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A R T I C L E I N F O

A B S T R A C T

Editorial handling by Prof. M. Kersten

The hydrological relationship between surface waters and groundwaters in many regions of the world is well
known and the effects of their mutual interaction and interaction with the soils and bedrocks, with respect to
resulting changes in their chemical composition, are well studied. In this study we add to this knowledge by
comparing the distributional patterns of strontium (Sr) isotopes in previously published 192 surface water
samples with those of newly acquainted Sr isotope data from groundwater-based drinking water samples
extracted from 163 of the major waterworks in Denmark. The aim is to investigate potential compositional
changes that might derive from the interaction with the aquifer lithology or overlying sediments and soils. The
average Sr isotope signatures of surface and groundwater-based drinking waters define 87Sr/86Sr values of
0.7096 ± 0.0015 (2σ) and 0.7088 ± 0.0013 (2σ), respectively. The skewed distribution of Sr isotope composi
tions in groundwaters towards lower 87Sr/86Sr values indicates enhanced contribution of natural carbonatederived strontium with depth, while slightly elevated 87Sr/86Sr signatures in surface waters may reflect the
diminished contribution of Sr from carbonates in the glaciogenic sediments due to their progressive acid
dissolution. Strontium concentrations [Sr] in groundwater-based drinking water from the participating major
waterworks define a country-wide average of 1.17 mg/L and the distributional pattern shows an East – West
decreasing trend. Lowest concentrations are found in the West Jutland glaciogenic province (WJGP; average [Sr]
= 0.36 mg/L) and in the northernmost tip of Jutland. A corresponding pattern, although less pronounced, is also
depicted by the 87Sr/86Sr signatures of groundwater-based drinking water, whereby increasing 87Sr/86Sr values
from Zealand through Funen into the Jutland peninsula correspond with increasing thickness of glaciogenic
overburden providing (though mass-balance wise subordinate) radiogenic Sr to the natural carbonate-dominated
groundwaters. The highest 87Sr/86Sr values are recorded in waters from northern Jutland, possibly reflecting the
admixture of radiogenic strontium from late glacial and post-glacial glacio-isostatic adjustment-related marine
aquifers. Generally, the surprisingly rather homogeneous and similar distributional patterns of 87Sr/86Sr signa
tures of Danish aquifers and surface waters implies a strong and dominant control of Sr by natural clastic
(reworked) carbonate components in the Quaternary, Miocene and Holocene sediments, and to lesser degree
(with the exception of northern central Jutland and Eastern Zealand) from the pre-Quaternary limestone
dominated “basement” directly. Our results are consistent with a tight hydrological and geochemical interre
lationship between surface waters and groundwaters in Denmark. There is a need for further investigations of the
effects of advanced treatment of soft (acidic) groundwater-based drinking water on the concentrations and
isotopic signatures of trace elements such as Sr. However, our study lends support for the adequate use of Sr
isotope signatures of either of these waters to characterize the isotope compositional range of bioavailable
fractions relevant for authenticity identification, forensic studies, and for prehistoric and modern human and
animal proveniencing.

Keywords:
Groundwater
Drinking water
Strontium isotopes
Denmark
Distributional pattern

* Corresponding author.
E-mail address: robertf@ign.ku.dk (R. Frei).
https://doi.org/10.1016/j.apgeochem.2020.104698
Received 21 April 2020; Received in revised form 9 July 2020; Accepted 16 July 2020
Available online 2 August 2020
0883-2927/© 2020 The Author(s).
Published by Elsevier Ltd.
This
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

is

an

open

access

article

under

the

CC

BY-NC-ND

license

R. Frei et al.

Applied Geochemistry 121 (2020) 104698

Maastrichtian – lower Danian limestones that predominate most of
Zealand, Funen and northern Jutland (Fig. 1A). These carbonate plat
form sediments are overlain by successively upwards increasingly clayey
carbonates and clay sequences deposited during the Mid Paleocene to
Early Eocene as a consequence of transgressive marine periods and
accompanying increase of water depth. Interspersed ash layers were
deposited in relation to volcanic activity associated with the North
Atlantic rifting between Greenland and Iceland. The Mid Eocene was
characterized by warmer climate and the slow deposition of thick
“plastic” clay layers. These, together with the overlying Early to Mid
Oligocene more silty and sandy, shallow water clay formations depos
ited during changing cold-warm periods in connection to Antarctic
glacier melting, typically form an efficient barrier for the aquifers con
tained in the sandy formations of the overlying Miocene. Miocene
lagoon and deltaic deposits, formed during low seawater stand related to
a renewed Antarctic glaciation, occur in Mid, West and South Jutland
(Fig. 1A). Coastal sediments dominate in the Early Miocene, and a
generally warming climate during the Mid and Late Miocene enabled the
deposition of brown coal beds within sand and gravel dominated layers
which predominate the Upper Miocene and were deposited during a
seawater fall associated with the renewed global glaciation. The
Miocene deposits of fine-to medium-grained mica-rich sands and coarsegrained quartz sands are excellent aquifers utilized by many waterworks
in Mid, West and South Jutland (Hinsby and Skovbjerg Rasmussen,
2008; Jørgensen et al., 1999).

1. Introduction
Strontium isotope data of surface waters and groundwater have
contributed substantially to the understanding of hydrological pro
cesses, for example their use as tracer of groundwater induced floods
(Négrel and Petelet-Giraud, 2005), in determining groundwater mixing
and brine fingering in playa spring zones (Lyons et al., 1995), as tracer of
groundwater–lake water interactions (Bwire Ojiambo et al., 2003), as
tracer of water-rock interactions, mixing processes and residence time
indicator of groundwater (Santoni et al., 2016), as means to evaluate the
spatial variation of groundwater recharge (Christensen et al., 2018), for
the evaluation of submarine groundwater discharge into drinking water
(Chakrabarti et al., 2018). There is a tight interrelationship between the
chemical composition of groundwaters and surface waters (e.g., (Kumar
et al., 2008; Négrel et al., 2003; Winter et al., 1998) in areas where
surface and subsurface flow systems interact. Strontium isotopes are
accordingly convenient and suitable tracers to delineate and charac
terize potential sources of Sr (and by inference calcium) that contribute,
via mixing and rock/soil leaching, to the mass budget and composition
of surface and groundwater bodies world-wide.
Drinking water in Denmark is extracted from aquifers composed of,
primarily: (1) Quaternary sand and gravel glacio-fluvial deposits, (2)
limestone and chalk from Upper Cretaceous and Danian, and (3) quartz
sand and micaceous sand from Upper Tertiary (Miocene). In terms of
extracted water volume, these aquifer lithologies contribute approxi
mately 58%, 24% and 10%, respectively (Sørensen, 2014). The soils and
near-surface sediments of Western Denmark had a history of prolonged
or deeper chemical weathering, relative to those in the rest of Denmark,
because they were not covered by the Scandinavian Ice Sheet during the
last glaciation or because their comparatively high permeability has
allowed leaching to occur. The result of this prolonged weathering are
significantly deeper acidification fronts, lower water hardness and lower
total dissolved solid concentrations (Sørensen, 2014; Wodschow et al.,
2018) of the more acidic and aggressive groundwaters in this region.
The recent study by (Wodschow et al., 2018) reports the spatial distri
bution and long term concentration development of major cations (Ca,
Mg, Na, K) in drinking water from public waterworks in Denmark. The
results of this study reflect a tight relationship between geology, aquifer
lithology and content of major cations in the drinking water studied. In
brief, where limestone and chalk dominate (East Zealand, and Mid and
North Jutland), groundwaters have elevated Ca and Mg concentrations,
whereas in areas dominated by Quaternary and Tertiary sand, such as in
large parts of Funen and West Jutland, Ca and Mg concentrations are
much lower.
The scope of this contribution is to inspect and compare the countrywide Sr concentrations and isotope patterns of previously published
surface waters (Frei and Frei, 2011; Frei et al., 2020) with those of newly
analyzed groundwater-based drinking water from public waterworks
across Denmark, in an attempt to characterize the chemical in
terrelationships between these waters and to delineate the potential
impact of soils and sediments on these compositions nationwide.

2.2. Quaternary geology
Pleistocene glaciogenic sediments, predominantly weakly sorted
stone, gravel, and clay deposits, are largely composed of two major
facies that interfinger with each other: 1) glacial tills, and 2) fluvioglacial outwash material. The two facies are occasionally interbedded
with interglacial or interstadial deposits. A comprehensive summary of
the Quaternary geology is contained in (Houmark-Nielsen, 1987; Hou
mark-Nielsen and Kjær, 2003) and only a very brief summary is given
here. Zealand, Funen and Eastern Jutland are covered by clayey tills
deposited during the Last Glacial Maximum, i.e. Weichselian glaciation.
Mid, West and South Jutland is characterized by pro-glacial deposits
surrounding older sediments deposited during the Saale glaciation
(Fig. 1B). The Main Stationary Line (MSL) marks the maximum extent of
the Scandinavian Ice Sheet during the Last Glacial Maximum (Fig. 1C).
Much of the territory to the west and south of the MSL overlaps with the
distributional pattern of predominantly marine sandy deposits of the
Miocene underlying the Quaternary deposits (Fig. 1A and B). The older
Saalian glaciation with its Warthe maxium advance stage (c. 150 ka ago)
left widespread complex moraine landscapes west of the MSL with sig
nificant flint and chalk components, and with crystalline Paleozoic rock
fragments from the Baltic. A renewed glacier advance stage (Young
Baltic stage) during the latest Weichselian is marked by the deposition of
again clayey tills with fluvio-glacial sediments in the Kattegat area
(Fig. 1B and C). The last significant re-advance of the Scandinavian Ice
Sheet is the Bælthav stage during which glaciers covered most of East
Denmark (Fig. 1C). During the retreat of the Scandinavian Ice Sheet,
glacio-fluvialal plains and deep meltwater valleys formed along the ice
margins.

2. Geology and aquifer lithology
For the purpose of this contribution we here briefly describe the preQuaternary and Quaternary geology of Denmark in relation to aquifer
lithology and drinking water abstraction. We exclude the small island of
Bornholm which is characterized by a crystalline/hard rock geology and
aquifers, as opposed to the softer lithologies of the rest of the country.
Although the geographical extent of the aquifers explored by Danish
waterworks varies very widely, they are much smaller in scale than the
distribution of the characteristic geology and aquifer lithologies.

3. Drinking water supply, sampling and analytical techniques
3.1. Decentralized groundwater-based drinking water supply in Denmark
In Denmark, the production of 370 mio. m3 per year of drinking
water is entirely based on abstraction of groundwater which is treated
by simple techniques before being distributed from c. 2600 waterworks
(Lyngby Sørensen and Rønde Møller, 2013; Schullehner and Hansen,
2014). With 5.7 million inhabitants, there is a pronounced decentralized
water supply structure with many small waterworks spread across the

2.1. Pre-Quaternary geology
The pre-Quaternary geology of Denmark is dominated by upper
2
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Fig. 1. A. Map showing the pre-Quaternary geological relationships in Denmark and the locations of surface waters studied in (Frei and Frei, 2011). The inset shows
an outline map of northern Europe in which Denmark is marked at by a black rectangle. B. Map of the distribution of Quaternary and Holocene sediments in Denmark
(modified from publically available Geological Survey of Denmark and Greenland (GEUS) Surface Geology Map at https://data.geus.dk/geusmap/.) C. Map of
Denmark with spatial distribution of Saalian and Weichselian glacier deposits and related landscape features (from (Smed, 1993) with modifications). Names and
localities indicated refer to those used in the text. D. Map of Denmark with locations of waterworks from which groundwater-based drinking water samples were
studied herein.
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country. Approximately 72% of the waterworks abstract less than 0.1
million m3 each per year, amounting to a total of 56.5 million m3 per
year. At the other end of the scale, 3% of the waterworks abstract more
than 1 million m3 each per year, totaling 154 million m3 per year. Wells
for drinking water abstraction commonly have long well screens and
therefore the collected water samples are to be considered mixtures of
water types with different chemical compositions that are associated to
aquifer lithologies found at different depths. The depth of the top of
screen of abstraction wells for the public waterworks range from 5 to
more than 100 m below the surface, with a median value of the top of the
screen 40 m below the surface (Thorling et al., 2019).

groundwater variability, and the range of groundwater-based drinking
waters analyzed herein (0.07–12.27 mg/L; median 0.63 mg/L; Table S1
(Supplementary Material)) is fully compatible with it.
Second, precipitation of carbonates on filters at the included pro
fessional waterworks is considered unlikely, as this is technically
controlled strictly to ensure adequate treatment of other critical pa
rameters (Stamer and Nielsen, 2005). Some waterworks remove high
concentrations of dissolved gases like H2S by strong aeration which af
fects the pH significantly. As such treatment can influence carbonate
equilibrium in the waters and can cause precipitation of carbonates on
the filters, addition of either carbonate or H2CO2 in a few minor
waterworks is necessary to balance the equilibrium (Stamer and Nielsen,
2005; Villumsen, 2012). A net effect would be an alteration of the [Sr],
but likely not of the 87Sr/86Sr signature of waters from respective
waterworks. One of the included waterworks in the present study on
Zealand reported addition of CO2(g) for the purpose of lowering pH, but
this treatment likely has no effect on the Sr equilibrium and the Sr
isotope composition measured.
Third, areas in parts of Denmark with naturally low carbonate con
tents of soils and aquifers have non-buffered, aggressive carbon dioxide rich groundwaters (Hansen and Thorling, 2018). A few waterworks are
therefore forced to neutralize (increasing of pH) or re-carbonize (in
crease of water hardness) the groundwater-based drinking water. Such
treatment is normally necessary for waters with pH < 7, with low
hardness, and with >5 mg/L CO2 in surplus (Jensen and Henze, 1985;
Stamer and Nielsen, 2005). Neutralization and/or re-carbonization of
the drinking water is achieved by addition of commercial products in
form of pellets (products with magnesium oxide plus calcium carbonate
and products with calcium carbonate alone), addition of soda (Na2CO3)
or by addition of Ca(OH)2 solutions. Denmark has no central register of
the waterworks which apply such treatment. However, in a question
naire accompanying the 2017 drinking water sampling campaign and
analyzed by (Voutchkova et al., 2018), only four of the 163 participating
waterworks indicated the use of lime for rising the pH. The addition of
carbonate-based products in only very few waterworks therefore is not a
threat to the distributional patterns of [Sr] and 87Sr/86Sr computed
herein.
Fourth, addition of chemicals such as H2O2, Fe(Cl)3 and Al2Cl2H2O6S
are increasingly used for removal of high levels of dissolved organic
matter and arsenic from drinking waters at Danish waterworks. No
recent national overview of waterworks applying such treatment exists,
and not all waterworks which participated in the 2017 sampling
campaign stated the use of such chemicals in the accompanying ques
tionnaire. There is no published literature so far which impinges on
eventual contamination of drinking water from the addition of the above
chemicals, but in our view these will only have a very limited impact, if
at all, on the [Sr] and Sr isotope signatures of the drinking waters.

3.2. Water sampling
Groundwater-based drinking water samples were collected from
major public waterworks during a sampling campaign conducted in the
period from November 2016 to January 2017 in collaboration with
respective water supply companies (hereafter denoted 2017 sampling;
Voutchkova et al., 2014a, 2018). The sampling locations for water
works, indicated in Fig. 1D, were chosen using three criteria: 1) the
largest waterworks in each municipality, 2) the largest waterworks
within a 20 × 20 km cell grid, and 3) supplemented so all waterworks
distributing drinking water to the two largest cities in Denmark (Aarhus
and Copenhagen) were included. The present study uses water samples
from 163 waterworks (one sample from the originally selected 164
waterworks was lost). Waters from 13 of the investigated waterworks
were sampled and analyzed in duplicate. The aim was to gain insight in
the spatial variation of trace elements in groundwater-based drinking
water in Denmark and to be able to estimate exposure to trace elements
in epidemiological studies on the associations between drinking water
quality and human health, as has been done with results of a previous
sampling campaign in 2013 (Kessing et al., 2017a, 2017b; Knudsen
et al., 2017; Schullehner et al., 2019; Voutchkova et al., 2015). The
samples represent treated, groundwater-based drinking water, ready to
be supplied to consumers (sampling point: exit waterworks). The
treatment consists of aeration and sand filtration, except for about 10%
of the 163 waterworks, which stated somewhat more advanced water
treatment method in the questionnaire reported in (Voutchkova et al.,
2014a). None of the waterworks also participating in 2017 declared they
had introduced more advanced water treatments since 2013.
3.3. Use of samples of groundwater-based drinking water as proxy for
groundwater Sr concentration and isotopic signature
In the present study samples from a representative drinking water
sampling campaign designed for nation-wide public health exposure
assessment are used as a proxy for groundwater geochemistry with
respect to [Sr] and Sr isotope composition. Some rational and potential
biases/threats for the study of Sr isotopes and [Sr] in aquifers presented
herein are summarized below:
First, and most important, based on its geochemical similarity with
calcium and magnesium ions, dissolved strontium complexes are not
expected to be retained on normal sand filters at Danish waterworks.
Strontium concentrations in the groundwater-based drinking waters are
hence expected to mirror the abstracted groundwaters. Based on data
from 365 waterworks (monitored between 1997 and 2017) and archived
in the Danish National Database Jupiter (https://data.geus.dk/Jupit
erWWW/index.jsp). [Sr] define a median of 1.45 mg/L and a range of
<0.02–30 mg/L. However, Jupiter data are not directly comparable
with our groundwater-based drinking water dataset as the samples are
geographically unevenly distributed and as Sr in this monitoring is only
being analyzed in drinking water of municipalities where elevated
concentrations are expected. For a comparison, Danish groundwater as
analyzed in wells has a median of 1.52 mg Sr/L and a range of <0.02–52
mg/L in the Jupiter database (n = 5950, monitored between 19902017). These numbers are considered representative of Danish

3.4. Laboratory analytical techniques
All samples were frozen in new 50 mL PE tubes within 24 h after
sampling, and thoroughly mixed after thawing. The water samples were
filtered through 0.21 μm cellulose acetate syringe filters (Sartorius
Minisart). Between 2 and 7 mL aliquots were then dried down in 7 mL
Savillex™ beakers on a hotplate, after which the residues were taken up
in 3M HNO3 and passed over miniaturized extraction columns (1 mL
disposable pipette tips fitted with a porous frit) charged with 300 μl of
100 mesh SrSpec™ (Triskem) resin. After flushing with 4 mL of 3M
HNO3, strontium was released from the resin with 2 mL of ultrapure
water. Strontium separates were loaded onto outgassed rhenium fila
ments in 2.5 μL of a mixed TaO5-H3PO4-silica gel mixture and measured
dynamically on a VG sector 54 IT thermal ionization mass spectrometer.
Mass fractionation was controlled by 86Sr/88Sr = 0.1194. 100 ng loads of
the NBS 987 Sr standard gave 87Sr/86Sr = 0.710239 ± 0.000020 (n = 8,
2σ). The 87Sr/86Sr values of the samples were corrected for the offset
relative to the NIST SRM 987 value of 0.710245 (Thirlwall, 1991).
4
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Procedural strontium blanks remained below 150 pg with an average
87
Sr/86Sr value of ~0.709, an amount which is insignificant relative to
the >100 ng of sample strontium processed and thus did not require
correction of the measured strontium isotope signatures for blank
contribution.
The total concentrations of strontium in the water samples were
measured by ICP-MS (ELAN 6100 DRC, Perkin Elmer, Ontario, Canada)
equipped with ELAN software 3.2. After filtration, 0.7% HNO3 (water:
HNO3 = 11:1) were added to the water samples before measurement.

0.7087±0.0011, respectively), but waters from northernmost Jutland
have elevated signatures that can be statistically distinguished from the
other areas. There is also an agreement in the median values (87Sr/86Sr
~0.7086) of the water sample populations, and all together this implies
a rather homogenous distribution of drinking water 87Sr/86Sr values in
Denmark.
Instead, groundwater-based drinking waters from the WJGP have
lower [Sr] (average 0.35 mg/L) than groundwater-based drinking wa
ters from waterworks in the rest of Denmark (average 1.63 mg/L;
excluding those situated in the northernmost part of Jutland). We
interpret that this is the result of advanced chemical leaching of relic
carbonate components in the siliciclastic periglacial overburden of the
WJGP since the deposition of these fluvio-glacial sediments in relation to
the Saale and Weichsel glacier meltdown periods after their maximum
advance stages, with the consequence that the impact of carbonate
components on these groundwaters today is less pronounced. Vice versa,
the increased amounts of clastic carbonate components in the Danish
Quaternary till deposits and the shallow, surface to near-surface
occurrence of the Late Cretaceous – Early Tertiary limestones particu
larly in Eastern Denmark and Northern-Mid Jutland cause the higher
[Sr] in groundwater-based drinking waters from waterworks located in
the rest of Denmark (see discussion below). Exceptionally low [Sr] are
characteristic of drinking water from northernmost Jutland (average
0.13 mg/L).

4. Results
4.1. Strontium isotopes and strontium concentrations in groundwater
Strontium isotope data and [Sr] of the studied groundwater-based
drinking water samples, together with information on the waterworks
and their location coordinates (locations plotted on Fig. 1D), are con
tained in Table S1 (Supplementary Material). Data define an average
87
Sr/86Sr value of 0.70877± 0.00135 (2σ) and an average [Sr] =
1.18±3.18 mg/L. The [Sr] vs. 87Sr/86Sr cross diagram in Fig. 2 reveals
that the data set can be roughly explained by a weakly defined (R2 =
0.37) mixing hyperbola with a high [Sr] – low 87Sr/86Sr value end
member and a low [Sr] – elevated 87Sr/86Sr endmember. As shown
below, this first order mixing relationship can be further detailed when
subsets of data corresponding to geological provinces are taken into
consideration. The histogram over 87Sr/86Sr values in Fig. 3A shows a
skewed distribution, with the majority of samples having values be
tween 0.708 and 0.709. This distribution is somewhat different from
that defined by previously published 192 surface waters from Denmark
(Frei and Frei, 2011), and plotted in Fig. 3B for comparison. Surface
waters depict a more symmetric, Gaussian distribution with the majority
of 87Sr/86Sr values between 0.709 and 0.710. The skewness of the
groundwater-based drinking water sample population relative to that of
the surface water sample population is also illustrated in the whisker
diagrams of Fig. 3C.
Grouping of the groundwater-based drinking water data set ac
cording to the location of waterworks into 1) waterworks within the
West Jutland glaciogenic province (WJGP), 2) waterworks located in
rest of Denmark minus those located in the northernmost tip of Jutland,
and 3) waterworks from northernmost Jutland yield statistical averages
of [Sr] and 87Sr/86Sr values which are summarized in Table 1. It be
comes evident that there are no statistically discernable differences in
87
Sr/86Sr signatures of groundwater-based drinking waters between the
WJGP and the rest of Denmark (averages are 0.7086±0.0011 and

4.2. Distributional patterns of strontium isotopes and strontium
concentrations
We computed interpolation maps of [Sr] and 87Sr/86Sr values of the
groundwater-based drinking water samples presented herein, using
linear kriging. These maps are compared to the similarly computed map
of 87Sr/86Sr ratios of surface water samples previously published by (Frei
and Frei, 2011) and redrawn by (Frei et al., 2020), all displayed in
Fig. 4A–C. The semivariogram model parameters used for the respective
linear kriging provided by GIS software are each indicated in respective
insets of the maps. Semivariogram ranges occur at distances between 60
and 95 km, with a noticeably elevated range defined by 87Sr/86Sr values
of groundwater-based drinking water relative to those of surface waters.
This implies a spatially closer, i.e. narrower spatial autocorrelation of
surface water values compared to groundwater-based drinking waters,
likely as a result of homogenization by mixing of water types in the
aquifers and well screens relative to that in the average catchment areas
of the surface water samples investigated and/or because the ground
water samples typically represent groundwater from larger confined
Fig. 2. Diagram depicting the relationship between Sr con
centrations and Sr isotope compositions of groundwaterbased drinking waters. Data define only a weakly con
strained mixing hyperbola (R2 = 0.37) which is indicative of
more than two prominent sources that contribute Sr to the
waters. The compositional range of 87Sr/86Sr values of late
Maastrichtian-Paleogene limestone and chalk (Frei and Frei,
2002; Gilleaudeau et al., 2018) is indicated for reference and
is considered an important endmember (high [Sr] – low
87
Sr/86Sr) of the mixing hyperbola. For details refer to text.
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increase of 87Sr/86Sr values from Zealand to Funen, by a comparably
homogenous distribution of Sr isotope signatures in Mid to Southern
Jutland, by a corridor of low 87Sr/86Sr values across northern Denmark,
and finally, by elevated Sr isotope signatures in northernmost Jutland.
These regional patterns are similarly reflected in the [Sr] spatial distri
bution patterns (Fig. 4A).
5. Discussion
5.1. Spatial distribution patterns of strontium concentrations and isotopic
compositions
Earlier studies have reported on the spatial distribution of major (Ca,
Mg, N, K) and minor (Sr, I, Li) cations in Danish DW (Voutchkova et al.,
2014a, 2014b, 2015; Wodschow et al., 2018). In particular, (Voutch
kova et al., 2015) presented a spatial distribution pattern of [Sr] in
groundwater that resembles that presented herein (cf. Fig. 5C; Fig. 4A).
The study of (Voutchkova et al., 2015) was performed on the basis of the
chemical analyses of drinking waters from 139 waterworks collected for
Sr during a sampling campaign in 2013, with details reported in
(Voutchkova et al., 2014a) and references therein. We here agree with
their interpretation that local differences in the pre-Quaternary chalk
and limestone aquifer geology and hydrogeology are responsible for the
generally elevated [Sr] in present-day Danish groundwater, and that the
lower [Sr] in groundwater from the western part of Denmark (WJGP)
are most probably governed by diminished contribution of strontium
from chalk and limestone fragments in the mostly sandy periglacial
outwash sediments which over time have been and still are continuously
dissolved along respective deeper seated acidification fronts.
Paleo-basin topography and uplift caused by diapirism of Permian salt
layers at depth of large areas in northern Jutland around Limfjorden
(Bennike et al., 2019), is seen responsible for the surface-near occur
rence of Upper Cretaceous – Danian chalk and limestone (Fig. 1A) which
impart on the relatively high [Sr] concentrations in groundwater from
this particular region. The near surface occurrence of Maastrichtian –
Danian chalk and limestone in Eastern Zealand also accounts for the
elevated [Sr] in this part of the country. Nationwide, the predominant
aquifer lithology at well screen levels with [Sr] >5 mg/L is Upper
Cretaceous – Danian chalk and limestone, while [Sr] >10 mg/L is
virtually only found in aquifers in or above Upper Cretaceous (Maas
trichtian) limestone (Ramsey, 2005). In an investigation of geological
sources of [Sr] in East Danish aquifers, (Ramsey, 2005) found that
elevated [Sr] concentrations in these aquifers were best explained by
re-crystallization of aragonite to calcite, where the sedimentary content
of strontium slowly was released to the pore water together with fluo
ride and magnesium. This re-crystallization took place millions of years
ago in the Danish limestones, but the limited hydrological flow though
the deep connate formations still enables a steady, low input of stron
tium to the overlying freshwater aquifers in the limestone (Bonnesen
et al., 2009). Low [Sr] in groundwater occur in areas dominated by
Tertiary and Quaternary till and gravel and meltwater-sand dominated
glaciogenic outwash sediments (cf., (Albarède and Michard, 1987; Bre
not et al., 2008)).
Comparisons of the [Sr] spatial distribution pattern depicted in
Fig. 4A with the map of aquifer lithologies assigned to drinking water
works in Denmark (Fig. 5A; (Wodschow et al., 2018)) and with the
distributional pattern of the pH of well waters (Fig. 5B; data extracted
from the publically available Jupiter data base (https://data.geus.dk/J
upiterWWW/index.jsp), reveals a close relationship. Furthermore, the
spatial distributions of [Sr] and the 87Sr/86Sr for groundwater (Fig. 4A
and B) appears well correlated. Clearly, aquifer lithologies containing
limestone, possibly in combination with Tertiary and/or Quaternary
sand, have elevated [Sr] and low 87Sr/86Sr signatures as the direct
consequence of interaction of these waters with Sr-rich late Cretaceous
(Maastrichtian) - Early Tertiary (Danian) carbonates characterized by
87
Sr/86Sr values between 0.7079 and 0.7080 (Frei and Frei, 2002;

Fig. 3. Histograms of Sr isotope compositions of groundwater-based drinking
waters studied herein (A) and, for comparative purposes, of surface water
samples used in the study of (Frei and Frei, 2011) B). Respective whisker dia
grams of the two water sample populations are depicted in C. Note the skewed
87
Sr/86Sr
values
in
compositional
distributions
toward
lower
groundwater-based drinking water relative to the Gaussian distribution of
surface waters. For details refer to text.

aquifers with more extensive capture zones as compared to the surface
water samples which may represent also the admixture of more quickly
routed local near-surface groundwater and surface run-off.
[Sr] spatial distribution patterns reveal a general E-W decrease with
the highest concentrations on Zealand and in a E-W corridor across
Northern Denmark extending from Djursland to Limfjorden (Fig. 4A).
The lowest [Sr] are recorded in groundwater-based drinking waters
from waterworks located in the WJGP and in northernmost Jutland
(Fig. 4A). There is a notable similarity of spatial distribution patterns
between 87Sr/86Sr values of groundwater-based drinking water and
surface waters (Fig. 4B,C). In particular, this is reflected by an E-W
6
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Table 1
Summary statistics on strontium concentrations and strontium isotopic compositions of groundwater-based drinking waters from Denmark.
Region/terrane

Number

[Sr] (mg/
L)

2σ

Median [Sr]
(mg/L)

Number

87

Entire Denmark (excl. Bornholm)

175

1.18

3.18

0.63

180

West Jutland glaciogenic province

46

0.33

0.43

0.28

Denmark (excl. West Jutland glaciogenic province, northenmost
Jutland and Bornholm)

114

1.63

3.65

Northernmost Denmark

9

0.13

0.05

Gilleaudeau et al., 2018). These waters are alkaline and hard. Lower [Sr]
and elevated 87Sr/86Sr signatures are associated with groundwaters that
are extracted from aquifers dominated by Quaternary and Tertiary sand
when underlying limestones are uncommon, as prominent in the WJGP,
in eastern- mid- and south Jutland, and on Funen (Fig. 5A and B). These
waters are often acidic and aggressive. The composition of strontium in
groundwater-based drinking water from waterworks in northernmost
Jutland is discernable from the other distributional patterns in that it is
characterized by elevated 87Sr/86Sr values (average 87Sr/86Sr =
0.7104±0.0005, n = 9, 2σ; Table 1). This is likely due to the presence of
aquifers in glacial marine carbonate-poor sands deposited during marine
stage in the Weichselian. The elevated strontium isotope signatures are
attributed to strontium released from fine particles and micas contained
in these marine deposits overlying late Cretaceous limestones in this
particular region (cf. Fig. 1A). These effects were also advocated to
explain the variations in Sr isotope compositions in soil extracts in the
study of bioavailable 87Sr/86Sr signatures in European soils used for
provenance studies by (Hoogewerff et al., 2019).
5.2. Relationships between [Sr] and
based drinking water

Sr/86Sr

2σ

Median
87
Sr/86Sr

0.7088

0.0013

0.70866

47

0.7087

0.0011

0.70865

0.93

115

0.7086

0.0011

0.70861

0.13

9

0.7104

0.0005

0.71036

at its base. In a simplification, we divided the data set according to 1)
waterworks extracting water from aquifers in limestone and Quaternary
sand or a combination of both, 2) waterworks which pump water from
Quaternary and Tertiary marine sand aquifers, and 3) waterworks which
abstract water from Quaternary marine aquifers. The first category
comprises Eastern Denmark (Zealand, Funen) and the corridor across
mid-northern Jutland (area 1 in Fig. 5D). The second category encom
passes waterworks within the WJGP (area 2 in Fig. 5D). The third (small)
group comprises waterworks in northernmost Jutland (area 3 in
Fig. 5D). The analysis of this categorized data is discussed on the basis of
the mixing diagram of Fig. 6, also taking available data from Jutlandic
groundwaters presented in the studies of (Jørgensen and Holm, 1995;
Jørgensen et al., 1999) into consideration. It becomes evident that the
grouping of groundwaters according to the type of aquifers they are
extracted from is also depicted by the 1/[Sr] vs. 87Sr/86Sr mixing re
lationships. Waters from waterworks of area 1 lie within a steep trending
sector, whereas waters from area 2 lie within a flatter trending sector in
the diagram of Fig. 6. This discrimination (though not perfectly unique
as there are samples occupying the space between the two trends, cf.
Fig. 6) is the result of increased contribution of strontium from limestone
and chalk components in the Quaternary glacial sediments dominant in
area 1 (cf. Fig. 5D), whereas this contribution is diminished in the
Quaternary/Tertiary glaciogenic and marine sediments prevalent in the
WJGP. The prolonged weathering period of respective sediments in this
area during the otherwise ice covered Danish landscapes during the last
glaciation resulted in increased acid dissolution of carbonate compo
nents of the respective clastic terrestrial and marine sediments, with a
concomitant shift of acidification fronts to deeper levels (cf. Fig. 5B; e.g.,
(Hansen and Postma, 1995; Jessen et al., 2014; Thaysen et al., 2014;
Thomsen and Andreasen, 2019)). It is worth mentioning here that
despite vast differences in carbonate contents in Quaternary and Ter
tiary sand and gravel sediments, there is statistically neither a difference
in the average 87Sr/86Sr signatures of waters from area 1 and 2 (cf.
Table 1, Fig. 6) nor in the overall range of 87Sr/86Sr values character
izing each area (Fig. 6). This may explain the only smooth differences in
spatial distribution patterns of groundwater-based drinking waters over
these two areas (cf. Fig. 4B), a feature which is also inherent in
respective surface water spatial distributions (Frei and Frei, 2011; Frei
et al., 2020). Groundwater-based drinking waters from area 3, the tip of
Jutland, have the highest 87Sr/86Sr signatures with values between
0.710 and 0.711 (Table 1, Fig. 6), signatures which they apparently
obtain by interaction with marine sediments deposited during the last
glacial and the retreat of the Weichselian glaciers. Groundwater-based
drinking waters from this area also have elevated Mg and Na contents
that are attributable to the leaching of marine sediments (Wodschow
et al., 2018).

87

Sr/86Sr values in groundwater-

In order to study the relationship between [Sr] and 87Sr/86Sr in the
groundwater-based drinking waters studied herein, we inspect the
mixing diagram of [Sr] vs. 87Sr/86Sr values displayed in Fig. 2. Data
show a weakly defined (R2 = 0.37) mixing hyperbola, indicative of more
than two prominent sources that contribute Sr to these waters. The low
[Sr]-high 87Sr/86Sr endmember(s) are to be sought in the different
glacio-terrestrial and glacio-marine sediments where radiogenic Sr is
released from mostly Paleoproterozoic siliciclastics, such as clays and
micas. In the tills, through weathering and groundwater percolation at
depth, the high [Sr]-low 87Sr/86Sr endmember certainly has to be sought
in the tills’ limestone and chalk components, or in the carbonate rocks
underlying the glaciogenic sediments in large parts of Denmark (cf.
Fig. 1A). These limestones and chalks are predominantly of Late
Cretaceous-Paleocene age and isotopically well characterized, with
87
Sr/86Sr values between 0.7078 and 0.7081 (Frei and Frei, 2002; Gil
leaudeau et al., 2018). None of the groundwater samples analyzed are
characterized by a87Sr/86Sr value below this carbonate threshold range.
The three waters with the highest [Sr] (>7 mg/L, clearly visible as “hot
spots” in Fig. 4A) also best approximate the limestone values and is
explainable by respective limestone-hosted aquifers in northwestern
Jutland and southern Zealand. The sample with the highest 87Sr/86Sr
signature of 0.71097 is from a waterwork situated in northernmost
Jutland, an area which is characterized by marine silt and sand depos
ited during the Holocene transgressional period (Knudsen et al., 2009).
5.3. Relationships between [Sr] and 87Sr/86Sr values in groundwaterbased drinking water and type of aquifer

5.4. Comparison of groundwater signatures with surface water signatures
This shift towards higher 87Sr/86Sr values in surface waters, or lower
Sr/86Sr values in groundwater, relative to each other, as depicted in
the histograms and whisker diagrams of Fig. 3A–C can be explained by
1) increased contribution of radiogenic strontium from siliciclastic

87

In an attempt to extract additional information from our [Sr] and Sr
isotope groundwater data set, we applied a grouping approach that uses
the map of the spatial distribution of aquifer types in Denmark (Fig. 5A)
7
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components identifiable in the surface waters, or equally by 2) increased
contribution of Sr from the leaching of carbonate fragments of which the
mass budget effects are more pronounced in the groundwaters. The
comparison of the strontium isotope geochemical data from this study
with the strontium isotope and limited [Sr] dataset of published surface
waters from Denmark (Frei and Frei, 2011) allows for a rough quanti
fication and some interpretation of surface water-groundwater interac
tion consequences. First, the overall statistical distribution (Fig. 3A–C)
of both types of waters allows us to postulate that the skewed distribu
tion of groundwater-based drinking waters towards low 87Sr/86Sr sig
natures is the result of a more pronounced contribution of strontium
derived from the interaction of these waters directly with Upper
Cretaceous – Paleocene limestones and chalk sequences and/or with
clastic fragmentary components of these in the Quaternary/Tertiary
glaciogenic and glacio-marine sediments. The contribution of this
component in the average Danish surface waters is diminished, as a
result of progressive acid leaching/dissolution of these components in
the weathering exposed surface sediments and soils (cf. (Frei et al.,
2020)). In both, surface waters and groundwaters, contribution of
Sr-rich carbonate fragments has a strongly homogenizing effect on the
strontium isotope distributional patterns. Second, the resemblance of
the spatial distribution patterns of [Sr] and 87Sr/86Sr signatures (cf.
Fig. 4A–C) indicates a relationship between surface waters and
groundwater-based drinking waters in Denmark with mutual interaction
on sub-regional scales. Streams in the WJGP typically receive a sub
stantial seepage from groundwater as these streams typically are found
in permeable lithologies. This may explain why we observe a rather tight
strontium isotope compositional relationship between surface waters
and groundwater-based drinking waters in Denmark (Nyholm et al.,
2002). However, some studies (e.g., (Frederiksen et al., 2018)) report on
the relative importance of different flow paths for discharging ground
water to lowland alluvial streams and spatial and temporal variations of
these. More studies are warranted to understand the nature of the Sr
cycle in complex groundwater-surface stream water interaction sce
narios. Nevertheless, as there is a high variability in the chemical
composition of surface-near groundwater namely in the western parts of
Denmark (Bjerg and Christensen, 1992), and because surface waters
with very low [Sr] in this region have been reported (Thomsen and
Andreasen, 2019) to have Sr isotope compositions outside the range
found in the present groundwater-based study and in the surface water
study of (Frei and Frei, 2011), there is also a need for further more
detailed studies aimed at investigating base flow relationships in this
particular region.
6. Conclusions
We present strontium concentrations and 87Sr/86Sr data in
groundwater-based drinking water samples abstracted from 163 major
public waterworks all over Denmark (excluding Bornholm), with the
aim to compare spatial distribution patterns with geological information
and respective aquifer type, and to compare these patterns with those
obtained from a country-wide data set of surface waters published by
(Frei and Frei, 2011) and (Frei et al., 2020).
The spatial distribution of [Sr] in the groundwater-based drinking
waters depict a general East-West decreasing trend, disrupted by a
corridor in northern Jutland where groundwaters depict higher [Sr]
most probably due to the pre-Quaternary surface with Late CretaceousPaleocene limestone and chalks found at shallow depth. [Sr] concen
trations are otherwise highest in eastern Zealand where limestone and
chalks are exposed or occur near the surface and where especially
Maastrichtian limestone sequences have a big impact not only on the
[Sr] in the respective aquifers, but also on lowering of the 87Sr/86Sr
signatures of them to values close to the Sr isotope compositions of the
late Cretaceous-Paleocene carbonates.
[Sr] concentrations are significantly lower in the West Jutland gla
ciogenic province where prolonged surface exposure and weathering of

Fig. 4. A. Kriging-interpolated map of Denmark showing distributional pattern
of [Sr] in groundwater-based drinking waters studied herein. B. Kriginginterpolated map of Denmark showing distributional pattern of Sr isotope
compositions of groundwater-based drinking waters studied herein. C. Kriginginterpolated map of Denmark showing distributional pattern of strontium
isotope compositions in surface waters published by (Frei and Frei, 2011) and
redrawn by (Frei et al., 2020). Respective values (color coded filled circles)
measured in waterworks (station) samples are also plotted in each map. Note
the overall good agreement in the distributions of 87Sr/86Sr values between
groundwater-based drinking water and surface water, and between [Sr] and
87
Sr/86Sr values in groundwater-based drinking water. Variogram parameters
used for the linear kriging to compute these maps are contained in the
respective insets of each map. For details refer to text.
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Fig. 5. A. Map of Denmark with categorized aquifer types modified from (Wodschow et al., 2018). Ls = limestone; T = Tertiary; Q = Quaternary. B. Map of Denmark
depicting the distribution of pH values of well waters (computed from Jupiter data base https://data.geus.dk/JupiterWWW/index.jsp) C. Map of Denmark with the
distributional pattern of [Sr] from groundwater-based drinking waters sampled during a campaign in 2013 (Voutchkova et al., 2015) and used here for reference and
for comparison with the respective pattern (Fig. 4A) defined by samples from the 2017 campaign used herein. D. Areal division of waterworks using the aquifer types
at its base (for details refer to text).

common in Denmark. A flatter trend in 87Sr/86Sr vs. 1/[Sr] space is
defined by groundwater-based drinking waters that are predominantly
extracted from mixed Quaternary/Tertiary sand aquifers prevailing in
the West Jutland glaciogenic province. These waters, while obtaining
less strontium from carbonate components, receive their radiogenic
strontium component from marine and terrestrial siliciclastics. It must
be noted however, that statistically the two groundwater groups cannot
be distinguished in their strontium isotope compositions (87Sr/86Sr =
0.7086±0.0011 (n = 114) vs. 0.7087±0.0011 (n = 46), respectively).
The narrow compositional range and relatively homogenous spatial
distribution patterns depicted by the groundwater-based drinking wa
ters investigated resemble much those of the surface waters published by
(Frei and Frei, 2011). In combination with the presence of widespread
surface water recharge systems, these concentration and isotope pat
terns likely imply a tight interrelationship between surface waters and
groundwaters in Denmark, also with respect to Sr isotopes.
Effects on levels of trace elements in groundwater-based drinking
water by applying treatment that either lead to neutralizing of soft,
aggressive groundwater with lime, and/or lower levels of organic matter
and arsenic with chemicals are in theory possible. A study on few
waterworks that apply such treatment is warranted to understand the
sum of the geological and water treatment effects on trace element levels

carbonate-bearing periglacial and glacial sediments where exposed to
weathering during the Saale and Weichsel glaciations. Progressive acid
dissolution of carbonate components in these sediments, and ongoing
downward moving of respective acidification depths in this area results
in a relatively weakened contribution of strontium from carbonates to
the groundwater-based drinking waters, and a mass budget-wise
increased importance of contribution of radiogenic strontium from the
weathering siliciclastics, explain the slightly elevated 87Sr/86Sr in waters
abstracted from aquifers in the West Jutland glaciogenic province.
Northernmost Jutland exhibits groundwater-based drinking waters
that can easily be distinguished from those of the rest of Denmark, in
that their low [Sr] and high 87Sr/86Sr signatures around 0.710 to 0.711
reflect the abstraction of groundwater-based drinking waters from
aquifers that are situated in marine sediments deposited in the Arctic sea
in front of the Scandinavian Ice Sheet. These contribute radiogenic
strontium from the fine fractions to the respective waters during their
interaction.
The compositional variety of groundwater-based drinking waters in
Denmark can roughly be categorized into three major groups that match
the type of aquifers from which they are abstracted. A steep trend in
87
Sr/86Sr vs. 1/[Sr] space of waters is predominantly associated with
aquifers in mixed limestone-Quaternary sand and is the areally most
9
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Fig. 6. 1/[Sr] vs. 87Sr/86Sr mixing diagram of groundwaterbased drinking waters from this study, complemented with
data from groundwaters extracted from Quaternary sand
aquifers and from Miocene clayey sand aquifers (dark and
light green filled triangles; (Jørgensen et al., 1999)), from
groundwaters abstracted from limestone/Quaternary sand
aquifers (yellow filled triangles; (Jørgensen and Holm,
1995)), and from surface waters (orange filled circles) pub
lished by (Frei and Frei, 2011). Data from groundwater-based
drinking water studied herein follow two major mixing sec
tors. Mixing sector 1 (darker blue filled area), characterized
by mixing of waters with variable, but generally high [Sr]
typical of area 1, stands in contrast to waters lying within
sector 2 (lighter blue filled area) which typically occur in
area 2. These depict mixing of waters with generally lower
[Sr], with waters characterized by Sr isotope compositions
that span approximately the same range of 87Sr/86Sr signa
tures as the waters in sector 1. Groundwater-based drinking
waters in sector 1 are dominated by contribution of Sr from
chalk/limestones (constituting the common endmember of
both sectorial trends and marked with its 87Sr/86Sr compo
sitional variation by a grey filled rectangle along the lower
y-axis), whereas chalk/limestone-derived Sr in respective
waters of mixing sector 2 is less pronounced. For details refer
to text.
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