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Abstract

Salinity levels above the drinking water standard (>250 mg/l ClI-) are
observed at shallow depth in a Maastrichtian chalk aquifer on the island
of Falster, south-eastern Denmark. To understand the source of the salt,
63 samples from 12 individual, T m, screened intervals between 14 and
26 m b.s. were collected from 1 May to 4 June 2018. The samples were
collected during a tracer test to estimate the dual porosity properties of
the chalk and were analysed for a wide range of elements. Furthermore,
samples from the Baltic Sea and from deeper saline aquifers in the area
(40 and 85 m b.s.) were analysed for comparison. The geochemical data
were analysed using an unsupervised machine-learning algorithm, self-
organising maps, to fingerprint water sources. The water composition in
the screened intervals at various stratigraphic levels has specific geochem-
ical fingerprints that are maintained for the first days of pumping and are
distinct amongst the different levels. This suggests an evolution in water
composition because of reaction with the chalk. Water composition is dis-
tinct from both seawater from the nearby Baltic Sea and salty water from
deeper levels of the reservoir. Thus, neither up-coning of salty water nor
intrusion of seawater caused the elevated salinity levels in the area. The
slightly saline composition of groundwater in the shallow aquifer (14-26
m b.s.) is more likely because of incomplete refreshing of the salty connate
water in the chalk during the Pleistocene and Holocene. Furthermore, the
geochemical fingerprint of salty water from the deeper aquifer at 40 m was
similar to water from the Baltic Sea, suggesting a Baltic Sea source for salt
in the aquifer at 40 m b.s., ¢. 100 m from the coast. Statistical analysis based
on self-organising maps is an effective tool for interpreting a large number
of variables to understand the compositional variation in an aquifer and a
useful alternative to linear dimensionality-reduction methods such as prin-
cipal component analysis. The approach using the multi-element analysis
combined with the analysis of self-organising maps may be useful in future
studies of groundwater quality.

1 Introduction

Sustainable water resources management and saltwater intrusion in coastal
aquifers are huge challenges globally, and these challenges are projected
to be more severe in the future due to climate change and sea-level rise
(Hinsby et al. 2016; Rasmussen et al. 2013).
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Saltwater intrusion may be the most important chal-
lenge in coastal aquifers, and there is a strong need for
the development and implementation of effective miti-
gation and remediation measures (Hinsby et al. 2018).
Designing efficient mitigation and remediation mea-
sures requires an understanding of the sources and
occurrence of the saltwater. Possible sources include
saltwater from nearby seas, marine deposits in or adja-
cent to the aquifers or saline groundwater recharge due
to decreasing and/or increasing precipitation and evap-
oration. All these sources may affect the salinity of the
aquifers in some areas, while in others perhaps only one
of the sources is of significance.

The final decision on which method should be imple-
mented to protect coastal water resources ultimately
relies on a sound understanding of the location and
nature of the salinisation sources. Here, we propose a
new approach based on self-organising maps (SOMs)
for fingerprinting the sources of increasing salinity in
aquifers using an example from a coastal confined chalk
aquifer on southern Falster, Denmark (Fig. 1A).

Elevated salinity levels were observed at shallow
depth in a Maastrichtian chalk aquifer on the island of
Falster, south-eastern Denmark (Fig. 1) as early as 1936
(@dum & Christensen 1936). Chloride concentrations of
¢. 200-300 mg/l CI- are locally found down to ¢. 25 m
below the surface (m b.s.). The chloride content is gener-
ally below the WHO/EU drinking-water standard of 250
mg/I CI-but high compared with the recent groundwater
recharge and frequently above a threshold value of c.
200 mg/I CI- proposed for Danish groundwater bodies
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based on the European Water Framework and Ground-
water Directives and related guidelines (Hinsby et al.
2008). Below this, between 25 and 45 m b.s., the salinity
is ¢. 500 mg/l CI- and it increases with depth to c¢. 4000
mg/I Cl-at 80 m depth and further to ¢. 20 000 mg/I CI- at
about 150 m b.s. (Rasmussen et al. 2013). A recent status
assessment of Danish groundwater bodies has identi-
fied the chalk aquifer on Falster as having poor chemical
and quantitative status due to indications of freshwater
mining and saltwater intrusion in several areas (Henrik-
sen et al. 2019). This agrees with a previous assessment,
which concluded that new innovative subsurface water
solutions involving managed aquifer recharge (Zuurbier
et al. 2017) will most probably be required to secure
future sustainable water supply at least in the southern
part of Falster (Hinsby et al. 2018).

The objective of this study was to investigate the ori-
gin of the elevated salinity in the area: is it caused by
intruding saltwater from the Baltic Sea, up-coning of salt
connate water (water trapped in the pores of the chalk
when deposited) from below due to pumping, incom-
plete leaching of connate water in the upper part of the
chalk aquifer or by infiltration of recharge through Holo-
cene marine sediments above the chalk aquifer (Hinsby
et al. 2012; Rasmussen et al. 2013)? Understanding the
sources of the saltwater have implications for the choice
of measures implemented to control further increases
of chloride in water supply wells in the area (e.g. Zuur-
bier et al. 2017).

To understand the sources of chloride (saltwater)
in water-supply wells, we analysed (1) water from the

[ Eocene-Miocene

[ Paleocene above Danian
[_] Danian limestone

[ Upper Cretaceous chalk
[ Older than Upper Cretaceous

Sweden

Fig. 1 Location and geological setting of the study site. A: Geology of Denmark. B: Focussed view of the test site on the island of
Falster, south-eastern Denmark. The location of the test site (Fig. 3) is indicated by a red circle. Modified from Pedersen et al. (2018).
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Baltic Sea, (2) connate water from deeper levels in the
chalk, (3) water from filters in wells in the chalk at depths
from where the water company abstracts drinking water
and (4) the variation of the composition over time while
pumping on the wells.

The main aquifer in the area consists of Maastrich-
tian chalk in which the Quaternary glaciations have
caused intense fracturing in the upper 10-43 m of the
chalk. The glacial disturbances include dislocation and
development of a chalk-glaciotectonite locally containing
Quaternary sediments (Pedersen et al. 2018). Below 45
m b.s., the gamma-ray signal increases suggesting that
the chalk is marly and the transmissivity in the chalk is
lower here.

In Danish chalk aquifers, the residual saltwater is usu-
ally completely flushed out in the upper 50-80 m (Bon-
nesen et al. 2009). Below this follows a transitional zone
with increasing salinity to depths of 150-200 m where
the chloride concentration exceeds 19 000 mg/|, simi-
lar to deeper parts of the chalk in, for example, England
(Edmunds et al. 1987). This level of salinity is similar to
oceanic seawater and may represent connate water.

The low-lying glacial depression south-east of the
marginal moraine (Fig. 1B) formed a shallow lagoon in
the Holocene until land reclamation was initiated in the
early 1860s, and it became operational from around
1900. The area is now covered by a thin layer of Holo-
cene marine sand (Figs 2, 3B).
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2 Methods

2.1 Sampling strategy

Groundwater is pumped from well UB2 and re-injected
in well UB1 creating a dipole flow system between the
two wells (Fig. 4). The tracer (NaCl) is injected in well T2,
and the breakthrough is observed in samples collected
from the 14 screens in wells CMT 1 and 2. The location
of these wells is marked on Fig. 4. Trace elements (mea-
sured by ICP-MS, details given) and chloride (measured
by ion chromatography) were analysed in samples col-
lected from CMT 1 and 2 wells. Electrical conductivity
was continuously monitored in the same wells by WTW
instruments using the calibrated WTW electrodes. The
aim of the tracer test was to assess the dual porosity
characteristics of the chalk.

2.2 Sample collection and analysis
Two closely spaced multi-level monitoring wells (CMT 1
and 2), about 20 m downstream of a water supply well
(242.212), were sampled in the Maastrichtian chalk
aquifer (Fig. 4). A total of 58 ground water samples were
taken from 12 1-m screens, between 14 and 26 m b.s.
The samples were collected during continuous pumping
on the wells between 1 May and 4 June 2018.

In the period from 1 May to 22 May 2018, 4.9 m¥h
were pumped from a well (UB2) 3 m downstream (in the
direction of the regional flow during the tracer test) from
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Fig. 2 A: Block diagram of the test site. Note that a significant part of the tracer tests described in this study takes place in the gla-
citectonite between 15 and 20 m b.s. (modified after Pedersen et al. 2018). Two wells are shown: DGU well no. 242.394 (UB3) and
242.384 (UB1). B: Schematic geological logs in two wells, DGU well no. 242.394 (UB3) and 242.395.
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Fig. 3 A: The study areain 1780, about 80 years before land reclamation was initiated. B: The study area in 2021 with drainage canals
developed in the land reclamation project initiated in 1861. The tracer test site investigated in this study (Fig. 4) is established at well
no.: 242.212 (yellow triangle). The cross-section A-A’ through the study area and tracer test site is shown in the lower panel. The

local water works abstracts groundwater from 11 wells in the upper 10 m of the chalk in the area.

the monitoring wells (CMT 1 and 2), and 2.6 m3h were
re-injected into the well (UB1) ¢. 30 m upstream from the
monitoring wells (Fig. 4). The constant pumping created
a constant flow field during the dipole tracer test pass-
ing through the monitoring wells, such that the water
sampled from a given sampling screen should represent
the same volume of the aquifer for the pumping period.
From 22 May to 4 June 2018, the pumping was set to
9.1 m¥h, and the re-injection was set to 5.3 m3/h.

A further five samples were collected from two other
wells in the area about halfway through the experiment
(17-18 May): three samples representing marine water
from the Baltic Sea, one sample from 40 m b.s. (well site
DGU 242.375, 100 m from the Baltic Sea; Fig. 3) and one
sample representing deeper groundwater from 85 m
b.s. (well site DGU 242.344, 2.8 km from the Baltic Sea;
Fig. 3B). The purpose of this sampling was to obtain the
composition of possible end-members for comparison.

All samples for the analysis of trace elements were
collected by syringes and injected directly into prepared
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and acidified 20 ml polyethylene vials through 0.45
pm filters and kept at c. 8° Celsius until analysis. The
samples from the multi-level wells (CMT 1 and 2) were
collected by syringes directly from the 4 mm tubing con-
stantly discharging water from the different screens at
¢. 80 ml per min.

The samples were analysed for trace elements at
GEUS using inductively coupled plasma mass spectrom-
etry (ICP-MS) and the Perkin-Elmer ‘TotalQuant’ method.
Methods are provided in Supplementary File S1, online.
We analysed for the following elements: Al, As, B, Ba, Ca,
Ce, Co, Cr, Cs, Cu, Fe, K, La, Li, Mg, Mn, Mo, Na, Ni, P, Rb,
Sc, Se, Si, Sr, Th, Ti, U, V, Y and Zn (the data are available
online in Supplementary File S2).

2.3 Self-organising map analysis

The unsupervised machine-learning algorithm, self-or-
ganising map (SOM), provides a non-linear method
for visualising multi-dimensional data, and it is used
here to analyse the geochemical data. The SOM may
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be viewed as a two-dimensional grid onto which the
multi-dimensional input data are projected or mapped.
Here, we aim to reduce the complexity of our large
dataset (27 elements analysed in 63 samples) into a
set of geochemical fingerprints for each sample. These
fingerprints can be represented in two dimensional
maps, such that similar objects are close together,
and dissimilar objects are far away from each other.
In other words, the SOM processing finds an approx-
imation of the data by mapping the input data into
another dataset, which has fewer datapoints than the
initial dataset. This approximation, referred to as the
best matching units (BMUs), has the same amount of
data types (i.e. same dimensionality) as the input data.
The BMUs are presented in the SOM as a two-dimen-
sional map and referred to as the SOM-space. Each
BMU is associated with a cell in the matrix or SOM-
space, and they are ordered in the matrix such that
similar BMUs are adjacent to each other in the two-di-
mensional map. Although the SOM is two-dimensional,
the multi-dimensionality of the input data is retained
by the dimensionality of the BMU. Each of the input
datapoints has a BMU to which the data are most sim-
ilar. Several input data may be associated with the
same BMU, in which case the SOM presentation may
be viewed as a classification of the input data. The SOM
is discretised in a pre-selected number of rows and col-
umns (grid or matrix representation). Thus, the original
multi-dimensional data are mapped into a new data
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Fig. 4 Design of the tracer test site
and wells (UB1, T1, T2, UB3, CMT1
ﬁ:t‘irtable and 2 and UB2). Red colours from
Peat about 30 m b.s. indicate high salin-
Clay ity with depth. The supply well is
il well 242.212, location on Fig 3.
Green arrow indicates direction of

the flow during the tracer test.

30m

space with only two dimensions and fewer data. In our
case, the number of rows and columns are 5 and 11,
respectively (Fig. 5A). The number of cells or elements
defines the data reduction applied to the initial data. In
this case, a reduction from 63 data samples analysed
for 27 elements = 1701 datapoints reduced to a max-
imum of 5 x 11 = 55 datapoints (Fig. 5). The grid size
is determined based on a heuristic approach. Large
maps produce a large number of small but ‘compact’
clusters (records assigned to each cluster are quite
similar). Small maps produce fewer but more gener-
alised clusters. A ‘right number of clusters’ does not
exist, especially in real-world datasets. It all depends
on the detail in which you examine your dataset. The
grid size used in this study is calculated by SOM based
on the size of the dataset.

The SOM analysis is based on the commercial soft-
ware package SiroSOM™. The grid size used in this arti-
cle is calculated by SiroSOM based on the size of the
dataset. The BMU colours are generated by SiroSOM,
and the timeline and cross-plots are generated using
a Matlab script developed by the Geological Survey of
Denmark and Greenland (GEUS). The procedure used
here is further described in Supplementary File S1.

The positions of the datapoints (Fig. 5B) represent the
analytical results, whereas the colours of the dots repre-
sent their position in the entire dataset. The colour scale
is chosen by the algorithm, but the colours are chosen
so that points with colours close to each other represent
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Fig. 5 Self-organising maps (SOMs): A: Each original datapoint is associated with a best matching units (BMU) point and only 26 out
of 55 BMU points are selected. No units. B: Example SOM for Mg (ppm) versus time: the original datapoints with the associated BMU

colours and numbers are displayed.

samples with compositions that are close to each other
in the 27-dimensional space. Detailed information on
SOM can be found in Kohonen (1982, 1990, 2001, 2013)
and Kalteh et al. (2008). The SOM method has recently
been used in the analysis of groundwater geochemical
data in a coastal aquifer near Venice (Dalla Libera et al.
2020) and in geochemical pattern recognitions of deep
thermal groundwater in South Korea (Kim et al. 2020).

3 Results

The arrival of the tracer is seen as an increase in the
conductivity in the monitoring wells (Fig. 6). The timing
varies among the three different levels with maximum
effect ¢. 100 h after the start of the experiment at 15.5
m, whereas the tracer peak arrives later at the 19.5 and
23.5 m levels and is much more diffuse. Another injec-
tion of tracer was initiated on 23 May 2018 peaking on
25 May at 15.5 m. The increased pumping and reinjec-
tion rate effects the time it takes for the tracer to pass
the monitoring well (Fig. 6). The gap in the measure-
ments of electrical conductivity (EC) in Fig. 6 was caused
by power loss on the EC meter.

3.1 Hydro-chemical fingerprints vary both
with stratigraphy and time

Concentrations of, for example, Na, Mg, Mn, Co, Sr and
Zn vary with depth in the wells and with time during the
conducted tracer test, 1 May to 4 June 2018 (Fig. 7). For
the first ¢. 75 h, the composition of the water is rather
constant at the three levels (Fig. 7). The contents of Na,
Mg, Sr, Zn, Mn and Co are high at the 19.5 m level rel-
ative to the 15.5 and 23.5 m levels and distinctly differ-
ent from both the 15.5 and the 23.5 levels. The contents
of Mg, Sr and Zn at the 15.5 m level are low, and the

Knudsen et al. 2021: GEUS Bulletin 47. 5336. https://doi.org/10.34194/geusb.v47.5336

content of Mn is high relative to the 23.5 m level; the
compositions of the water at the different stratigraphic
levels are all distinct from each other.

The content of Na varies among the different strati-
graphic levels (Fig. 7). The content of Mg is relatively
low in the upper (15.5 m) level compared with both
the middle (19.5 m) and lower (23.5 m) level, and the
concentration stays more or less constant over the
duration of the experiment, presumably because it is
part of the carbonate rock itself. The content of Mn is
relatively high in the upper and middle level compared
with the lower level with a slight decrease over time.
With respect to Co, the middle level is high relative to
both the upper and lower levels and also shows a slight
decrease over time. The Sr content is high in the mid-
dle level, low in the upper level and intermediate in the
lower level, and the Sr content seems to be fairly stable
in all levels. The content of Zn is low in the upper level
relative to both the middle and lower levels. Collec-
tively, the contents of Na, Mg, Mn, Co, Sr and Zn make
the composition of each level distinct for the whole
duration of the experiment.

The composition of the water when taking the com-
plete analysis (all 27 elements) into account is reflected
by the colour of the dots in Fig. 7. In the upper level
(15.5 m), the dots range from purple and blue colours
to blue-green during the first ¢. 80 h. Then, the compo-
sition is fairly stable (blue-green colours) for the next
300 h after which it changes to compositions domi-
nated by green colours. In the middle level (19.5 m), the
compositions are marked with pink and purple colours
in the first ¢. 80 h; after this, the compositions are
marked blue for the next 300 h before turning green
as is seen in the upper (15.5 m) level. At the lower level
(23.5 m), the compositions are dominantly marked
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Fig. 6 Electrical conductivity (uS/cm) of the water in the monitoring wells as a function of time. The NaCl tracer was injected twice
during the period on 1 May 2018 at 16.00 and 23 May 2018 at 14.24, indicated by green and purple vertical lines. Abstraction from
UB2 was increased from 4.9 to 9.1 m3/h during the second tracer test resulting in a faster breakthrough.

with light brown and brown colours for the first c. 80 h.
After which green colours also dominate.

3.2 Comparison with sea water and water
from deeper levels

The composition of the water from the monitoring
wells is compared with the composition of water from
the Baltic Sea as and water from two deeper wells in
the area (Fig. 8). The Mg concentrations of the seawa-
ter and the deeper wells are generally high compared
with the monitoring wells (Fig. 8). Furthermore, the
proportions (ratios) between the elements are differ-
ent from the monitoring wells. An example is the very
high Mn/Mg, Co/Mg, Zn/Mg and Sr/Mg ratios in the
monitoring wells compared with the seawater (yellow
dots in Fig. 8). There is a linear relationship between
Sr and Mg in the monitoring wells (grey on Fig. 8). The
deep well with a sample from 85 m b.s. (DGU 242.344)
has a high chloride content and most trace-element
contents are also high (light green dot in Fig. 6). The
sample from 40 m b.s. also has elevated contents of
trace elements (yellow dot in grey circle in Fig. 8), and
the Sr/Mg, Co/Mg and Zn/Mg ratios are more like those
in seawater samples. However, the Mn/Mg ratio is dif-
ferent. The hypothetical mixing lines between the infil-
trating water and the deep, saline connate water (light
green) and Baltic Sea water (yellow) are shown in Fig.
8. The composition of the infiltrating water is inferred

Knudsen et al. 2021: GEUS Bulletin 47. 5336. https://doi.org/10.34194/geusb.v47.5336

to be rainwater containing c¢. 1% Baltic Sea water due
to the near-coastal position and influx of wind-carried
salty aerosols. This corresponds to a chloride concen-
tration of about 40 mg/l, which has been observed in
three nearby water-supply wells in chalk about 1 km
north-west of the tracer test site, which seem to have
been completely freshened during the Holocene. The
composition of the infiltrating water is indicated by the
trend lines on Fig. 8.

The water sample from 40 m (marked with a grey ring)
has the same colour as the dots representing the seawa-
ter (yellow; Fig. 8). This implies that their hydro-chemical
fingerprints are alike, that is, they are very close to each
other in the 27-dimensional space of the geochemical
dataset.

4 Discussion

Trace-element analysis of freshwater has previously
been tested as a method for understanding the water-
rock interactions in a system. Schurch et al. (2004) sug-
gested that the groundwater geochemistry in a chalk
aquifer is dominated by incongruent reactions with
the fine-grained carbonate sediments, which release
trace-element impurities into the water. Khadra et al.
(2017) found that the chemical differences between
limestone and dolomitic limestone were important fac-
tors in explaining the observed variation in the concen-
tration of trace elements in fresh groundwater.
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Fig. 7 Concentrations (ppm) of Na, Mg, Mn, Co, Sr and Zn in the extracted water from the three filters at 15.5m, 19.5 m and 23.5 m
as a function of time (hours) from 1 May to 4 June 2018. Depth of sampling points is shown at the top. Note that the Y-axis is on a log
scale apart from Mg. The position of the points represents the actual measurements, whereas the colour of the points represents
the SOM derived geochemical fingerprint.

Knudsen et al. 2021: GEUS Bulletin 47. 5336. https://doi.org/10.34194/geusb.v47.5336 8 of 11


https://doi.org/10.34194/geusb.v47.5336
http://www.geusbulletin.org

www.geusbulletin.org

T
or P 12y ® ,+” Monitoring wells trend
8l ; = (L S—— -
‘: * Mixing seawater
7F  ®a® 10 @ -
'io =‘ Mixing deep salt water
6 &® o Sup @
o © Salt water (85 m
& "f 2 bt o
Y sl 1 x 8f & = Salt water (40 m)
9 o < °e ()
O B z .l ' Seawater
g_ 41 [ ] g_ 1
o ghe a ®
o, 6 %
|
31 e..f e 3
%° st %
3 0
®
ég Il Il Il L L L
50 100 200 50 100 200
@ ! @
30t -
// b
20+ o o
R 001F @
e Saip
. e
— 4 C
KoL R ~ o
10 -
g c | @
a . a @ o®
R o,
/// ° !
5t e \,
e 0,001} .fl
v :
, 1
Il Il Il ': Il Il Il
50 100 200 50 100 200
ppm Mg ppm Mg

Fig. 8 Concentrations (ppm) of Co, Mn, Sr and Zn and versus ppm Mg in samples from the pumping experiment compared with
Baltic seawater and two deeper wells on Falster at 85 m b.s. and 40 m b.s. Note that it is a log-log plot.

Yuan et al. (2019) found that multi-element finger-
printing can be useful for assessing hydrological con-
nectivity across the landscape and indicate that element
concentrations are affected not only by land use but
also by hydrogeological characteristics.

The trace-element composition of the groundwater
at 15.5, 19.5 and 23.5 m b.s. (Fig. 7) is distinct from each
other at early times in the experiment, before the com-
position of the water is homogenised by the recircula-
tion. Apart from Na, these elements occur in different
minerals in the chalk with Mg and Sr mainly in carbon-
ates, Zn and Co mainly in sulphides and Mn mainly in
oxides. The content, composition and/or reactivity of
these minerals presumably vary among the different
stratigraphic levels. The most likely explanation for the
variation and distinct chemistry of the water at the dif-
ferent stratigraphic levels at the start of the experiment
is that the different trace-element distributions in the
water reflect the variable composition of the chalk with
depth, that is, the content of clay minerals, carbonates
and sulphides and variable trace-element composition

Knudsen et al. 2021: GEUS Bulletin 47. 5336. https://doi.org/10.34194/geusb.v47.5336

of these minerals. This implies that the water compo-
sition has evolved due to geochemical reactions with
the chalk at various stratigraphic levels, as suggested
by Schirch et al. (2004). This could be due to variations
in trace-element composition at the time of forma-
tion of the chalk, a result of post-depositional solution
or precipitation or some other type of reaction, such
as sorption of the trace elements on the mineral sur-
faces or variations in the contents of minerals due to
glaciotectonic redistribution of sediments. However, the
mechanism controlling the variation in trace-element
concentrations is not clear.

Up-coning and seawater intrusion were suggested
to be responsible for increasing salinity in wells close to
each other in a similar coastal carbonate aquifer about
100 km north of the Falster test site (Thorn 2011). If the
trace element concentrations in the aquifer were a result
of simple mixing between meteoric water and Baltic Sea
water, the samples should fall on a mixing line between
the two sources. Furthermore, the colour of the dots
representing the compositional variation should reflect
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this (Fig. 8). However, this is not the case, and thus, the
elevated salinity in the monitoring wells is unlikely to be
the result of simple dilution of Baltic Sea water. Similarly,
if the trace element concentrations in the aquifer were
a result of simple mixing between meteoric water and
connate water from deeper levels, the samples should
likewise fall on a mixing line between these two sources.
This is not the case, as the trace-element composition
is also distinct from the connate saline water from the
deeper levels of the chalk aquifer (Fig. 8), suggesting
that elevated salinity in the wells is not simply caused by
up-coning of saline water from below.

After c¢. 80 h, the composition of the water in the
monitoring wells changes slightly at all three levels as
seen in the change of the colours of the dots marking
the geochemical fingerprint of the water derived from
the SOM analysis (Fig. 7). The geochemical fingerprint of
the water is very distinct at the 19.5 m level with bright
pink dots and light brown dots at the 23.5 m level. At
the 19.5 m level, the composition changes after c. 80
h and is marked by blue dots for the following 300 h.
The composition of the water at this level is still rather
different from the other two levels, and the reason for
the conservative nature of the composition here may
be caused by the fairly high levels of trace elements in
the water. After c¢. 500 h, the composition at the 19.5
m level changes, reflected by green dots (Fig. 7). At the
23.5 m level, the change to green dots occurs after c.
80 h, and at the 15.5 m level, the green dots occur after
¢. 500 h. However, the colour of the dots at the 15.5 m
level becomes blue-green after c¢. 80 h indicating that
the composition is developing towards the green dots
after 500 h at 19.5 m and after 80 h at 23.5 m. At 15.5
m, the tracer concentration peaks earlier than at deeper
levels (Fig. 6) and seems to be flushed out earlier than
the other levels. This is probably because the chalk is
heavily fractured here (Fig. 2B).

The shift towards greenish colours over time at all
levels indicates that the samples become statistically
more homogeneous, which is most likely an effect of
the recirculation mixing the water from all levels and
smoothing out their characteristic fingerprints. This
indicates that the fingerprint characteristics must be
a feature that develops over time through water-rock
interactions.

The water analysed from 40 m b.s. in the DGU
242.375 well located 100 m from the Baltic Sea is very
similar to the water from the Baltic Sea (Fig. 8) with
respect to the content of Mg, Sr and Co. Furthermore,
the dot that reflects the overall geochemical fingerprint,
taking all the 27 elements into account, has the same
colour as that for seawater (yellow). This implies that
the geochemical fingerprint in this well is similar to the
seawater and that the water here is derived from the
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Baltic Sea. The different Mn content may be caused by
trapping of Mn on oxides towards the well and/or the
well screen.

The present position of the saltwater-freshwa-
ter interface at ¢. 30-40 m b.s. (¢. -30 to -40 m a.s.l.)
is controlled by the depth and distribution of hydraulic
active fractures in the chalk, as was found for sites on
the island of Sjeelland, c. 100 km to the north of Falster
where the interface is found between -45 and -70 m
a.s.l. (Larsen et al. 2006). The thinner freshwater zone
on the island of Falster might be explained by a number
of processes, including the ablation history of retreat-
ing glaciers during past glaciations, the marine setting
of the aquifer during most of the Holocene and finally
more recent land reclamation on Falster, which resulted
in very low groundwater recharge since the early 1860s.

Multi-element fingerprinting of water is not com-
monly used in Northern Europe, and the results of the
present investigation suggest that this can be a useful
method to investigate water-rock interactions, water
provenance and the sources of dissolved chloride. This
information is important when planning measures to
control saltwater intrusion and protect drinking water
resources such as managed aquifer recharge of desal-
inised brackish groundwater from deeper parts of the
aquifer. The results of this study and of previous studies
by Rasmussen et al. (2013), Pedersen et al. (2018) and
Hinsby et al. (2018) clearly demonstrate that a sound
understanding of local geological and geochemical fea-
tures of aquifers is a prerequisite for the protection of
water-supply wells from saltwater intrusion of various
sources in coastal areas.

5 Conclusions

Water extracted from a slightly saline aquifer on Falster
has distinctly different hydro-chemical fingerprints
depending on the stratigraphic levels from where it
is extracted. This suggests that the composition has
evolved by interaction with the rock. The slightly saline
character of the water is probably due to incomplete
refreshing of the aquifer during the Holocene. This
could again be caused by the very low relief and flow in
the area.

Water composition changes with time during the
tracer experiment, probably caused by the flushing of
the reservoir with re-injected water. Introduction of the
(NaCl) tracer may also have caused ion exchange, thus
mobilising other cations in the reservoir.

Comparisons of aquifer water with Baltic Sea water
and deep connate water show that the observed com-
positions cannot be generated by mixing these sources
with the meteoric recharge. However, the hydro-chem-
ical composition/fingerprint of the water in another
well extracted at 40 m b.s. is very close to seawater,
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suggesting that the water here contains a high fraction
of seawater. This is likely because the well is located
close to (¢. 100 m from) the Baltic Sea.

The statistical analysis, based on an unsupervised
machine-learning algorithm, SOM, has proved to be a
very effective way to facilitate interpretation of a large
number of variables and thus understand the composi-
tional variation in an aquifer. Using multi-element analy-
sis combined with SOM analysis/fingerprinting may also
be useful in future studies of variations in groundwater
quality and, for example, in characterising the source of
chloride in coastal aquifers.
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