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• NO3-behavior was studied using
geophysical, hydrogeochemical and
geological data.

• The geological structure may determine
the denitrification zones in the study site.

• Hydrological connectivity between
groundwater and stream may control
nitrate load.

• Detailed structural data is essential to
upscale point data to catchment level.
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Diffuse pollution of nitrate from agricultural fields is a critical environmental problem around theworld. Sources
and sinks of nitrate are heterogeneously distributed over various spatial scales, and the connectivity and trans-
port pathways between them also change at different temporal scales. Therefore, understanding the impact of
these variabilities in nitrate transport to the aquatic environment is fundamental for a correct numerical model-
ling of nitrate transport within a catchment. This study, hence, investigated controls on the spatiotemporal var-
iability of nitrate in a glacial landscape and upscaled it to catchment scale by synthesizing geological,
hydrogeochemical, and geophysical information.We found that different parts of the sedimentary succession de-
fine the locations of nitrate sinks in this catchment. Denitrification mainly may occur mainly around small
patches of postglacial sediments on the outwash plain, which is the youngest formation covering the top layer
of the catchment. In contrast, in older geological elements, which constitute the hill and the layers below the out-
wash plain, oxic, nitrate-containing groundwater was found, probably because of depletion of reduced com-
pounds over the long exposure time. We also found that the boundary between these two formations may
govern the seasonal shift of this oxic groundwater's connectivity to the stream consequently nitrate export
from the catchment. This conceptual understanding of nitrate transport and sinks then was transformed into a
3D hydrogeochemistry model based on a high-resolution resistivity model of the catchment. We propose that
such a basic understanding of how a catchment hydrogeochemically operates should be thefirst step toward set-
ting up a catchment scale hydrological model with reactive N transport.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Use of nitrogen (N) fertilizers is essential for food production; how-
ever, diffuse N pollution from agricultural fields causes various environ-
mental and public health issues around the world (Galloway et al.,
2003; Schullehner et al., 2018; Ward et al., 2018). To improve the
cost-effectiveness of agricultural N regulations, countries in Europe,
U.S.A and New Zealand explore a spatially targeted approach
(e.g., Hashemi et al., 2018; Jha et al., 2010; Sarris et al., 2019; Stenger
et al., 2018; Teshager et al., 2017; Uthes et al., 2010). This new approach
considers the spatial and temporal variability of leaching, transport, and
removal of nitrate at local scale during transport ofwater andnitrate be-
tween the field and the stream; thus, differentmitigation strategies will
be implemented under different environmental conditions. To design
and implement the targeted regulations and to communicate with
stakeholders, the effectiveness of various mitigation scenarios needs to
be quantified at small scales i.e., field to sub catchment scales. For
more precise predictions for the small scale variability, numerical
models must adequately represent the local heterogeneity of the
hydrogeological and biogeochemical characteristics, which can signifi-
cantly influence the modelling results (e.g., Jang et al., 2017; Sarris
et al., 2019; Yang et al., 2019, 2018). Therefore, solid understandings
of how nitrate andwater move through a catchment and of the primary
controls on nitrate export will be critical for developing the structure of
numerical models.

To characterize the spatial and temporal variability of nitrate at
catchment scale, field observations are necessary. Streams and rivers
provide an integrated response to all hydrological and biogeochemical
processes occurring within the catchment. Therefore, stream water
chemistry has been extensively investigated to better understand the
controls on the spatial and temporal variability of nitrate export at
catchment scale. Concentration-discharge (C-Q) relationships are one
of the most widely employed approaches (e.g., Bieroza et al., 2018;
Godsey et al., 2009; Kim et al., 2017; Moatar et al., 2017; Musolff et al.,
2017). Unlike most geogenic elements in pristine conditions, which
show “chemostatic behavior” (little to no solute concentration changes
over varying discharge; e.g., Godsey et al., 2009; Kim et al., 2017), nitrate
and other anthropogenic elements show “chemodynamic behavior”
(varying solute concentration with discharge; e.g., Bieroza et al., 2018;
Moatar et al., 2017;Musolff et al., 2017). Such dynamic responses are at-
tributed to the balance (or competition) between biogeochemical con-
trols—e.g., the heterogeneous distribution of sinks and sources of
nitrate (Blaen et al., 2017; Dupas et al., 2016; Herndon et al., 2015;
Musolff et al., 2017, 2016)— and hydrological controls— e.g., temporal
variabilities of transport pathways and hydrological connectivity be-
tween the source and sink (Blaen et al., 2017; Martin et al., 2004;
Molenat et al., 2008; Molénat et al., 2002; Ocampo et al., 2006a,
2006b; Stieglitz et al., 2003; Wriedt et al., 2007). Furthermore, recent
studies have proposed to employ the C-Q slope as a tool for water qual-
ity and contamination management because it may elucidate the dom-
inant controls on pollutant export (Bieroza et al., 2018; Moatar et al.,
2017). Detailed investigations of groundwater chemistry along a profile
or a transect provide valuable information about processes that are re-
sponsible for nitrate evolution (Böhlke et al., 2002; Böhlke and
Denver, 1995; Green et al., 2008; Jessen et al., 2017; Postma et al.,
1991; Tesoriero et al., 2000) and quantification of groundwater flow
rates and denitrification rates (Böhlke and Denver, 1995; Böhlke and
Michel, 2009; Postma et al., 1991; Puckett et al., 2002). Based on these
direct observations different redox zones are delineated, including the
zone where denitrification may occur.

Though these myriad studies have provided valuable insights into
hownitrate evolves in a catchment, transformation of these conceptual,
process-based understandings into numerical models has rarely been
done. Lack of attempts may be because this knowledge cannot simply
be upscaled to the catchment scale without detailed knowledge of the
subsurface structure, particularly under geologically heterogeneous
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settings such as glacial, volcanic, or alluvial environments (e.g., Best
et al., 2015; Hansen and Thorling, 2008; Kim et al., 2019; Postma et al.,
2012; Rodvang and Simpkins, 2001; Stenger et al., 2018). The subsur-
face hydrogeological structure, which shapes the network of flow path-
ways and redox architecture, is highly complicated (Best et al., 2015;
Hansen and Thorling, 2008; Kim et al., 2019). In addition, reduced
compounds are heterogeneously distributed at various spatial scales
due to relatively recent geological events, creating biogeochemical
hotspots (Postma et al., 2012; Rodvang and Simpkins, 2001; Stenger
et al., 2018).

An increasing number of studies employ various geophysical tech-
niques tomap the subsurface structure and to better understand hydro-
logical and biogeochemical processes (Binley et al., 2015; Robinson
et al., 2008). For example, the resistivity of the subsurface structure
can be interpreted to characterize the hydrostratigraphic structure
(e.g., Claes et al., 2020; Vilhelmsen et al., 2019) and the redox architec-
ture (e.g., Hansen et al., 2014, 2021; Kim et al., 2019; Madsen et al.,
2020). The towed transient electromagnetic (tTEM) system is a recently
developed method to map the near subsurface structure and produces
high-resolution 3D resistivity images of the subsurface down to depths
of 50–70 m, depending on the lithological properties (Auken et al.,
2019). In this study, we investigated how nitrate is mobilized,
transported, and removed in the subsurface of a glacial landscape and
attempted to upscale the findings to the catchment scale by synthesiz-
ing hydrological, geochemical, geological and geophysical information.
The primary objectives of this study are 1) characterization of the geo-
logical structure of the subsurface by integrating tTEM resistivity results
and geological information; 2) identification of controls on the spatial
heterogeneity of groundwater chemistry and of dominant processes fo-
cusing on nitrate; 3) investigation of nitrate pathways and denitrifica-
tion zones of the catchment by analyzing the stream's C-Q
relationships as well as comparing with soil pore water and groundwa-
ter chemistry; and 4) development of a 3Dhydrogeochemistrymodel of
nitrate transport and fate at the catchment scale by synthesizing all
data. The 3D hydrogeochemistry model will be the basic framework of
a numerical representation of denitrification reactions and redox struc-
ture of the catchment.

2. Material and methods

2.1. Study site

Our study site (Odderbæk catchment; 11 km2) is situated
in a glacial landscape in northern Jutland, Denmark (Fig. 1). The catch-
ment is a groundwater dominant system (baseflow index = 0.76;
Blicher-Mathiesen et al., 2019). During the last ice age, the catchment
was glaciated and the ice advance and retreat events during this period
are responsible for the geomorphic features of this catchment
(e.g., Larsen et al., 2009). The terrain of the catchment is characterized
by two distinctive features: the higher elevation area (33–58 meters
above sea level; masl) in the northwestern part of the catchment is an
ice-marginal glacial hill, and the lower elevation area (~20 masl) near
the stream is an outwash plain from the last ice age (Fig. 1a). The surface
soil is predominantly sandy (i.e., meltwater sand); however, the melt-
water sand in the outwash plain (orange color in Fig. 1c) is younger
than that in the glacial hill (pink color in Fig. 1c). Postglacial freshwater
deposits (green colors in Fig. 1c) are distributed on the outwash plain,
particularly near the boundary between the glacial hill and the outwash
plain. The catchment is intensively used by agriculture as cultivation
covers 83% of the catchment, and about 10% of area is drained (1km2;
hatched area in Fig. 1c). The crop types vary year to year, but cash
crops (mainly cereals, potato, seed grass, oilseed rape) and fodder
crops (mainly silage maize and grass in rotation) cover approximately
43% and 46% of the agricultural area, respectively. Permanent grass
and set-aside cover approximately 7 and 3% of the area, respectively
(Blicher-Mathiesen et al., 2019).



Fig. 1. Digital terrain model (a), orthophotography (b), and soil map (c) of the study site. The locations of monitoring stations of the LOOP and GRUMO programs are shown in (a). (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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2.2. tTEM survey and data processing

InMarch 2019, the resistivity of the shallow subsurfacewasmapped
using the tTEM system in the study catchment. The tTEM system con-
sists of a 2 × 4 m2 transmitter frame and a receiver coil at a 9 m offset
that is towed by an all-terrain vehicle (Auken et al., 2019). The spacing
between the survey lineswas about 20–30mand the vertical resolution
goes from approximately 2 to 5 m with increasing depth. The depth of
the investigation varies between 40 and 70 m, depending on the sedi-
ment types and resistivity sequence. The tTEM survey consists of
~32,000 single resistivity models covering approximately 73% of the
catchment area. Coupled and heavily noise-influenced data were fil-
tered out before inverting the data. The data were inverted using the
Aarhus Workbench software package, which uses the AarhusInv inver-
sion code (Auken et al., 2015; Kirkegaard et al., 2015).

2.3. Water chemistry data

In the study catchment, the chemistry of soil pore water, groundwa-
ter, and surface water has been monitored regularly since the 1990s as
part of two subprograms of theNationwideMonitoring and Assessment
Program for the Aquatic and Terrestrial Environments of Denmark
(NOVANA), which are operated by the Danish Environmental Protec-
tion Agency: 1) The National Groundwater Monitoring Program
(GRUMO) and 2) Landovervågningen (the Agricultural Monitoring Pro-
gram; LOOP; Fig. 1a). The GRUMO program monitors the quantity and
quality of groundwater, and a full suite of water chemistry parameters
including inorganic, organic, and pollutants are monitored at around
1000 boreholes across the nation. In the GRUMOprogram, groundwater
chemistry is measured every 1–6 years.

The LOOP program focuses on assessing and monitoring the impact
of agriculture on the aquatic environments (Kronvang et al., 1993).
3

The primary concern is nitrogen and phosphorus (P). LOOP, therefore,
monitors the evolution of water chemistry of the near surface environ-
ment, i.e., from the root zone to the upper groundwater (<5m) and fur-
ther to the surface waters. There are six LOOP catchments, and in five
LOOP catchments 1) the soil pore water chemistry is measured weekly
in the period of percolation; 2) streamwater chemistry is measured bi-
weekly; 3) the upper groundwater chemistry ismonitored up to 6 times
per year; and 4) stream discharge is measured every day (Supplemen-
tary Table 1).

The Odderbæk catchment is one of the LOOP catchments (LOOP2),
and in the glacial hill there are 24 GRUMO boreholes (Fig. 1a). All sam-
pling of water is performed by the National Environmental Protection
Agency, and the samples are analyzed by certified laboratories in
Denmark. The groundwater chemistry and groundwater level data
were extracted from the National Borehole Database (JUPITER; www.
geus.dk), which is a public database managed by Geological Survey of
Denmark and Greenland (GEUS). The soil pore water, stream chemistry
and stream discharge data are managed by Aarhus University, and the
data are stored in a national database for soil and surface water,
Overfladevanddatabasen (ODA). This study focused on major cations
(Ca2+, Mg2+, Na+ and K+), anions (HCO3

−, Cl−, NO3
− and SO4

2−), con-
ductivity and pH of groundwater and NO3

− and conductivity of stream
and soil pore water in order to investigate different denitrification pro-
cesses (Supplementary Table 1). In this study, mmol/L (mM) was used
for major cations and anions except nitrate where mg/L was used.

Through the LOOP program, nitrate of soil porewater and the stream
has beenmonitored regularly since 1989while conductivitymonitoring
at the streamwas discontinued in 2007, and that of soil pore water has
been carried out at a lower frequency in this catchment. In general, ni-
trate concentration decreases from soil pore water to groundwater to
the stream. For example, over the entire monitoring period, the means
of the monthly averaged concentrations of nitrate in soil pore water,

http://www.geus.dk
http://www.geus.dk
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nitrate-containing groundwater in the LOOP wells (>1 mg/L), and the
stream are 90 mg/L (min.–max.: 0–312 mg/L), 77 mg/L
(11–165mg/L) and 20mg/L (8–54mg/L), respectively (Supplementary
Fig. 1b). Conductivity of stream and shallow groundwater is stable
around 40–60 mS/m (Supplementary Fig. 1c). Compared to stream
and shallow groundwater, conductivity of soil pore water varies in a
wider range (23–75 mS/m) and often is more dilute than the other
two waters (Supplementary Fig. 1c).

2.4. Geological interpretation of the subsurface structure

The geological structure of the subsurface was interpreted by com-
bining geological and geophysical data. The geological data are 1) Bore-
hole information from JUPITER; 2) Surface geology (Jakobsen et al.,
2020; Pedersen et al., 2011); 3) Previous research, including landscape
analyses (e.g., Smed, 1981) and results from the national buried
valleysmappingproject (Sandersenand Jørgensen, 2017); and4)Digital
Elevation Model (DEM). In addition to the tTEM data collected in this
study, three types of geophysical data that were collected in previous re-
searchwere integrated in thegeological interpretation:1)Electromagnetic
data (Transient ElectroMagnetic (TEM) soundings); 2) Schlumberger
soundings; and 3) Pulled Array Continuous Electrical Soundings (PACES;
Sørensen, 1996). The relevant geophysical data were derived from the
Danish national GERDA database (www.geus.dk). Geological interpreta-
tions of the data were performed using the GeoScene3D software
(www.i-gis.dk).

2.5. C-Q analysis

The slopes of the C-Q of nitrate and conductivity were analyzed as
follows (Godsey et al., 2009):

C½ � ¼ aQb

where concentration is C, a is a coefficient, Q is discharge, and b is an ex-
ponent. This equation is log transformed:

log C½ �ð Þ ¼ b logQ þ a

and b becomes the slope of the C-Q relationship and a is the y-intercept,
assuming a linear correlation between logC and logQ. In this study, b
≤ −0.1 is negative chemodynamic, −0.1 < b < 0.1 is chemostatic, and
b ≥ 0.1 is positive chemodynamic. The C-Q of nitrate and conductivity
showed slightly different patterns from year to year and for low versus
high flow regimes. Such variabilities have been reported in previous
studies for instance Meybeck and Moatar (2012) and Moatar et al.
(2017). The authors proposed to estimate the slopes for above (ba50)
and below (bb50) median discharge separately. Therefore, in this study,
the slopes were calculated as proposed (median discharge: 66 L/s) for
each year if the number of observations was more than five.

2.6. Cluster analysis

The groundwater chemistrywas analyzed using the K-means cluster
analysis with R. The K-means cluster method is a statistical method to
divide data (or observations) without supervision into clusters to mini-
mize the varianceswithin the clusterwhilemaximizing the variance be-
tween clusters (MacQueen, 1967). The cluster analysis has been
commonly used to interpret the spatial patterns of different groundwa-
ter types (e.g., Javadi et al., 2017). In this study, we employed the cluster
analysis to group groundwater showing distinctive chemical signatures
to analyze the spatial distribution and to identify the governing pro-
cesses of each cluster. For the cluster analysis, measured data of major
cations (Ca2+, Mg2+, Na+, K+), anions (HCO3

−, Cl−, NO3
−, SO4

2−), con-
ductivity and pH were used as input data. Nitrate was log transformed
because it varied over 3 orders of magnitude. In addition, we
4

hypothesized that 1) nitrate reduction coupled with organic carbon ox-
idation; 2) carbonate weathering via CO2; and 3) nitrate reduction
coupledwith pyrite oxidationwere dominant processes, and these reac-
tionswill display unique stoichiometric ratios of HCO3

−/(Ca2++Mg2+)
and SO4

2−/(Ca2+ + Mg2+) (Table 1). Therefore, these ratios were in-
cluded in the cluster analysis. The input data for the cluster analysis
are summarized in Supplementary Table 2.

3. Results

3.1. Geological structure of the Odderbæk catchment

The subsurface geological structure of the study site is characterized
by four geological elements: chronologically, 1) Paleogene clay (PC in
Fig. 2); 2) Quaternary sediments of clay and sand (QCS in Fig. 2); 3) Qua-
ternary sediments of the glacial hills (GH in Fig. 2); and 4) Sediments of
the outwash plain (OP in Fig. 2). The low resistive (<10Ωm) of the Pa-
leogene clay (PC) constitutes the bottomof the interpreted sedimentary
succession. The PC is effectively impermeable; therefore, this layer de-
marcates a no-flowboundary. The tTEM resistivitymodel reveals deeply
eroded buried valleys in the PC.

A complex succession of the Quaternary sediment with clay and
sand (QCS) overlies the PC layer. The QCS covers the entire catchment
and is the largest volume among the four geological elements. The infill
of the buried valley to the north is predominantly clay till with a few
layers of meltwater sand and clay and pre-Quaternary slabs (Fig. 2e;
left side valley). The buried valley to the southeast, in contrast, has
high-resistivity infill presumably dominated by meltwater sand and
gravel (Fig. 2c; right side valley). Above the buried valleys, the QCS is
a succession of meltwater sand, clay till and meltwater clay. The tTEM
resistivity model shows signs of deformation of the QCS (Profile a in
Fig. 2) probably by glaciotectonic or neotectonic processes.

The top layers in thenorthwestern part of the catchment are the sed-
iments of the glacial hills (GH) with meltwater sand and gravel with
patches of sandy tills. The sediments of the GH also show signs of
some degree of deformation. The GH represents an old succession of
glacial sediments, which might have covered the entire catchment
area before the last glaciation. The southeastern part of the GH might
have been eroded during a later glaciation. The current GH, therefore,
could be a hilly remnant of this layer. The upper part of the GH sedi-
ments is described as brownish yellow and non-calcareous in boreholes
while the lower part is often described as calcareous and olive brown.

The uppermost layer of the low-lying area in the southeastern part
of the catchment constitutes the sediments of the outwash plain (OP),
which is the youngest geological element. The southeastern corner of
the catchment is mainly yellowish-brown meltwater sand. To the
north, near the boundary to the GH, postglacial freshwater sediments
and peats are found up to 5 m below the land surface. This organic
rich area stands out in the topography as slightly depressed (1–2 m)
compared to the surrounding area. Organic-rich freshwater sediments
or lake sediments have accumulated in this depression during the post-
glacial period, resulting in the gyttja and peat found in the area (Fig. 1c).

3.2. C-Q relationships of NO3
− and conductivity of the stream

The overall C-Q relationships of nitrate and conductivity of the
stream showed different patterns below and above the median dis-
charge (66 L/s; Fig. 3a and b). Below the median discharge, the nitrate
concentrations were relatively invariant or increased slightly with in-
creasing discharge while above the median discharge, it increased
more strongly with increasing discharge (Fig. 3a). In addition, the ni-
trate C-Q relationships varied from year to year (Supplementary
Fig. 2). For example, bb50 and ba50 of the C-Q ranged between
−0.05–1.30 and 0.08–1.05, respectively (Fig. 3c). On average, the ni-
trate C-Q of the Odderbæk catchment was positively chemodynamic

http://www.geus.dk
http://www.i-gis.dk


Table 1

Possible biogeochemical reactions of C and N and stoichiometric ratios of HCO−
3

Ca2þþMg2þ
and SO2−

4

Ca2þþMg2þ
of the reactions (Appelo and Postma, 2005).

Reaction Equation HCO−
3

Ca2þþMg2þ
SO2−

4

Ca2þþMg2þ

Nitrate reduction by organic matter 5CH2O + 4NO3
− = 2 N2 + 4HCO3

− + H2CO3 + 2H2O (1) HCO3
− increases

without directly
changing Ca2+,
Mg2+, and SO4

2−. A
combination with
Eq. (2) leads to a
minor increase in
(HCO3

−/(Ca2+

+ Mg2+))
Carbonate dissolution with CO2 CaxMg(1−x)CO3 + CO2 + H2O = xCa2+ + (1 − x) Mg2+

+ 2HCO3
−

(2) 2 –

Ammonium oxidation-carbonate dissolution NH4
+ + 2O2 = NO3

− + 2H+ + H2O (3) 1 –
CaxMg(1−x)CO3 + H+ = xCa2+ + (1 − x) Mg2+ + HCO3

− (4)
Pyrite oxidation with oxygen and carbonate dissolution (Eq. (4)) FeS2 + 15/4 O2 + 7/2H2O = Fe(OH)3 + 2SO4

2− + 4H+ (5) 1 0.5
Complete pyrite oxidation-nitrate reduction and carbonate dissolution (Eq. 5FeS2 + 15 NO3

− + 5H2O = 0.5 N2 + 5FeOOH + 10SO4
2− + 5H+ (6) 1 2

(continued on next page)
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for the entire flow regime (averages of bb50 = 0.49 and ba50 = 0.57;
Fig. 3c).

The C-Q of conductivity also showed a different pattern above and
below the median discharge and annual variability (Fig. 3b and c).
bb50 and ba50 of the conductivity C-Q varied between −0.02–0.40 and
−0.26–0.04, respectively (Fig. 3c and Supplementary Fig. 3). At high
flow regime, the negative chemodynamic pattern was seen in five hy-
drological years out of 18 years of the observation period, and only
three of them were statistically significant (Supplementary Fig. 3). On
average, conductivity of the study catchment was positively
chemodynamic for the below median discharge (average of bb50 =
0.19; Fig. 3c) while chemostatic for above the median discharge (aver-
age of ba50 = −0.05; Fig. 3c).

3.3. Cluster analysis of groundwater chemistry

The groundwater chemistry of the Odderbæk catchment was
grouped in four clusters (Fig. 4). Cluster 1 (green circles in Fig. 4) was
located at shallow depths (<5 m) in the peat area in the OP and at in-
takes deeper than 100 m below the land surface in the QCS. Cluster 2
(yellow circles in Fig. 4) represented the largest volume and was
found in the GH and QCS in a depth range of 5–52 m. Cluster 3 (purple
circles in Fig. 4) was located near the outlet in the OP at shallow depths
(<3 m). Cluster 4 (red colors in Fig. 4) was found mainly in the OP
around the stream at shallow depths (<5 m), except at two locations
(40 and 43 m).

Each cluster showed distinctivewater chemistry signatures (Fig. 4a–
p). Cluster 1 groundwater showed increase of HCO3

−without increasing
Ca2+ + Mg2+ (Fig. 4a). The Cl− and Na+ concentrations were far off
from the sea salt line (Na+:Cl− = 0.84:1; Fig. 4e). The Cl− concentra-
tions were less than 2 mMwhile the Na+ concentrations increased up
to 4.5 mM (Fig. 4e). The SO4

2− concentrations did not change although
the Ca2+ + Mg2+ concentrations varied between 0.1 and 3 mM
(Fig. 4i). Nitrate of Cluster 1 was less than 10 mg/L and averaged
3.8 mg/L (Fig. 4 and Supplementary Table 3).

The HCO3
−/Ca2++Mg2+ ratio of the Cluster 2 groundwater was ap-

proximately ~1.5, with high nitrate values showing a ~1:1 ratio and low
nitrate concentrations showing a ~1:2 ratio (Fig. 4b). The Ca2+ +Mg2+

concentrations of Cluster 2 increased without increasing SO4
2− (Fig. 4j).

Na+ and Cl− of this cluster were plotted slightly off the sea salt line
(Fig. 4f). The nitrate concentrations of Cluster 2 were high (average:
91 mg/L; Fig. 4 and Supplementary Table 3).

Cluster 3 groundwater was relatively dilute compared to the other
clusters. The HCO3

− concentrations were extremely low, and pH was
also notably lower compared to that of the other clusters (Fig. 4o). The
Ca2+ + Mg2+ concentrations increased without increasing HCO3

− or
5

SO4
2− (Fig. 4c and k). Na+ and Cl− of the Cluster 3 groundwater were

scattered around the sea salt line (Fig. 4g).
Cluster 4 groundwater showed a scattered Ca2+ + Mg2+ vs. HCO3

−

relationship between 1:2 and 1:1 and the overall HCO3
−/Ca2+ + Mg2+

ratio was approximately 0.9 (Fig. 4d). It also showed a SO4
2−/Ca2

+ + Mg2 ratio of roughly 0.5 although it was offset by 1–2.5 mM
(Fig. 4l). Na+ and Cl− of this cluster were scattered around the sea salt
line (Fig. 4h). The nitrate concentrations of Cluster 4 were below
10 mg/L and often below 1 mg/L (Fig. 4) with an average of 3.9 mg/L
(Supplementary Table 3).

4. Discussion

4.1. Dominant biogeochemical processes of the groundwater clusters

The groundwater chemistry of each cluster shows distinctive stoi-
chiometric ratios (Fig. 4), and these ratios are good indicators for iden-
tifying the dominant biogeochemical processes (Table 1). For example,
Cluster 1 shows increasing HCO3

− without increasing Ca2+ + Mg2+

(Fig. 4a), indicating that inorganic carbon is not from dissolution of car-
bonate. Furthermore, the lack of correlation between Ca2++Mg2+ and
SO4

2− and its low SO4
2− concentrations indicate that carbonate dissolu-

tion is not driven by pyrite oxidation (Fig. 4i). The low nitrate concen-
trations indicate that nitrate reduction does occur in the Cluster 1
groundwater. The chemical signature of Cluster 1 implies that nitrate
in this groundwater may be reduced via organic carbon oxidation
(Eq. (1) in Table 1). High Na+ compared to Cl− also may be related
the abundance of organicmatter aswell: Na+ that is bound onto organic
matter might be exchanged with Ca2+ or NH4

+, resulting in increase of
Na+ in solution without increasing Cl−. Consistent with this, Cluster 1
was found near the peat area in the OP, where both organic carbon con-
centrations and microbial activities are expected to be high (Fig. 4).

Cluster 2 shows signs of carbonate dissolution. The overall molar
ratio of HCO3

−/Ca2+ + Mg2+ was 1.55 (Fig. 4b), which is lower than
the theoretical stoichiometric ratio of carbonate dissolution with CO2,
which is 2 (Eq. (2) in Table 1). The lower ratio may be because of
weathering of minerals other than carbonate. However, carbonate min-
erals are more reactive than other primary and secondary minerals;
therefore, Ca2+ and Mg2+ concentrations are likely to be controlled by
carbonate dissolution if theseminerals are present. Therefore, carbonate
dissolution via other acids such as nitric acid produced by ammonium
oxidation cannot be ruled out, which will result in a molar ratio of
HCO3

−/Ca2++Mg2+being 1 (Eqs. (3) and (4) in Table 1). In catchments
underlain by carbonate rocks and impacted by acidification due to nitri-
fication of N fertilizers, the streams' HCO3

−/Ca2+ + Mg2+ ratio was ap-
proximately 1.4, (e.g., Perrin et al., 2008), which is similar to that of



Fig. 2. Transects of the tTEM resistivitymodelwith boreholes and geological elements of the study area. The colors of the boreholes show the lithology. The projection distance for the tTEM
resistivity model and borehole data is 25 m. The dashed black lines show the boundaries between geological elements. The blue triangles show the position of the groundwater table and
the black boxes next to the boreholes show the sampled/screened interval. The geological elements are, from the bottom up, Paleogene clay (PC), Quaternary sequence of clay and sand
(QCS), Glacial hill (GH), and Outwash plain (OP).
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Cluster 2. Therefore,we conclude that either nitric acid leached from the
soil layer or in-situ nitrification in groundwater may be responsible for
the low HCO3

−/Ca2+ + Mg2+ ratio of Cluster 2.
The nitrate concentrations of Cluster 2 were highest compared to

those of other clusters: the average concentration of nitrate of this clus-
ter was 90.9 mg/L (standard deviation (sd): 33.4; Supplementary
Table 3).While the SO4

2− concentrations of Cluster 2were low (average:
0.4 mM; sd: 0.15; Supplementary Table 3) and showed no correlation
with Ca2+ +Mg2+. Altogether, the Cluster 2 chemistry indicates no ni-
trate reduction. Cluster 2 is mainly located in the GH and QCS units,
which are the older formations in this catchment. We hypothesize
that due to relatively long exposure time for weathering including oxi-
dation, reduced compounds such as pyrite, which is highly reactive and
is usually present in a trace amount, have been oxidized and are de-
pleted while carbonates may still exist. More oxidized and well-
drained conditions in the upslope area compared to the lowland area
have been documented in many catchments (e.g., McAleer et al.,
2017; Molenat et al., 2008). Therefore, nitrate reduction may not
6

occur due to lack of reduced compounds, andweathering including dis-
solution of carbonate minerals with CO2 and probably with acid gener-
ated by nitrification may be the dominant processes for Cluster 2.

Cluster 3 was the most dilute groundwater among the four clusters,
and its pH was much lower than that of other clusters (Fig. 4). Its low
HCO3

− and SO4
2− concentrations indicate that neither carbon dioxide

nor sulfuric acid is the source of protons. Instead, nitric acid produced
by oxidation of ammonia may supply protons and induce weathering
reactions (Eq. (3) in Table 1). Indeed, soil acidification and increase of
solute fluxes in agricultural watersheds due to nitric acid from N-
fertilizers have been well documented (e.g., Kim et al., 2020; Perrin
et al., 2008). Cluster 3was found at shallowdepths (3–5mdeep)mainly
around the catchment outlet (Fig. 4). Thus, it is likely that carbonates
have been leached out of this layer over time by natural (CO2) and/or
anthropogenic acids (nitric or sulfuric acids). The combination of shal-
lowdepths of Cluster 3 groundwater and lack of reactive carbonates im-
plies that its chemistry does not evolvemuch further from the rainwater
composition, resulting in low solute concentrations and low pH.



Fig. 3. Concentration-discharge (C-Q) relationships and the C-Q slopes of nitrate and conductivity at the outlet of the Odderbæk catchment. The C-Q relationships of nitrate and
conductivity are shown in (a) and (b), respectively. The dot colors represent the sampling year. The vertical black line is the median discharge. Nitrate has been monitored for the
entire monitoring period (1989 to current) while conductivity was measured between 1989 and 2007. (c) Each year's slopes for below and above the median discharge were shown
in the yellow and light green columns, respectively. The statistically significant and insignificant slopes are shown in closed and open circles, respectively. The red squares indicate the
mean value of the slopes.
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The solute concentrations of Cluster 4 were similar to those of Clus-
ter 2 except nitrate and sulfate (Fig. 4 and Supplementary Table 3). Its
low nitrate concentrations (average: 3.9mg/L) indicate that denitrifica-
tion is occurring. The overall molar ratio of SO4

2−/Ca2+ +Mg2+ of Clus-
ter 4 was 0.57, but those of individual wells ranged between 0.2 and
1.78. This variabilitymay indicate that pyrite is oxidized via different re-
actions. Pyrite oxidation coupled with oxygen reduction (Eq. (5) in
Table 1) followed by dissolution of carbonate with protons (Eq. (4) in
Table 1) will result in SO4

2−/Ca2+ + Mg2+ = 0.5 (Appelo and Postma,
2005). When pyrite is present, nitrate can be reduced via pyrite oxida-
tion aswell, and this coupled reactionmay or may not produce protons,
which will cause dissolution of carbonates if they are present (Appelo
and Postma, 2005). When pyrite oxidation is coupledwith complete ni-
trate reduction (Eq. (6) in Table 1) followed by carbonate dissolution
with protons (Eq. (4) in Table 1), these reactions will yield the SO4

2−/
Ca2+ + Mg2+ ratio = 2 (Appelo and Postma, 2005). However, incom-
plete pyrite oxidation-nitrate reduction will not dissolve carbonate be-
cause protons are consumed during the reaction (Eq. (7) in Table 1;
Appelo and Postma, 2005). There are, however, no reports of groundwa-
terwhere none of the Fe(II) is oxidized. These ratiosmay indicate that in
Cluster 4, pyrite oxidationmay be coupledwith all three reactionsmen-
tioned above but mainly with oxygen reduction.

4.2. Controls on the C-Q of the Odderbæk catchment

In the Odderbæk catchment, the C-Q of nitrate was positive
chemodynamic regardless of flow regime while that of conductivity
was positive chemodynamic below the median discharge and
chemostatic above the median discharge. These C-Q relationships are
rather atypical. For example, Moatar et al. (2017) analyzed the bb50
and ba50 of C-Q relationships of major solutes including NO3

− and con-
ductivity of nearly 300 catchments across France using 40-year long
monitoringdata. Among their study catchments, theOdderbæk's nitrate
7

and conductivity C-Q were observed in about 6% (the up-up type in the
supporting information of Moatar et al., 2017) and less than 1% of the
catchments (the up-flat type in the supporting information of Moatar
et al., 2017), respectively, and only one catchmentmatched both nitrate
and conductivity C-Q of our study site. The authors hypothesized that
the positive chemodynamic pattern at low flow is due to either a trans-
port limited condition (i.e., remobilization or reconnection of NO3

−

sources to the stream) or dominance shift from biogeochemical to hy-
drological controls (i.e., shorter reaction time for denitrification in and
near stream zones; Moatar et al., 2017). The authors further concluded
that the second hypothesis may be more plausible based on the nega-
tive chemodynamic pattern of Cl−:NO3

− and positive correlations of
bb50 with both summer temperature and chlorophyll concentrations.
However, our catchment is much smaller (11 km2) than their studywa-
tersheds (50–110,000 km2); thus, the role of instream/near stream pro-
cesses may be minor in displaying stream chemistry in our catchment.
Furthermore, the decrease of reaction time cannot explain the positive
chemodynamic pattern of conductivity at low discharge of our
catchment.

Here we propose that the C-Q of nitrate and conductivity in the
Odderbæk catchment is controlled by hydrological connectivity be-
tween different sources of water and nitrate. Fig. 5 shows conductivity
and nitrate concentrations of stream water and the median values of
these constituents of the groundwater clusters and soil pore water
with 1st and 3rd quartiles. As discharge increases to the median dis-
charge (dark pink to light pink colors of the streammarkers), conductiv-
ity and nitrate of stream water evolve toward Cluster 2 (oxic
groundwater in the GH and QCS), implying a higher contribution of
Cluster 2 in this flow regime. At above the median discharge (light
pink to green colors of the stream marker), the stream's conductivity
and nitrate are placed between those of Cluster 2 and Cluster 3 (oxic
in the OP) groundwaters. At the highest discharge (dark green color),
the stream chemistry becomes similar to that of Cluster 3 and soil



Fig. 4. Cluster analysis results of the groundwater chemistry. The spatial distribution of groundwater clusters is shown in the map and the numbers in the markers indicate the sampling
depth. The hashed areas show the drained fields. The concentrations (mM) of Ca2+ +Mg2+, HCO3

−, Na+, Cl− and SO4
2−, pH and conductivity of each cluster are shown in (a) to (p). The

nitrate concentrations of the respective cluster (columns) are shown in colors (mg/L) and those of the other clusters are shown in gray.

H. Kim, P.B.E. Sandersen, R. Jakobsen et al. Science of the Total Environment 776 (2021) 146041
pore water, implying high contribution of shallow subsurface flow or
drain flow (Fig. 5). Increases of the contribution of Cluster 3 that is
found at shallow depths (<5 m depth) and soil pore water at high
flow rates are anticipated. However, the higher contribution of Cluster
2 groundwater is counter intuitive because it is found in the upslope
in the GH area and at depth deeper than 5 m below the land surface
in the OP.

A higher contribution of upslope groundwater to the stream dis-
charge during the wet season has been reported in other catchments
(Martin et al., 2004; Molenat et al., 2008; Molénat et al., 2002;
Ocampo et al., 2006a, 2006b; Stieglitz et al., 2003; Wriedt et al., 2007).
The studies found that during the dry season, hydrologically discrete
groundwater units are disconnected, thus the stream discharge is
mainly dominated by near stream units such as riparian zone ground-
water which typically shows low nitrate concentrations. As the catch-
ment wets up the disconnected hydrological units become
reconnected as the groundwater table rises and becomes more trans-
missive (Molenat et al., 2008; Wriedt et al., 2007), as perched ground-
water is transiently developed (Ocampo et al., 2006a, 2006b) or as the
stream channels are reconnected (Wriedt et al., 2007). In these sites, al-
though the responses are relatively damped and delayed compared to
those in the lowland or riparian zone, the upland groundwater table
fluctuates seasonally by a fewmeters in response to the variations in re-
charge. However, in our study site, neither such a quick response of the
groundwater table nor perched groundwater has been observed in the
upslope area of the GH.

Instead, we hypothesize that either the higher contribution of the
Cluster 2 groundwater in the OP or a seasonal shift in the flow direction
of groundwater around the edge of the GH is responsible for the C-Q of
8

nitrate and conductivity of our study catchment. As the catchment wets
up, the groundwater table of Cluster 2 in the OP might rise and conse-
quently its contribution to the stream discharge might increase as
well. In this case, the nitrate concentrations of the overlying Cluster 1
and/or Cluster 4 groundwater (low nitrate) in the OP will fluctuate sea-
sonally with the Cluster 2 groundwater table changes (high nitrate).
However, such patterns have not been observed in those wells (Supple-
mentary Fig. 4). The first hypothesis cannot be completely ruled out be-
cause of the structural heterogeneity of the catchment; however, we
conclude that the Cluster 2 groundwater in the OP may play a minor
role in the positive chemodynamic pattern of nitrate and conductivity.

The second explanationmay bemore probable. The lower boundary
of the GH is defined by an irregular clayey layer (blue to green colors)
which is deformed likely due to glaciotectonic processes (Fig. 2 profile
d). This clay layer is locally discontinued; thus, groundwater recharges
into the QCS. The boundary between the GH and OP is demarcated by
a small ridge of the PC, which is impermeable (Fig. 2 profile d). When
the groundwater table is below this boundary, the groundwater in the
GH and QCS flows more or less parallel to the stream along the buried
valley. When the groundwater table rises above the boundary, the
groundwater around the edge of the GH runs over the boundary and
flows to the stream. The cluster analysis showed that denitrification
(Cluster 1 and 4) occurs in the lowland area at the boundary between
the GH and OP at shallow depth (Fig. 4). However, these areas are
drained. Therefore, we further postulate that the over-spilled ground-
water runs mainly through drains, bypassing the denitrification layer,
delivering high nitrate groundwater to the stream.

Fig. 6 shows the groundwater table of two wells located at the
boundary between the GH and OP (profile c and profile d in Fig. 2) of



Fig. 5. Conductivity vs. nitrate of streamwater (circle), the groundwater clusters (square)
and soil pore water (triangle). The colors of the dots represent stream discharge. For the
stream, the measured values are shown while for the groundwater clusters and soil
pore water, the median values with 1st and 3rd quartiles are shown.
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hydrological year (June 1st to May 30th) of 1996 and 2014. The C-Q of
nitrate and conductivity of the stream of these years are also shown in
the figure. The hydrological year 1996 (June 1st 1995–May 30th 1996)
was extremely dry (Supplementary Fig. 1a). During this year, the
groundwater head of DGU 40. 964 (profile c in Fig. 2) stayed at about
1.5 m below the land surface except two points with a groundwater
table of approximately 0.9 m (Fig. 6c). In this year, nitrate and conduc-
tivity were chemostatic while the discharge fluctuated by a factor of ~3
(Fig. 6a and b). In contrast, in the hydrological year 2014 (June 1st
2013–May 30th 2014), which was a normal year, the groundwater
table of the two wells and nitrate concentrations of the stream showed
a similar response pattern to discharge (Fig. 6e, g and h). The nitrate
concentrations of the stream increased when the groundwater table of
these two wells rose during the winter. These observations confirm a
threshold-like response of the Cluster 2 groundwater in the GH, which
is controlled by the geological structure.

In summary, we conclude that the geological structure forms dis-
crete groundwater units with distinctive groundwater chemistry and
plays a critical role on controlling the hydrological connectivity among
these units thus governs nitrate export from the catchment. This con-
cept is similar to the catchment storage hypothesis that explains the
non-linearity of rainfall-runoff generation responses (e.g., McGuire
and McDonnell, 2010; Mcnamara et al., 2011; Spence, 2010): A storage
in discrete hydrological units, for instance soil moisture (Detty and
McGuire, 2010) or groundwater in bedrock depressions (e.g., Freer
et al., 2002; Tromp-van Meerveld and McDonnell, 2006a; Tromp-van
Meerveld andMcDonnell, 2006b) acts as a threshold to generate signif-
icant runoff and solute export (e.g., Birkel et al., 2017). In our catch-
ment, the glacio-tectonically deformed clay layers may define the
groundwater storages. The spatial heterogeneity of the groundwater
9

units and temporal variability of their connectivity further empha-
size the importance of the detailed information of the subsurface
structure to better understand water and solute transport at the
catchment scale.

4.3. A 3D hydrogeochemistry model of nitrate transport and fate of the
Odderbæk catchment

A conceptual model to explain nitrate export from our catchment is
shown in Fig. 7. At low flow in the dry season (i.e., summer), groundwa-
ter near the stream may be the dominant source of the stream dis-
charge. This groundwater is mainly in the OP at relatively shallow
depth (Fig. 7a) where denitrification occurs; therefore, it shows low ni-
trate. Oxic, high-nitrate groundwater along the QCS below the OP layer
may also contribute to the stream discharge; however, it might play a
minor role. During the dry season, the groundwater in the uplands
i.e., the GH andQCSmayflowparallel to the streambecause the ground-
water storage in these geological units is below the threshold needed to
activate the nitrate pathways toward the stream (Fig. 7a).

At the onset of the wet season (i.e., winter), the groundwater storage
in the GH andQCSfills up. Once the groundwater storage is full, thewater
and nitrate pathway to the stream is activated (Fig. 7b). The oxic, high-
nitrate groundwater runs over the boundary between the GH and OP
and is rapidly transported via drains to the stream. As a result, the nitrate
concentrations and conductivity of the stream increase. At thehighest dis-
charge events, near surface flow may be activated, which is responsible
for the negative chemodynamic pattern of conductivity in wet years.

Here, we further projected the knowledge of water and nitrate
transport into the catchment subsurface in 3D using the tTEM resistivity
model of this catchment (Fig. 7c). First, the resistivity models together
with lithological information from boreholes were used to generate
hydrostratigraphic units (Fig. 7d) based on the clay fraction concept
(Foged et al., 2014) using the K-means clustering on the clay fraction
and resistivity values (Vilhelmsen et al., 2019). The tTEM resistivity
models and hydrostratigraphic units were afterwards projected on a
regular grid, covering the area with a 25 m horizontal and 2 m vertical
discretization (Fig. 7c and d). These hydrostratigraphic units in Fig. 7d
can also represent the sediment texture (i.e., most clayey vs. least
clayey). The two most clayey units were considered as no flow zones.
The two least clayey units in here were interpreted as sand
where water and nitrate dominantly flow through. Then, the
hydrogeochemistry model was produced by integrating the
hydrostratigraphic unit structure, geological structure, soil map and
groundwater cluster results. In this catchment, denitrification mainly
occurs in the Cluster 1 (nitrate reduction-organic carbon oxidation)
and Cluster 4 (nitrate reduction-pyrite oxidation) groundwater which
are mostly found in the postglacial sediment area (gyttja and peat in
Fig. 1c) in the OP at depth shallower than 5 m; thus, the nitrate denitri-
fication zones (Fig. 7e) were delineated based on the groundwater
chemistry and the soil map. Sand in the OP shallower than 5 m was
Cluster 3 (Fig. 4), where no nitrate reduction occurs and nitric acid pro-
duced by nitrification mediates weathering reactions (Fig. 7e). This
layer is underlain by Cluster 2. Sand in the GH and QCS is Cluster 2,
where carbonate dissolution is the dominant process and nitrate reduc-
tion might be negligible or extremely low (Fig. 7e).

4.4. Implications and future research

Integration of qualitative knowledge of a catchment's hydrogeo-
chemical characteristics into the numerical modelling framework is
one of the key challenges in hydrological and biogeochemicalmodelling
at the catchment scale (e.g., Fatichi et al., 2016; Sarris et al., 2019). The
field observations provide fundamental knowledge of the system and
an essential dataset to build, test and validate the modelling structure;
however, models often are disconnected from them (Fatichi et al.,
2016). The hydrogeochemistry model of this study is a demonstration



Fig. 6. C-Q relationships of nitrate (a and e) and conductivity (b and f) of the stream and depth to the groundwater table (c, g, d and h) of DGU 40. 946 and DU 48. 996 in hydrological year
1996 and 2014. The colors show the sampling month. The locations of these two wells are shown in Fig. 2.
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Fig. 7. Conceptual model and hydrogeochemical model of water and nitrate transport in the Odderbæk catchment. The dry and wet seasons' water and nitrate pathways are shown in
(a) and (b), respectively. The tTEM resistivity grid, the hydrostratigraphic unit and the hydrogeochemistry model are shown in (c), (d) and (e), respectively. The color code of the
groundwater cluster is the same as that in Fig. 4, except clay (blue), which represents an impermeable layer. The color scale of resistivity is the same as that in Fig. 2. Surface
topography is shown in (c) and (d), and its color scale is the same as that in Fig. 1.
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of how the qualitative and conceptual understandings of the catchment
at small scale (i.e., point to profile) can be upscaled and generalized to
the catchment scale. This model may be the first step toward a numer-
ical representation of the spatial and temporal heterogeneity of denitri-
fication of this catchment.

However, several research questions remain to fully translate con-
ceptual understandings of nitrate fate and transport into numerical sim-
ulations. Parameterization of denitrification rates is not trivial. Defining
representative denitrification rates for different biogeochemical zones
can be difficult because of hotspots and hot moments of denitrification,
the rates can vary orders of magnitude on a small spatial scale
(e.g., Groffman et al., 2009; Pinay et al., 2015). In addition, denitrifica-
tion rates may be quantified differently depending on employed
methods (Groffman et al., 2006; Seitzinger et al., 1993; Smith et al.,
1996). Therefore, the quantification methods and delineation of differ-
ent rate zones should be carefully designed according to the simulation
methods and objectives of modelling.
11
It is also important to evaluate the uncertainty of the subsurface
structure and its contribution to hydro-bio-geochemical models. In the
areas where data are collected, uncertainty is inherently connected to
the collected data and can then be taken into account in the further
analysis. However, in areas without data, the uncertainty is caused by
the lack of information. Data gaps in the collected geophysical data
may be addressed using various geostatistical techniques. Recent stud-
ies have attempted to address this issue using multipoint statistics
(e.g., Madsen et al., 2020; Vilhelmsen et al., 2019). Through such
multi-disciplinary efforts, the conceptual knowledgemay be better rep-
resented in the modelling structure, and the model performance and
predictability may be improved for the right reasons.

5. Conclusions

In this study, we investigated the evolution of nitrate in a glacial land-
scape by synthesizing hydrological, geological, biogeochemical, and
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geophysical information. We found that the subsurface hydrogeological
structure plays an important role in nitrate removal and transport. The
geochemical characteristics of the groundwater was determined by the
weathering history of the geological elements, and the groundwater in
each geological element was shown to be hydrologically discrete. The
geological structure together with the climate probably controls the tem-
poral variability of hydrological connectivity among these groundwaters,
and consequently the timing and magnitude of nitrate export from the
catchment. Lastly, this conceptual understanding of the nitrate behavior
in the system was upscaled to the catchment scale using the high-
resolution resistivity model. Uncertainties of the structural information
and parameterization of denitrification rates still require further research.
Here we show how synthesis of long-term aquatic monitoring data to-
gether with high-resolution geophysical data can be used to establish a
conceptual model of the hydrogeochemical conditions of the subsurface
in a catchment. This information is crucial for settingupnumericalmodels
of N-transport at the catchment level, whichwill be important for design-
ing the spatially targeted N-regulation of agriculture.
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