoil in C was later homogenized through tillage,
while quadrant B was no-till farmed, during the course of the
experiment. Quadrants A and D were used as control sites. For
the duration of the experiment, barley (Hordeum vulgare) was
grown in quadrants A, B, & C, and maize (Zea mays) in quadrant
D. After the experiments ended in 2014, all quadrants were
planted with Christmas trees (Picea abies), which are still growing
in the field today. These trees have received only a minimal
amount of NPK fertilizer by hand, and no agricultural lime,
according to the farmer. The test field site was split from a larger
field in 2010, and the rest of this field (Figure 1) has remained
actively-farmed, with crop rotation every 2 years between barley
(Hordeum vulgare) and potatoes (Solanum tuberosum). North of
the field lies a forest and heathland (Figure 1), which has not been
farmed in historical times.

Quadrants A, B, and C were selected for analysis in this
study, along with a site in the currently-farmed field F, due to
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FIGURE 1 | Orthophoto from the spring of 2019 of the liming test site at Voulund with surrounding farm- and heathland. The locations of soil profiles (A, B, & C) within

the liming test site, and F & N on farm- and heathland are indicated with yellow dots. Map insert shows the locality relative to the two major ice front locations during

the Weichselian Ice Age (Houmark-Nielsen, 2003). Orthophoto from Styrelsen for Dataforsyning og Effektivisering—Denmark.

the similarities in soil use. Additionally, a site on the unfarmed
heathland, N was selected for comparison (Figure 1). As the CO2

storage experiments focused on the mobility of major cations,
Sr was not monitored continuously, but soil samples taken
in March 2014 from quadrant C—the most intensively limed
quadrant—was measured for Sr concentrations and 87Sr/86Sr
compositions by Frei et al. (2020a), though this site certainly
cannot be described as typical farmland, as is implied in Frei
et al. (2020a), as the liming rates employed over the duration
of the CO2 storage experiments were ca. 48 times higher than
those of currently-farmed site, F, which receives around 2 t/ha
every 4 years, according to the farmer. The data presented in Frei
et al. (2020a) show that Sr concentrations are very low in soils
below the organic-rich topsoil. This is an expected finding, as the
substratum is a glacial meltwater sand, consisting predominantly
of quartz, and thus has a very low cation exchange capacity.
The layer of meltwater sand starts at a depth of 40–50 cm and
continues to the groundwater table at a depth of around 6m and
beyond. Thus, rapid transfer of cations to the groundwater is
expected, from the point that cations enter the meltwater sand
in the unsaturated zone. Consequently, the depth of the soil pits
in this study were limited to around 70 cm, in order to capture the
transition from the organic-rich topsoil to the meltwater sand, as
well as the compositions of the topmost layers of meltwater sand,
whilst avoiding unnecessary large scale excavation.

A schematic drawing of the soil profiles and a photo of profile
A is shown in Figure 2. Profiles A, B, C, and F each have an

organic-rich topsoil layer of ca. 40 cm thickness, with a sharp
boundary to the quartz-rich meltwater sand below. Profiles A
and B contain slivers of meltwater sand within the organic-rich
topsoil, which stem from plowing. Profile N is the only profile
with developed soil horizons, consisting of a thin very organic-
rich O-horizon, underlain by a bleached E-horizon of bluish-gray
sand, and a B-horizon with reddish sand, and signs of iron-oxy-
hydroxide accumulation, underlain by meltwater-sand at a depth
of 34 cm.

The soil profiles were sampled every 5–10 cm (Figure 2),
and were sampled carefully, to avoid sampling the boundaries
between units. A total of 49 samples were collected from the five
profiles. These were supplemented by 8 soil samples from four
of the locations (7 from non-farmed soils and 1 from farmed
soil) in central and eastern Jutland, including the Vallerbæk
Tributary of the Karup River studied in Thomsen and Andreasen
(2019), such that in all, 57 samples were obtained for analysis.
Samples were collected in plastic bags and dried for 2 days at
40◦C. In order to examine the budget of bioavailable and easily-
leachable major and trace elements from the soils, 3 aliquots
of around 5 grams each were weighed out from each sample,
after the samples had been dried. To the first of the 3 aliquots,
10ml of 1.0M ammonium nitrate (NH4NO3) were added for
2 h to extract the bioavailable fraction of cations (Willmes et al.,
2018; Hoogewerff et al., 2019). To the second fraction, 10ml
of 0.2M acetic acid (CH3COOH) was added for 1 h to extract
easily leachable cations and dissolve any limestone present in
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FIGURE 2 | Photograph of soil profile A, and schematic drawings of the 5 soil profiles with lithologies and sampling depth. See Figure 1 for the position of the soil

profiles. Photo by Claus Heilmann Clausen.

the soil (Frei et al., 2020a). To the last fraction, 10ml of MQ-
water (18.2 MΩ) was added for 3 weeks to simulate rainwater
percolating through the soil. All three fractions were agitated at
regular intervals (every 15min for the samples in ammonium
nitrate and acetic acid, and daily for the samples in water) for the
duration of the extraction. Following extraction, the leachate was
pipetted from each sample, centrifuged, and analyzed for trace
element analyses by quadruple ICP-MS. In addition, Sr isotopic
analyses were conducted by MC-ICP-MS for soil samples from
the unfarmed, heathland (Profile N), and on soil samples taken
adjacent to the Vallerbæk tributary of the Karup River, where
water samples had been analyzed by Thomsen and Andreasen
(2019), in order to compare these with existing soil and water
data, and with the data from the Voulund test site. Three soil
samples were analyzed from the Vallerbæk tributary, two from
either side of the brook, from where it leaves the mixed heath
and forest, and enters the farmland, and one (Sample VS1) from
the forest, a little removed from the brook—a site selected in
order to sample an area shielded by trees from the dust blown
from the farmed fields, by the predominantly westerly winds. The
two samples from either side of the brook were obtained <5m
apart—one from the farmed field (Sample KF), the other from
the shrubland immediately opposite the field (Sample KM).

Trace Element Analysis
The centrifuged soil leachate samples were diluted with 2%
HNO3 and analyzed for selected major and trace elements
by solution quadrupole ICP-MS on an Agilent 7900, at
the Department of Geoscience, Aarhus University. Each set
of soil leachates, ammonium nitrate, acetic acid, and water
were run independently with matrix-matched multi-element

standards and NIST 1643-F for calibration and quality control.
Concentrations of Li, Be, Na, Mg, Al, K, Ca, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Ga, As, Rb, Sr, Ag, Cd, Cs, Ba, Tl, Pb, and U were
determined. The concentrations of Li, Be, V, Cr, Cu, Ga, As, Ag,
Cs, and U were generally below detection level for all samples.
The concentration of Na, Mg, Al, K, Ca, Mn, Fe, Co, Ni, Zn,
Rb, Sr, Cd, Ba, Tl, and Pb are given in Supplementary Table 1

as ppm or ppb (mg/kg or µg/kg) normalized to the dry weight of
the soil sample.

Strontium Isotope Analyses
The centrifuged soil leachate samples and two samples of
rainwater were dried down and digested overnight in 2ml
of aqua regia, dried down again, and dissolved in nitric acid
for Sr separation chemistry. Strontium was separated from
the sample matrix using Eichrom (TrisKem International) Sr
spec resin and analyzed for isotopic composition using a Nu
Plasma II multicollector ICP-MS (inductively coupled plasma
mass spectrometer) at the Department of Geoscience, Aarhus
University. The four stable isotopes of strontium (84Sr, 86Sr,
87Sr, and 88Sr) were measured simultaneously, as were isotopes
of Kr, Rb, Y, and doubly charged REE, to monitor and correct
for interferences. Masses 82, 83, 84, 85, 86, 87, 88, and 89
were measured simultaneously, as were half-masses 83.5, 84.5,
85.5, 86.5, and 87.5. Baselines were determined by on-peak
zero, and each sample run consisted of 400 s of peak time.
Data were fractionation-corrected using the exponential law and
normalized to NBS SRM 987 (87Sr/86Sr = 0.71025). Samples
of Holocene foraminifera (Baculogypsina sphaerulata), expected
to give a modern-day seawater Sr isotope value (87Sr/86Sr
= 0.70917—Dia et al., 1992) were processed along with the
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samples as a secondary standard. Three samples of foraminifera
analyzed throughout the analytical campaign gave 87Sr/86Sr =
0.709173 ± 5 (7 ppm, 2σ). The reproducibility of individual
measurements of samples is estimated at 25 ppm (2σ), based
on repeat measurements of standards and samples. The Sr
isotopic compositions of the analyzed samples are given in
Table 1. Strontium isotopic compositions from Profile C have
been found to be dominated by limestone (Frei et al., 2020a).
It was therefore deemed unnecessary to repeat Sr isotopic
measurements on the soils from the liming test site. The
results of the strontium isotope measurements are presented in
Table 1.

RESULTS

The concentrations of most trace elements are highest
in the (bioavailable) ammonium nitrate leach (see
Supplementary Table 1), which is in good agreement with
the assumption that this is the most aggressive of the leaches
applied in this study (Willmes et al., 2018). Notable exceptions
are the concentrations of Ca and Sr in the topmost sample from
Profile B, which contained visible pieces of agricultural lime
that reacted vigorously with the acetic acid. There, the Ca and
Sr concentrations in the acetic acid leach are higher than in the
ammonium nitrate leach. Concentrations of alkali metals and
alkaline earth metals (Groups I and II of the periodic table) are
generally higher in the extracts from organic-rich soils than
in the extracts from sandy soils, whereas the concentrations
of transition elements are similar in the organic-rich soils
and the sandy ones. Calcium concentrations range from 0.3
ppm to nearly 2,300 ppm in the ammonium nitrate extracts,
from 0.3 ppm to nearly 5,800 ppm in the acetic acid extracts,
and 0.1 ppm to 100 ppm in the water extracts. Strontium
concentrations range from 7 ppb to 8.5 ppm in the ammonium
nitrate extracts, from 4 ppb to 15.5 ppm in the acetic acid
extracts, and from 1 ppb to 0.4 ppm in the water extracts. The
heathland profile, N exhibits the largest gradients in elemental
concentrations, with high concentrations in the O-horizon,
intermediate concentrations in the E- and B-horizons, and
very low concentrations in the meltwater sand below the
B-horizon. This is an unsurprising result, as these are the
only soils that have not been mechanically mixed by tilling.
The strontium isotopic compositions of the heathland soils
show much greater variation than those seen in the test site
soils. The 87Sr/86Sr ratios of the ammonium nitrate extracts
of the heathland soils, Profile N, increase systematically with
depth—from 0.7122 in the O-horizon to 0.7270 in the meltwater
sand at a depth of 70 cm (Table 1). This variation is much
greater than that found for the liming test site, Profile C,
where the 87Sr/86Sr ratios in ammonium nitrate leachates from
the meltwater sand range from 0.7081 to 0.7108 (Frei et al.,
2020a), though (near total dissolution) aqua regia extracts
from Profile C have strontium ratios up to 0.7267 (Frei et al.,
2020a), similar to what is found in Profile N samples leached in
ammonium nitrate.

DISCUSSION

The Mobility of Strontium
When comparing the degrees of mobility for different elements
in soils, it is useful looking at elemental ratios rather than
concentrations, as this allows for a direct comparison of the
relative mobility of pairs of elements, while avoiding the issue
of dilution with inert or mostly inert phases, such as quartz in
these sandy soils. In Figure 3, ratios for the mobile alkali metals
and alkaline earth metals are plotted for the water and acetic acid
leachates against those of the ammonium nitrate leachate for the
same sample. The relative strength of the three extracts are: water
< acetic acid < ammonium nitrate, such that when compared to
the ammonium nitrate leach, the greatest enrichment of a more
mobile element (relative to a less mobile one) is expected in the
water leach. Such an enrichment is also expected in the acetic
acid leach, though to a lesser degree than in the water leach. This
effect is exhibited by the period 3 and 4 alkali metals, sodium (Na)
and potassium (K) (Figure 3A), where the 1:1 line represents
ammonium nitrate. The slope of the water extracts is significantly
lower than that of the acetic acid extracts, which is significantly
lower than that of the ammonium nitrate ones. Slopes <1:1
indicate that the element in the denominator is more mobile than
the element in the numerator. In this case, Na is more mobile
than K. The same is the case for the period 3 and 4 alkaline earth
metals, magnesium (Mg) and calcium (Ca), (Figure 3B), where
the slopes for the water- and acetic acid extracts are also below
the 1:1 line, expressing the fact that Mg is more mobile than Ca.
For the alkali metals of group 4 and 5, potassium and rubidium
(Rb) (Figure 3C), the slopes for the water and acetic acid extracts
are above the 1:1 line, and the slope for the water extracts is the
steepest. Thus, K is more mobile than Rb. The high degree of
scatter is primarily caused by the samples from Profile F—the
only currently-farmed soil, and likely reflect the farmer’s use of
water-soluble NPK fertilizer, which has high K/Rb ratios.

The relationship between period 4 and 5 alkaline earth metals,
calcium and strontium (Figure 3D) is different, however, in that
all three extracts have the same relationship. This implies that
the mobility of calcium and strontium is very similar. A few
samples fall off the 1:1 line—the N-7 and N-6 samples, which
represent the E- and part of the B-horizons from the Profile
N heathland soil. These all have lower Ca/Sr in the water-
and acetic acid extracts than in the ammonium nitrate extract,
implying that Sr is released preferentially to Ca from these soils.
Interestingly, this is not the case for the O-horizon, which falls
on the 1:1 line. Samples containing pieces of agricultural lime fall
above the 1:1 line in Figure 3D, as the acetic acid preferentially
dissolves the lime, which is richer in Ca relative to Sr. Overall,
the slopes for the water- and acetic acid extracts are within error
of 1, showing that Sr is as mobile as Ca in the soils studied
here (Figure 3E). For period 5 and 6 alkaline earth metals,
strontium and barium (Ba), the slopes of the water- and acetic
acid extracts are both above the 1:1 line, and the slope of the
water extract is the steepest, showing that Sr is more mobile
than Ba.

The retention of cations in the soil is a function of ionic
charge, ionic size of the hydrated ions, the cation exchange

Frontiers in Ecology and Evolution | www.frontiersin.org 5 February 2021 | Volume 8 | Article 588422

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Andreasen and Thomsen Strontium Release From Agricultural Lime

TABLE 1 | Strontium isotopic compositions and concentrations of analyzed soil samples and samples of rainwater and samples of modern day foraminifera analyzed for

quality control.

Sample ◦N ◦E Horizon Depth (cm) Sr (ppm) 1/Sr 87Sr/86Sr

N-8 AN 56.03874 9.07170 O 0–4 5.09 0.20 0.71222 ± 2

N-8 AA – – – – 0.35 2.8 0.71219 ± 2

N-7 AN – – E 4–13 0.36 2.8 0.71363 ± 2

N-6 AN – – B 13–21 0.11 9.3 0.71577 ± 2

N-5 AN – – B 21–33 0.03 31.1 0.71747 ± 2

N-4 AN – – MW 33–43 0.03 37.1 0.71898 ± 2

N-3 AN – – MW 43–52 0.01

N-2 AN – – MW 52–61 0.01 77.3* 0.72735 ± 2*

N-1 AN – – MW 61–70 0.01

KF AN 56.26960 9.23059 10–20 6.62 0.15 0.70790 ± 2

KF AA – – – 3.67 0.27 0.70775 ± 2

KM AN 56.26958 9.23055 10–20 0.32 3.1 0.71369 ± 2

KM AA – – – 0.21 4.7 0.71304 ± 2

VS1 AN 56.26670 9.23410 10–20 0.28 3.5 0.71692 ± 2

VS1 AA – – – 0.15 6.7 0.71613 ± 2

Rain (Sept. 11, 2019)# 56.16360 10.20856 0.0005 2146 0.70980 ± 2

Rain (Sept. 13, 2019) 55.97281 10.14569 0.0001 12591 0.70917 ± 10

Baculogypsina sphaerulata 1§ 0.70917 ± 2

Baculogypsina sphaerulata 2 0.70917 ± 2

Baculogypsina sphaerulata 3 0.70917 ± 2

AN denotes ammonium nitrate extract. AA denotes acetic acid extract. MW denotes meltwater sand without discernible soil horizon development. Samples N-3 AN, N-2 AN, N-1 AN

were combined before separation of Sr due to the similarity between samples their low strontium concentrations. Strontium concentrations of rain samples were calculated based on

recovery of strontium in the isotopic measurement. Strontium concentrations of other samples were measured by Q-ICP-MS.
*Sample N-1 AN, N-2 AN, and N-3 AN were combined for Sr isotope analysis.
#This rainstorm was the remnants of Hurrican Dorian.
§ Holocene Foraminifera (Okinawa, Japan). Has the Sr isotopic composition of Modern Day Seawater.

capacity of the soil, and the redox conditions of the soil (Marcus,
2016), in a complex relationship that is also dependent on the
composition of porewater and organic matter in the soils, the
compositions of which may change with time. There is a strong
correlation between the observed mobility in the sandy soils
and the limiting ionic conductivity for the alkali metals and
alkaline earth metals, which are not redox sensitive; and this is
also an indicator for element mobility (Burgess, 2011). The soils
studied here are from 3 different glacial outwash plains and 2
samples from a moraine; and these soils exhibit a wide range
of organic content, from nearly nothing to around 5%, which
is common for farmland located on glacial outwash plains in
Europe and North America (Krüger et al., 2013). Otherwise,
these soils can be seen as a common matrix, such that the
relative mobilities of elements determined here are valid for
such soils of similar types. Strontium is as mobile as calcium,
and more mobile than barium in the very soils studied by Frei
et al. (2020a) (Figure 3), such that there is certainly no reason
to suspect that the Sr from agricultural lime will accumulate
in the topsoil over time, as hypothesized by those authors, and
in spite of the fact that calcium is widely regarded as a highly
mobile element (e.g., Burgess, 2011). This is supported both by
other studies that find significant Sr mobility in waters (e.g.,
Solecki, 2005; Wallace et al., 2012), and by the very similar

behavior of Ca and Sr in most soil types (Smičiklas et al.,
2015). The adsorbtion of Ca and Sr on DNA also appear to
be similar to each other and different from the other alkaline
earth metals (Long et al., 2020), which could explain the behavior
observed in the organic-rich soils, where Ca and Sr appear to be
equally mobile, though more work is needed to see whether this
relationship is common for alkaline earth metal complexes with
organic material.

The Fate of Strontium From Agricultural
Lime
The liming test site in Voulund presents a unique opportunity to
estimate the rate at which Sr from agricultural lime is mobilized
from a soil. Frei et al. (2020a) speculated that the majority of Sr
from agricultural lime is retained in the soil indefinitely, though
did not provide any calculations showing how much of the Sr
they measured in 2014 was there before the massive additions of
agricultural lime in 2012 and 2013. By comparing the amounts
and distribution of Sr within the soils of the five profiles, the
rates of liming in 2012 and 2013 (Jessen et al., 2014a), and the
Sr concentrations in Profile C in 2014 (Frei et al., 2020a) it is
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FIGURE 3 | Relative mobility of the major alkali metals and alkaline earth metals (groups I and II in the periodic table). (A–E) Ratios in leachates of water (orange

diamonds) and 0.2M acetic acid (light blue circles) on the y-axis compared with the ratios of 1.0M ammonium nitrate leachates of the same soil sample. Also shown

are 1:1 and best fit regression lines and 95% confidence intervals [calculated using IsoplotR—Vermeesch (2018)] for the data. Slopes shallower than 1:1 indicate that

the element in the numerator is more mobile in the weaker water- and acetic acid leachates than in the ammonium nitrate leach. Slopes steeper than 1:1 indicate that

the element in the denominator is more mobile, whereas slopes following 1:1—including the slope of Ca/Sr—indicate that the two elements are equally mobile.

Limiting ionic conductivities are from Burgess (2011).

possible to construct a mass balance for the Sr in the agricultural
lime applied to the liming test site in 2012 and 2013.

In Figure 4, the Sr concentrations in the five soil profiles
from Voulund are shown for both the ammonium nitrate- and
acetic acid leaches. Apart from the topmost part of Profile B,
which contains residual agricultural lime, the Sr concentration

is higher for all samples in the ammonium nitrate leach. The
Sr concentration in Profile N—the heathland, is highest in the
O-horizon, and decreases rapidly and systematically with depth.
Perhaps surprisingly, the Sr concentration of the O-horizon in
Profile N is the same as the topsoil in the heavily-limed Profile C.
Profile A—the control site, and Profile F—the currently-farmed

Frontiers in Ecology and Evolution | www.frontiersin.org 7 February 2021 | Volume 8 | Article 588422

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Andreasen and Thomsen Strontium Release From Agricultural Lime

FIGURE 4 | Strontium concentrations in ammonium nitrate- and acetic acid leachates from the five soil profiles; (A, B, C) from the liming test site, the farmland Profile

F and the heathland Profile N. See Figure 1 for locations of soil profiles.

soil, exhibit similar patterns of Sr concentrations, which increase
with depth in the organic-rich topsoil and decline sharply in
the meltwater sand. This is indicative of Sr leaching from the
uppermost topsoil. In Profile C—the limed test site with tilling,
the Sr concentration is constant throughout the organic-rich
topsoil, but only slightly higher than in Profiles A and F. As
in the other profiles, this is followed by a sharp decrease in Sr
concentration in the meltwater sand. For Profile B—the untilled,
limed test site, the Sr concentration is highest at the top and
decreases with depth. This is unsurprising, as there are still pieces
of agricultural lime at the surface in Profile B, dissolving and
releasing Sr. The differences between Profiles B and C show
the effectiveness of tilling in redistributing and breaking down
the agricultural lime for the release of Ca (and thus also Sr)
for soil improvement. In Profile C, there are no visible pieces
of agricultural lime left 6–7 years after the test site was limed
with the equivalent of around 96 years’ worth of agricultural
lime (i.e., 48 t/ha over 2 years compared to the average rate of 2
t/ha every 4 years). The Sr and Ca are homogenously distributed
within the organic-rich soil, and the Sr and Ca concentrations
in the acetic acid extracts are much lower than those in the
ammonium nitrate, suggesting the complete dissolution of the
agricultural lime.

So where did the Sr go? Figure 5 shows the concentrations of
Sr in ammonium nitrate- and acetic acid leaches of Profiles A, B,
and C in 2019 and in Profile C in 2014 (Frei et al., 2020a). The
Sr concentration in the ammonium nitrate leach was higher in
the topmost layer of soil (0–10 cm) in 2014 than it was in 2019,
and then was similar to that in the untilled Profile B sampled
in 2019, but higher in the rest of the organic-rich soil (10–
40 cm) in 2019 than it was in 2014. This again demonstrates
the effectiveness of tilling in redistributing Sr in soils. For the
acetic acid extracts, the concentration of Sr was much higher in
2014 than in 2019, showing that agricultural lime was present

in the soil in significant quantities. Unfortunately, the resolution
in the acetic acid extract data is limited for 2014, but a simple
mass balance can be constructed for comparing the soil profiles,
using an estimated soil density (r), which for simplicity’s sake is
kept constant at 1.5 g/cm3 for all depths at all profiles, the soil
thickness (h), and the strontium concentration at each sampled
interval (i) down to a depth of 65 cm, which is the depth of the
shallowest profile (Equation 1).

n∑

i=1

ρ(g/m3) · h (m) · Sr conc. (mg/g) (1)

Table 2 shows the weighted averages of the amounts of Sr
extractable by ammonium nitrate and acetic acid for each of the
five profiles measured here, to 65 cm depth, and Profile C in
2014 (Frei et al., 2020a). The control profile, A and the currently-
farmed Profile F have nearly the same amount of extractable Sr by
both ammonium nitrate and acetic acid. The heathland Profile
N, has a much smaller amount of extractable Sr, despite having
the same Sr concentration in the top of the profile. This is due
to the thin O-horizon in the heathland soil, compared to that in
the farmland. The heathland also has by far the smallest fraction
of Sr extractable by acetic acid, which is unsurprising, as the
soil has never been improved by liming or marling. The untilled
Profile B has the most extractable Sr, where more is extractable
with acetic acid than ammonium nitrate, due to the presence of
agricultural lime. Profile C has the same amount of Sr extractable
by ammonium nitrate in 2019 as it did in 2014; on the other hand,
the amount of extractable Sr by acetic acid was much greater in
2014 than in 2019. The amount of extractable Sr in 2014 is based
on the two available measurements from Frei et al. (2020a), and is
listed here as aminimum estimate, as any attempt to inter- and/or
extrapolate to the rest of the soil profile is likely to result in a
severe overestimation. Based on the amount of agricultural lime
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FIGURE 5 | Strontium concentration in the three soil profiles (A, B, C) from the liming test site in ammonium nitrate- and acetic acid leaches. C (2014) shows the

concentrations of Sr measured for samples from quadrant C taken in March 2014, about 6 months after the last application of agricultural lime at a rate of 32 t/ha, and

18 months after the first application of agricultural lime at a rate of 16 t/ha, in the course of CO2 storage experiments (Frei et al., 2020a).

TABLE 2 | The amount of Sr in the top 65 cm of one square meter of each soil profile that is extractable with ammonium nitrate and acetic acid, and the ratio between the

two.

Soil profile Extractable Sr by NH4NO3 in the

top 65cm (mg/m2)

Extractable Sr by CH3COOH in

the top 65cm (mg/m2)

Ratio of Sr in soil extracts

NH4NO3/CH3COOH

A 2,675 1,030 2.6

B 4,228 4,612 0.9

C 3,402 1,642 2.1

C (2014) 3,390 >5,500 <0.6

F 2,448 1,145 2.1

N 381 46 8.3

Also listed are values measured for Profile C in 2014 by Frei et al. (2020a).

added to Profile C−48 t/ha (i.e., 4.8 kg/m2–Jessen et al., 2014a)
and an estimated Sr concentration in the agricultural lime of 800–
1,000mg/kg (Thomsen andAndreasen, 2019), it is calculated that
Profile C received ∼3.8–4.8 g/m2 of Sr in 2012 and 2013, as part
of the CO2-storage experiment. The difference in Sr extractable
by acetic acid between Profile C in 2014, the control site, Profile
A, and the currently-farmed Profile F in 2019 is more than 4,400
mg/m2, suggesting that nearly the entire amount of Sr added
during the liming experiment was bound up in the lime in March
of 2014, when the samples for Frei et al. (2020a) were obtained.
This is reasonable, as most of the agricultural lime was added in
the fall of 2013, and the soil sampling in March 2014 was likely
done before plowing and seeding that year. The difference in the
amount of Sr extractable by acetic acid between Profile C in 2014
and 2019 is more than 3,900 mg/m2, suggesting that 80–100% of
the Sr from the agricultural lime has been leached out of the soil,
during these 5 years, as the amount of bioavailable Sr remained

constant during that period. The Sr leached from the soil has very
likely exchanged with bioavailable Sr in the soil, but as both have
Sr isotope compositions dominated by limestone signatures, the
extent of this exchange is difficult to determine. This likely occurs
in a dynamic equilibrium, where amount of the input is roughly
equal to that of the output, though with exchange in the inventory
of Sr in the soil. Once the Sr from the agricultural lime enters
the meltwater sand, it quickly ends up in the groundwater, due
to the very low ion exchange capacity of the quartz-rich sand.
From there, most of the Sr enters the surface waters in contact
with the groundwater, including streams and rivers, imparting a
lime Sr isotopic signature to these surface waters, as determined
by Thomsen and Andreasen (2019).

From the shallow groundwater, some of the Sr may be
transported to deeper groundwater reservoirs (i.e., >60m
depth) and may impact the Sr isotopic composition of deeper
groundwaters. Shallow groundwaters at the CO2-storage test
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site at Voulund have high Sr concentrations and low 87Sr/86Sr
ratios (Frei et al., 2020a) dominated by lime, whereas shallow
groundwaters in the vicinity of the test site (Thomsen et al.,
2021) and nearby areas unaffected by farming (Jørgensen
et al., 1999; Thomsen and Andreasen, 2019) have low Sr
concentrations and high 87Sr/86Sr ratios, indicating that the Sr
isotopic composition of the shallow groundwater at the test site
is almost certainly dominated by agricultural lime. Meanwhile,
deeper groundwaters have higher Sr concentrations and lower
87Sr/86Sr ratios likely dominated by natural limestone (Jørgensen
et al., 1999), as do drinking water wells located 10-15 km from
the test site (Frei et al., 2020b). However, as the drinking water
in this area is pumped from depths of nearly 200m, this does
not reflect the surface geology, as has been argued by Frei et al.
(2020b). This combined with high-degrees of lateral movement
of groundwater (Danapour et al., 2019), thus renders Sr from
present-day drinking waters a very poor choice for creating
isoscapes for provenance studies, including pre-historic mobility
studies, as has been proposed by Frei et al. (2020b), even if
such waters have not been limed or otherwise treated for water
hardness by municipal water works.

Strontium isotopic investigation of Profile C by Frei et al.
(2020a), from samples obtained in 2014, yielded a mixing trend
between a silicate endmember (having a low Sr concentration and
a high 87Sr/86Sr ratio) and a lime endmember (having a high Sr
concentration and a low 87Sr/86Sr ratio), but it was not possible to
distinguish whether the lime endmember was agricultural lime,
or whether it was residual natural of limestone found in one of the
soil horizons, due to the fact that the Cretaceous Age agricultural
lime, and the residual Silurian Age limestone remnants—likely
deposited in the meltwater sand during the Weichselian ice age,
as ice rafted material from Gotland, Sweden—have very similar
Sr isotopic signatures (Frei et al., 2020a). The fact that the Sr
isotopic composition of the porewaters in Frei et al. (2020a)
are both lime-dominated and constant throughout the profile,
suggests that the lime signature is imparted from the top of
the soil through agricultural lime, rather than from occasional
limestone remnants at depth. Likewise, the Silurian limestone
pieces tend to be very erosion resistant (Kjær et al., 2003), and
thus are unlikely to contribute much to the Sr budget. This is
attested by their presence in the soil 22,000 years after deposition,
compared to the agricultural lime, which dissolves in these soils
within a few years. Nonetheless, Sr isotopes cannot be used to
discriminate between the two sources of lime (where 87Sr/86Sr
of the Cretaceous limestone = 0.7078 and 87Sr/86Sr of the local
Silurian limestone = 0.7081), but an investigation of Profile N,
which has never been treated with agricultural lime could resolve
whether the mixing trend is due to agricultural lime or to residual
natural lime.

In Figure 6, the 87Sr/86Sr compositions and reciprocal Sr
concentrations are plotted for the ammonium nitrate extracts
of pristine Profile N (this study) and intensively-limed Profile
C (Frei et al., 2020a). The mixing trend observed for Profile N
exhibits the same silicate endmember as that of Profile C, but it
does not approach a limestone endmember. Rather, the 87Sr/86Sr
ratio of the O-horizon (N8) is 0.7122, a value far higher than
that of limestone (0.708). The linearity of the mixing line for

FIGURE 6 | Strontium mixing diagram with Sr isotopic compositions of

ammonium nitrate leachates from Voulund soils as a function of the reciprocal

Sr concentrations. Samples from soil profile N (heathland), this study, are

shown as red hexagons, and samples from soil profile C—liming test site (Frei

et al., 2020a), are shown as light blue circles. Also shown is the aqua regia

extract of the deepest meltwater sand sample from Profile C in 2014, Frei et al.

(2020a) (shown as a green line), as the Sr concentration of this is not directly

comparable to the ammonium nitrate leachate samples. The compositions of

the Cretaceous limestone that sources agricultural lime, and the Silurian

limestone, sporadically found locally in the glacial outwash sands are shown as

yellow stars. Regression lines were calculated with IsoplotR (Vermeesch,

2018), and shaded areas indicate 2σ uncertainty envelopes.

Profile N is not perfect. In the regression, the E- and topmost
sample of the B-horizon (N7 & N6) have been omitted, as these
are the two samples that fall far below the 1:1 line in Figure 3D.
It is unclear whether their relatively higher Sr concentration
compared to 87Sr/86Sr is due to the ammonium nitrate extracts
not reaching equilibrium or to mineralogical differences amongst
the samples. Regardless of whether or not these samples are
included, a regression of this profile that includes the O-horizon
gives an intercept of 0.7122. There is no indication that there
is any natural residual limestone in the heathland soil, and
unsurprisingly, it is therefore also highly likely that the lime
endmember in the heavily-limed Profile C is agricultural lime.
One reason for the mixing relationship in the pristine Profile N
could be the accumulation of Sr from rainwater in the upper parts
of the soil. It would require full retention of 3,000–4,000 years of
Sr from rainwater to explain the mixing, or more realistically, ca.
15% retention of Sr from rainwater for the 22,000 years since the
outwash plain was formed, assuming that the Sr concentrations
of rainwater determined in the course of this study and Thomsen
and Andreasen (2019) are representative for the concentration
of Sr in rainwater since the end of the Weichselian ice age.
Alternatively, it could be that the top of Profile N is affected by
windblown dust from the nearby frequently limed farmed fields,
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FIGURE 7 | Orthophoto from Spring 2019 of the Vallerbæk tributary of the Karup River, where the stream enters farmland. Measurements of Sr isotopic composition

in the stream water (Thomsen and Andreasen, 2019) are shown with orange dots. Measurements of the Sr isotopic composition of ammonium nitrate leachate of soil

samples are shown with yellow stars. The flow direction of the stream is SE to NW. The white bands in the fields are varying proportions of quartz in the soil. Map

insert shows the locality relative to the two major ice front locations during the Weichselian Ice Age (Houmark-Nielsen, 2003). Orthophoto from Styrelsen for

Dataforsyning og Effektivisering—Denmark.

which is carried by the predominantly westerly winds. Profile N
was selected for this study, due to its proximity to the liming
test site; a heathland site more isolated from farmland would be
useful in order to determine the relative contributions of Sr from
rainwater and windblown dust from the farmland.

Comparison With the Vallerbæk Tributary
of the Karup River
In order to see whether the large variation in Sr isotopic
compositions of the soils in Voulund is an isolated phenomenon,
ammonium nitrate extracts of several soil samples from the
Vallerbæk tributary of the Karup River were also analyzed. Water
samples from this stream had been analyzed by Thomsen and
Andreasen (2019); and 87Sr/86Sr ratios for both soil and water
samples are presented in Figure 7. These samples show very
different 87Sr/86Sr isotopic signatures—the sample from the field
(KF) shows a signature identical to that of agricultural lime
(0.7079), whereas the shrubland sample (KM) is unaffected by
agricultural lime, with an 87Sr/86Sr ratio of 0.7137. This latter
value is identical to that of the brook at that point. The sample
from the forest (VS1) gives a much higher 87Sr/86Sr ratio of
0.7169, a signature that is not seen in the water samples of the
brook, nor in the local groundwater (Thomsen and Andreasen,
2019).

This, and the large variations seen in the Sr isotopic
compositions of the soils at Voulund highlight one of the
difficulties of using soil samples for the construction of Sr
baselines—namely that a very detailed sampling grid is required
to characterize each area. Conversely, the use of surface water
samples (Thomsen and Andreasen, 2019; Thomsen et al.,
2021) or perhaps plant samples reflects a weighted average
of an area, which can be used to assess the bioavailable
Sr in pre-historic times, provided agricultural areas are
avoided, especially in places where soils are naturally low-
to non-calcareous.

CONCLUSIONS

Our investigation into the fate of Sr from agricultural lime at a test
field site on a glacial outwash plain confirms that Sr is as highly
mobile as Ca is, and little is retained in organic-rich topsoils,
such that Sr seeps into the underlying groundwater and nearby
surface waters. In both the sandy soils of the an intensively-limed
CO2 storage test site and farmed- and heathland soils adjacent
to the test site, Sr exhibits a degree of mobility similar to that
of Ca, as is expected, given data for other soil types (Smičiklas
et al., 2015) and is what is predicted by the size of strontium’s
hydrated ions (Burgess, 2011). 87Sr/86Sr values from samples
obtained from the pristine heathland next to the test site are
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significantly higher than those obtained from the test site, so the
test site is unlikely to be influenced by natural relict carbonates
occasionally found in the area, as was proposed by Frei et al.
(2020a), confirming that the lime 87Sr/86Sr signature of farmland
soils, and streams and rivers in contact with the farmland
almost certainly comes from agricultural lime. This indicates that
the 87Sr/86Sr signatures of the area were likely much higher,
during pre-historic times, and that isoscapes based on samples
from modern-day farmland or from surface waters in contact
with these—like Frei and Frei’s (2011) isoscape of Denmark are
inappropriate for use in provenance and mobility studies of pre-
historic people. And this can have significant consequences for
the interpretation of pre-historic archaeological finds, as it has
in these areas, including the iconic Bronze Age females, The
Egtved Girl, The Skrydstrup Woman Frei et al. (2015, 2017),
Thomsen and Andreasen (2019) and other individuals, discussed
in Thomsen et al. (2021). Thus, it is critical that the possible
impact of farming is evaluated when conducting provenance and
mobility studies, especially in areas with Sr-poor soils and where
agricultural lime is used for soil improvement, including the
glacial outwash plains covering large parts of Europe and North
America (Gillespie et al., 2003; Böse et al., 2012; Reimann et al.,
2014). Overlooking this can result in significant overestimation
of the degree of pre-historic mobility in an area, as it has in
Denmark, where the overall mobility during pre-historic times
was likely significantly lower than recently proposed (Frei et al.,
2019).
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