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• Redox architectures were investigated
using geophysics and geochemistry data.

• Redox architecture can be complex in
glacial deposits with many redox inter-
faces.

• Three redox architecture types were
identified in two glacial-deposit catch-
ments.

• Flows through thedeepoxic zonemay be
an important N pathway to the stream.

• The redox architecture will be key infor-
mation for the targeted N regulations.
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Nitrogen (N) leaching caused by agricultural activities is one of the major threats to the aquatic ecosystems and
public health. Moving from the agricultural soils through the subsurface and reemerging to the surface water, N
undergoes various biogeochemical reactions along pathways in the subsurface, which occur heterogeneously in
space and time. Thus to improve our understanding on the fate and distribution of N in the aquatic environment,
detailed knowledge about the subsurface hydrogeological and biogeochemical conditions, especially the redox
conditions, are essential. In this study, 3D information of the redox conditions termed the redox architecture
was investigated in two Danish catchments with intensive agriculture underlain by glacial deposits. Towed tran-
sient electromagnetic (tTEM) resistivity was interpreted which reveals the subsurface geological structures at a
few hectare scale. These geophysical data were integrated with sediment and water chemistry for the redox ar-
chitecture interpretations. The top soils of both catchments are characterized as clay-till, but the tTEM showed
that the subsurface hydrogeological structures are distinctively different. We identified three types of redox ar-
chitectures in the studied catchments: 1) a planar redox architecture with a single redox interface; 2) a
geological-window redox architecturewith local complexity; and 3) a glaciotectonic-thrusted redox architecture
with high complexity. The baseflow N load at the catchment outlets reflect the contributions of N via oxic path-
ways through the complex redox architectures of the subsurface.We conclude that in some landscapes, the redox
architecture cannot be simplified as a single interface that roughly follows the terrain; hence, thorough investi-
gations of the structural heterogeneity of the local redox architectures will be necessary to improve simulations
of N evolution along pathways and quantifications of N attenuation under various mitigation scenarios.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
Extensive efforts have been carried out to reduce the impact of agri-
cultural nitrogen (N) to the aquatic environments during the last four
decades at the national level in Denmark (Dalgaard et al., 2014;
Hansen et al., 2017). However, to meet the requirements of the
European Union's Water Directives, there is still a need for improving
the effectiveness of the N regulations that will further reduce the N
load to the environment without compromising the agricultural pro-
ductivity (DanishNature Agency, 2016). These challengesmimic the sit-
uation in many countries e.g. in Europe, the U.S., and New Zealand and
promote active research (e.g., Doody et al., 2012; Hashemi et al., 2018;
Jha et al., 2010; Rivas et al., 2017; Stenger et al., 2018; Teshager et al.,
2017; Thomas et al., 2016; Uthes et al., 2010). To achieve the goal of
both N load reduction and high crop production, the N regulations
need to scale down to the local field level to be cost effective
(Commission on Nature and Agriculture, 2013). Such regulations,
which are often named targeted regulations, will be developed for de-
lineated vulnerable or robust areas based on detailed knowledge on
the subsurface environment such as soil type, geology, hydrogeology,
and biogeochemistry.

N concentration inwater depend on the redox conditions, which can
be described in three sequential zones: 1) an oxic zone; 2) a nitrate-
reducing zone; and 3) a reduced zone. In the oxic zone, when oxygen
is present, N removal is limited or absent. Under nitrate reducing condi-
tions, oxygen has been depleted andmicroorganisms start to use nitrate
as an electron acceptor often coupled with fresh organic carbon as an
electron donor (i.e., denitrification; Appelo and Postma, 2010):

5CH2Oþ 4NO−
3 →2N2 þ 4HCO−

3 þ CO2 þ 3H2O ð1Þ

when organic carbon is not bioavailable, nitrate is reduced through py-
rite oxidation and, to a lesser extent, through oxidation of structural Fe
(II) of minerals (e.g., Appelo and Postma, 2010; Böhlke et al., 2002;
Ernstsen, 1996; Postma et al., 1991; Tesoriero et al., 2000):

5FeS2 þ 14NO−
3 þ 4Hþ→7N2 þ 5Fe2þ þ 10SO2−

4 þ 2H2O ð2Þ

and

5Fe2þ þ NO−
3 þ 7H2O→5FeOOH þ 1

2
N2 þ 9Hþ ð3Þ

In the reduced zone, e.g., Fe/sulfate-reducing or methanogenic
zones, nitrate will not be found. These redox reactions increase the
product concentrations and decrease the reactant concentrations.
Therefore, the redox conditions and dominant redox reactions can be
inferred from the concentrations of these redox sensitive elements in
water (e.g., Close et al., 2016; Hansen et al., 2016; McMahon and
Chapelle, 2008; Rivas et al., 2017; Wilson et al., 2018). The redox condi-
tions can also be inferred from geochemical analysis on solid materials
such as soil, sediments and rocks (e.g., Best et al., 2015; Hansen et al.,
2008; Postma et al., 1991) and their colors (e.g., Hansen et al., 2016,
2008; Hansen and Thorling, 2008).

In principal, the subsurface redox conditions develop through the
mass balance between the cumulative influx of oxidants through the
land surface and the amount of reductants in the subsurface. Therefore,
the development in redox condition is often shown as a vertical profile
with a transition from oxic to progressively reduced conditions with in-
creasing depth. However, reality may be more complicated especially
under unconsolidated heterogeneous deposits such as glacial deposits,
alluvial sediments, or volcanic deposits (e.g., Best et al., 2015; Böhlke
et al., 2002; Carlyle and Hill, 2001; Hansen and Thorling, 2008; Janot
et al., 2016; Richards et al., 2017). Under such systems, the types and
distributions of the reductants can be spatially heterogeneous
(e.g., Best et al., 2015; Janot et al., 2016; Rodvang and Simpkins, 2001;
Stenger et al., 2018). In addition, the oxidant pathways may follow a
complicated network, leading towhatwe have termed a redox architec-
ture. Therefore, the upscaling of the point measurements of the redox
conditions to larger scales (e.g., catchment level) under these types of
geology is challenging.

Recently, various geophysical techniques have been employed to
improve mapping of the subsurface hydrogeology (e.g., Chandra et al.,
2019; Comas et al., 2018; Maurya et al., 2018; St. Clair et al., 2015). De-
pending on the method, the geophysical techniques measure one or
more physical properties of the underlying materials. From the geo-
physical models, hydrological properties can be interpreted. However,
these methods are either limited to 2-D transects (e.g., Comas et al.,
2018; St. Clair et al., 2015) or, if available in 3D, the spatial resolution
is too coarse (e.g., Hansen et al., 2014; Hansen et al., 2016; Refsgaard
et al., 2014); therefore, they cannot resolve the complexity at the scale
of an agricultural field.

In this study, we attempt to characterize the redox architecture at
hectare scale at a catchment level in the context of the targeted N regu-
lations. A newly develop ground-based geophysical instrument referred
to as a towed transient electromagnetic method (tTEM) is capable of
mapping the near-surface (b50 m depth) at a high resolution (Auken
et al., 2018). In this study, themodelled tTEM data are used in combina-
tion with geochemical data in two Danish catchments. The primary ob-
jective of the study is to characterize the subsurface redox architecture
by synthesizing the tTEMmodel with geological and geochemical infor-
mation. Then, the role of redox architectures in controlling stream N
concentrations and N fluxes at the catchment scale is analyzed. The
stream chemistry represents a final output of the interplay between hy-
drological and biogeochemical processes within the catchment. There-
fore, the second objective of this study is to investigate the importance
of a better understanding of the redox architecture by analyzing the
stream chemistry.
2. Background information

2.1. Site descriptions

This studywas conducted in two headwater catchments— Javngyde
and Sillerup— Jutland, Denmark. Both catchments are situated in glacial
landscapes formed during the Weichselian glaciation (Houmark-
Nielsen, 2004; Smed, 1981). Glacial settings are highly heterogeneous
at both small- and large- scales. At the small scale, the heterogeneity
is, for instance, represented by the clay-till, which is an unsorted glacial
sediment consisting of amixture of clayey andmore coarse-grainedma-
terials at varying ratios. The large-scale landscape elements are shaped
by erosion (e.g., tunnel valleys; Jørgensen and Sandersen, 2006), depo-
sition (e.g., meltwater plains, end moraines), and/or deformation
(e.g., thrusts, faults; Høyer et al., 2013; Pedersen, 2005, 1996) processes
during advance and retreat of ice-sheets.

Javngyde (catchment area 10.5 km2) is a headwater catchment in
the Gudenå watershed. The topography of Javngyde is relatively steep
ranging from 90 to 110 m above sea level in the western part of the
catchment to 20–30 m above sea level in the valley near the outlet of
the catchment (Fig. 1a). The surface soil of the entire catchment is
clay-till, except a small area around the valley dominated by freshwater
and meltwater sandy deposits (Fig. 1b: Pedersen et al., 2011). In
Javngyde, 98% of the area is used by agriculture (82% non-irrigated ara-
ble land and 16% for agriculture with significant natural vegetation;
Fig. 1c). Javngyde is artificially drained.

Sillerup (30.5 km2) is a headwater catchment of the Sillerup stream.
The surface topography is relatively smooth (Fig. 1d). Like Javngyde, the
surface soil is categorized as clay-till with small patches of meltwater
sand deposits or sandy till in the lower part of the catchment (Fig. 1e;
Pedersen et al., 2011). Sillerup is also drained. Sillerup ismainly covered
by non-irrigated arable land (74%), forest (13.4%), agricultural landwith
natural vegetation (5%), and urban areas (0.1%; Fig. 1f).



Fig. 1. Site characteristics of the study sites. Maps of surface topography, surface soil type, and land use of Javngyde (1a, 1b, and 1c, respectively) and Sillerup (1d, 1e, and 1f, respectively).
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2.2. Nitrate in groundwater

In Denmark, groundwater is the sole source of drinking water. N
contamination has been one of themajor public health concerns related
to drinkingwater quality (e.g., Schullehner et al., 2018; Schullehner and
Hansen, 2014). Groundwater, therefore, has been monitored regularly
in the last 30 years. The basic borehole information and groundwater
monitoringdata are registered on theNational Borehole Database (JUPI-
TER) managed by Geological Survey of Denmark and Greenland
(Geological Survey of Denmark and Greenland (GEUS), 2018).

The JUPITER data from both sites show that the groundwater table
and groundwater nitrate concentrations vary spatially within the catch-
ment. In general, Javngyde has deeper groundwater table and higher ni-
trate concentrations in groundwater than Sillerup. In Javngyde, the
depths to the groundwater table differ significantly between the west-
ern (40–60 m) and eastern (10–20 m) parts of the catchment
(Fig. 2b). There are 3 monitoring wells, 52 private drinking water ab-
straction wells, and 3 public drinking water abstraction wells (Fig. 2c)
with nitrate measurements. The sampling depth information of most
of the private and some publicwells is not available. The nitrate concen-
trations of these private wells were highest (up to 150 mg L−1) espe-
cially around the stream (Fig. 2c). Except at two wells, the nitrate
concentrations were b1 mg L−1 in groundwater with sampling depth
information (Fig. 3a).

In Sillerup, the depths to the groundwater tablewere shallower than
in Javngyde, particularly in the lowland of the catchment (b15 m;
Fig. 2e). There are 4 monitoring wells, 30 private drinking water ab-
straction wells, and 2 public drinking water abstraction wells with
nitrate data (Fig. 2f). The Sillerup groundwater showsnitrate concentra-
tions lower than the groundwater standard level (50 mg L−1) through-
out the catchment (Fig. 2f). The average nitrate concentrations of
monitoring wells, private drinking water abstraction wells, and public
drinking water abstraction wells were 0.5 (min.-max.: not detected –
1.9) mg L−1, 3.5 (not detected – 33) mg L−1, and 1.6 (0.6–2.4) mg
L−1, respectively.

3. Method

3.1. tTEM measurements

The resistivity of the shallow subsurface were measured using the
tTEM instrument (Auken et al., 2018) in Javngyde and Sillerup fromAu-
gust to November in 2017. The tTEM system is consisted of a set of a
transmitter frame and a receiver coil at a 9 m offset that is towed by
an all-terrain vehicle (Auken et al., 2018). The spacing between tTEM
survey lines was 20–30 m and the vertical resolution of the tTEM data
was 2–5 m increasing with depth. The depth of the investigation was
40–60 m, depending on the sediment types. Detailed descriptions of
the instrumentation, the field survey methods, and the data processing
protocols can be found in Auken et al. (2018).

In Javngyde, tTEM surveys were carried out at 61% of the arable land
(5 km2; Fig. 2a). The rest of the arable land was not mapped either be-
cause of crop vulnerability or access restriction by the field owners. In
Sillerup, about 73% (16 km2) of the arable land was surveyed (Fig. 2d).
The rest of the arable land (27%; 5.7 km2) was not mapped mainly be-
cause of access restrictions.



Fig. 2.Maps of the tTEM survey coverage, depth to the groundwater table, and nitrate concentrations (mg L−1) in groundwater in Javngyde (2a, 2b, and 2c, respectively) and Sillerup (2d,
2e, and 2f, respectively).
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3.2. Geological interpretation of the subsurface structure

The tTEMdatawere processed and inverted into geophysicalmodels
as described in Auken et al. (2018). The models were then geologically
interpreted together with existing data using GeoScene3D (I-GIS,
2018). The existing data include 1) the lithology descriptions of bore-
holes registered on JUPITER; 2) topographic maps; 3) surface soil
maps (Jakobsen et al., 2011; Pedersen et al., 2011); and 4) previous re-
search, including landscape analyses (Smed, 1981) andmapping of bur-
ied valleys (Sandersen and Jørgensen, 2016).
Fig. 3. Nitrate concentrations against the sampling depth in Javngyde (3a) and Sillerup
(3b). For the most private water wells, information about the sampling depths is not
registered on JUPITER and these data are shown in the upper panels of each figure.
3.3. Subsurface redox condition

Redox conditions of the subsurface of the study sites were inferred
from the sediment colors of the boreholes registered on JUPITER. The
sediment colors under the Danish conditions are usually a good indica-
tor for the redox conditions andhave been used to estimate the depth to
the redox interface (Ernstsen and Platen, 2014; Hansen et al., 2016;
Hansen and Thorling, 2008). Here, the redox conditions were identified
only as oxic and reduced because it is difficult to define representative
colors for thenitrate-reducing zone. Red, yellow, brown colors and com-
binations of these colors are clear indicators of oxic condition. Gray,
blue, green, and olive are typical reduced condition colors. Black and
dark brown colors indicate a high content of organic matter; therefore,
sediments with these colors may likely be reduced.

The number of redox condition shifts (i.e., redox interfaces) were
counted. The very top surface of the soil, in contact with the atmo-
sphere, was assumed to be oxic and minor variations in the redox con-
ditions (b1m thick)were not counted. The depth to the first interface of
an oxic to reduced shift was also estimated.
3.4. Groundwater redox state

The redox states of the groundwater were evaluated based on the
redox sensitive element concentrations: dissolved oxygen (DO), nitrate,
iron, and sulfate. Only a limited number of data was available for each
catchment, so we included boreholes in close vicinity of the catchment
boundary. For some drinking water wells, all water samples were col-
lected after the drinkingwater treatments (i.e., aeration and sand filtra-
tion). Therefore, these data are not included in the redox evaluation.

Under Danish conditions, the redox states of groundwater is defined
as follows (Hansen et al., 2011; Table 1): 1) high DO (≥1 mg L−1) and
nitrate (N1 mg L−1) as an oxic condition; 2) b1 mg L−1 of DO and
N1 mg L−1 of nitrate as a nitrate-reducing condition; 3) high iron
(≥0.2 mg L−1) and sulfate (≥20 mg L−1) but low nitrate (≤1 mg L−1)



Table 1
Criteria for groundwater redox state interpretations.

Oxic Nitrate-reducing Fe/sulfate-reducing Sulfate-reduced Mixed water

DO⁎ ≥1 mg L−1 ≤1 mg L−1 – – –
NO3

− N1 mg L−1 N1 mg L−1 ≤1 mg L−1 ≤1 mg L−1 N1 mg L−1

Fe2+ – – ≥0.2 mg L−1 ≥0.2 mg L−1 ≥0.2 mg L−1

SO4
2− – – ≥20 mg L−1 b20 mg L−1 –

⁎ Dissolved oxygen.
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as an Fe/sulfate-reducing condition; and 4) low sulfate (b20 mg L−1)
with high Fe (≥0.2 mg L−1) and low nitrate (≤ 1 mg L−1) as a sulfate-
reduced condition. When groundwater shows simultaneously high
iron and high nitrate, it is interpreted as a mixture of groundwater
with different redox states.

3.5. Stream nitrogen and annual nitrogen yields in Javngyde and Sillerup

Discharge and total N (hereafter N refers to total N) concentrations of
the streams in Javngyde and Sillerup were obtained from the Environ-
mental Protection Agency of Denmark (EPA). The Danish EPA measures
several N species including nitrate, nitrite, ammonium, and ammonia as
well. However, these are at trace levels except nitrate and the data are
available for only limited periods. The concentrations of total nitrogen
nearly equals to those of nitrate; therefore, this study used the total N
Fig. 4. Resistivity and borehole lithology descriptions in Javngyde. The index map shows the re
tTEM sounding and JUPITER datawere 50m and 100m, respectively. The numbers at the top an
JUPITER and the distance between profile line and borehole, respectively. The blue triangles a
interval, respectively. Note the vertical exaggeration is x5.2. (For interpretation of the referenc
data only. In Javngyde, the daily discharge andNconcentrations in stream
water have beenmonitored (1–2 times amonth) since 1989 at the catch-
ment outlet. In Sillerup, the streamdischarge has beenmonitored daily at
the catchment outlet for the last 20 years (since 1986) and N had been
monitored at 2–3 times a month from December 1992–January 2007.

Volume-weighted annual averages of the measured N concentra-
tions of the Javngyde and Sillerup streamswere calculated for a calendar
year over themonitoring period and then trends of the annual averages
were analyzed using Excel's data analysis package (Regression). The an-
nual yield of N (NT; kg N ha−1 y−1) was then estimated by dividing the
sum of the daily N fluxes for a calendar year by the catchment area (A;
ha; Eq. (4)):

NT ¼
P

Ni½ �qið Þ.
A

ð4Þ
sistivity of elevation at 60 m and locations of profile A and B. The buffer boundaries of the
d bottom of the boreholes represent the borehole ID number (DGU number) registered on
nd black box next to the boreholes show the groundwater table depth and the screened
es to colour in this figure legend, the reader is referred to the web version of this article.)
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where [Ni] and qi, are the N concentration in stream (mg L−1) and the
total volume of discharge (L) of the ith day of a year. Unmeasured [Ni]
was estimated from a power law function of the concentration-
discharge (C-Q) relationship for each year (Godsey et al., 2009; Kim
et al., 2017):

Ni½ � ¼ aqbi ð5Þ

where a and b are coefficients estimated from the C-Q relationships.
The annual N yields via baseflow were calculated as well. The

baseflow of Javngyde and Sillerup was estimated using a Web-based
Hydrograph Analysis Tool (WHAT; Lim et al., 2005). In our study, the re-
cursive digitalfilter for perennial streamswithporous aquiferswas used
(filter parameter (α) 0.98; maximum baseflow index (BFImax) = 0.80).
The recursive digital filter method automatically filters out a high-
frequency signal, which is interpreted as a fast-flowing component
i.e., event waters, from a low-frequency signal, which is interpreted as
a slow-flowing component i.e., groundwater (Eckhardt, 2005; Lim
et al., 2005). Although tile-drain flow is often considered as a fast-
flowing component, it also significantly increases the baseflow fraction
(Blann et al., 2009; Halford andMayer, 2000; Schilling and Libra, 2003).
To estimate the groundwater discharge components in the baseflow,
further research may be required such as hydrological modelling or
water chemistry studies using water isotope or conservative tracers.
Our study sites are artificially drained and the baseflow in this study,
thus, refers to all the slow-flowing components via both tile-drains
and groundwater discharge.

The N concentrations at baseflow were volume-weighted averages
of the N concentrations of the three lowest discharge points in a single
year. Trends of the annual baseflow N were analyzed using Excel as
Fig. 5. Resistivity and borehole lithology descriptions in Sillerup. The indexmap shows the resis
boundaries of the tTEM sounding and JUPITER data were 50 m and 100 m, respectively. The el
well. Assuming this N concentration is representative of the baseflow
N of each year, the annual yields of N via baseflow were calculated as
follows (Eq. (6)):

NB ¼ Q jBj Nb½ � j=A ð6Þ

where Qj, Bj, and [Nb]j are the volume of the total annual discharge (L),
the fraction of baseflow calculated using WHAT, and the baseflow N
concentrations (mg L−1) for the year j. The N yield via non-baseflow
was the difference between NT and NB. The N yields between two
study sites were compared using Excel's data analysis package (t-Test).

4. Results

4.1. Geological interpretations of Javngyde and Sillerup tTEM models

The tTEM models of Javngyde showed that the eastern part of the
catchment has a highly complicated structure while the western part
shows relatively homogeneous features (Fig. 4). For example, as
shown in Fig. 4a, dipping low-resistivity structures are seen in the east-
ern part of the profile (marked with dotted lines at around profile dis-
tance 1700–2700 m). In the horizontal cross-section at elevation 60 m
(index map of Fig. 4), these low-resistivity structures show a lobate
shape, which is consistent with the shape of glaciotectonic thrust struc-
tures. Consistent with this, multiple boreholes in the area describe pre-
Quaternary deposits overlying Quaternary deposits (e.g. Fig. 4a, DGU
88.189 and Fig. 4b, DGU 88.940). Such clayey thrust structures are ob-
served throughout the eastern part of the catchment. Although signs
of glaciotectonic deformation are also observed in the western part of
the catchment (Fig. 4b; DGU 88.940), the overall structure of the
tivity of elevation at 5 m below the sea level and locations of profile A, B, and C. The buffer
ements on this figure are the same as on Fig. 4. Note the vertical exaggeration is 5.2.



Fig. 7. Number of redox interface against the depth to the bottom of the borehole for the
redox condition evaluation of Javngyde (7a) and Sillerup (7b).

Fig. 6. Depths to the first redox interface (oxic to reduced) and the numbers of redox interfaces of Javngyde (6a and 6b, respectively) and of Sillerup (6c and 6d, respectively). The redox
conditions were inferred from sediment colors. The all-oxic well in Javngyde is not shown in Fig. 6b.
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subsurface in this area is relatively simple. The western part of the
catchment is covered by a low-medium resistivity unit, approximately
10 m thick, which is described as clay-till on the surface soil map
(Fig. 1b). This layer is underlain by a thick (~ 40 m) unit of high-
resistivity deposits described in the boreholes as meltwater sand and
gravel (Fig. 4b). The top clay layer near the stream may be eroded.
This may result in direct exposure of the deep sandy zone to the land
surface, forming a geological window (Fig. 4b).

Sillerup shows a relatively simple structure across the catchment
(Fig. 5). The lowland area in the center of the catchment is covered by
a ~ 20 m thick low-medium resistivity layer mainly described as clay-
till in the boreholes (Fig. 5a). Below this clay layer, patches of high-
resistivity deposits are observed (Fig. 5a, 3120–3875 m). This high-
resistivity structure can be followed through the entire area as an elon-
gated structure (index map of Fig. 5) that broadens upwards, which is
characteristic for buried valley structures (Jørgensen et al., 2003). The
high-resistivity deposits are, therefore, interpreted as coarse-grained
infill of a buried valley. At the southeastern boundary of the catchment,
amore complex structure is revealed (Fig. 5b, profile distance 0–500m).
According to the landscape analysis, the hill is described as an end-
moraine (Smed, 1981). The maximum extent for the ice margin of the
East Jutland ice advance is present just west of the study site. Therefore,
these end-moraines are probably deposited during a small re-advance
or standstill during the overall glacial recession.

4.2. Subsurface sediment redox conditions in Javngyde and Sillerup

The redox conditions in the subsurface of Javngyde and Sillerup also
showed contrasting patterns. Javngyde, consistent with the tTEM
models and geology, showed complex redox patterns. We found 12
boreholes with continuous records of the sediment colors. One of the
boreholes (DGU 88. 917) in the eastern part of the catchment was
oxidized throughout the profile of 38 m (Fig. 6a). In the rest of the
boreholes, the redox state shifted at least twice (i.e., oxic → reduced →
oxic) and up to six times (Fig. 6a). The first redox interface in Javngyde
averaged at 6.7mbelow the land surface (mbls), and the shallowest and
the deepest interface depths were at the land surface (0 m) and 20.5
mbls, respectively (Fig. 6b). The deep sandy layer in the western part
showed the colors indicative of oxic conditions to a depth of 45 mbls
(Fig. 4b and Supplementary Fig. 1). The oxic conditions in the eastern
part of the catchment follows the sandy zones that are connected to
the land surface in between the thrusted clayey layers.
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In contrast, in Sillerup, in most boreholes, the sediment colors just
evolved from oxic to reduced conditionswith increasing depth showing
a single redox interface (Fig. 6c). In total, 28 boreholes were docu-
mented for their sediment colors and 19 of them showed a single
redox interface (Fig. 6c). These boreholes were located mainly in the
lowland of the catchment near the stream (Fig. 6c), where the thick
low-resistivity, clayey layer was revealed by the tTEM models
(Fig. 5a). At the remaining 9 boreholes, at least two redox interfaces
were identified and these wells were located at the catchment bound-
ary in the higher elevation areas, where the end moraines shape the
landscape. The depth to the first interface from oxic to reduced condi-
tions averaged 3.6 mbls and the shallowest and deepest interfaces
were found at 0 mbls and 12 mbls, respectively (Fig. 6d).

The redox architecture interpreted from the sediment colors showed
that Javngyde has a deeper and more complex structure than Sillerup.
One might argue that the contrasting patterns could be due to artifacts
related to the differences in the borehole depths. We, therefore, com-
pared the number of redox interfaces and the total depth of each bore-
hole. Indeed, the average depths of the boreholes in Javngyde (49.9 ±
18.6 m) were deeper than that of Sillerup (36.2 ± 26 m). However, as
Table 2
Concentrations of redox sensitive elements and the redox state of the Javngyde groundwater.

DGU number Intake filter depth
(mbls)

Depth to water table
(mbls)

Sampling
date

O2 (m
L−1)

88. 1395 64–67 40.45 4/24/07 0.17
12/6/05 n.d.

88. 579a (200 m) b 60–62 53.5 12/13/04 2.1
12/2/98 0.5
5/17/93 3.1

88. 711a (34 m)b 55.5–61.5 53.1 7/6/16 0.2
11/5/10 0.4
12/15/09 2.2
12/13/04 1
12/2/98 n.d.
5/17/93 0.4

88. 771 58–61 49.7 11/26/13 n.d.
10/31/08 0.3
11/24/03 n.d.
12/2/98 1
5/17/93 n.d.

88. 1105a (67 m)b 54–61 46.5 2/3/14 2.8
2/18/09 n.d.
10/27/04 1
11/4/98 1.3
5/17/93 1.3

88. 1121a (100 m)b 50–56 46.0 5/7/15 0.3
10/9/02 0.9

88. 860a (100 m)b 52 14 11/5/97 1.2
8/24/92 1.2

88. 885 23–29 8 5/22/06 3.69
11/10/05 4.94

88. 917 30–36 18 10/11/16 0.2
2/2/12 0.2
2/6/07 1.9
10/9/02 1.1
11/5/197 0.9
8/24/92 1.1

88. 1002 28–34 19.57 2/2/12 0.2
2/6/07 1.3
10/9/02 0.9
8/24/92 1.1
9/7/82 1.8

88. 742 25.3–36 11.8 9/14/18 0.4
8/7/13 5.4
3/18/98 4.9
11/21/94 0.5

a Boreholes from outside the catchment boundary.
b Distance from the catchment boundary.
c Not detected.
d Fe/SO4-reducing conditions.
e Mixed redox condition.
f Oxic condition.
g NO3-reducing condition.
Fig. 7 shows, the numbers of redox interfaces do not coherently increase
nor decreasewith increasing total depth of the boreholes. Therefore, we
concluded that the difference in the numbers of redox interfaces of two
sites reflect actual characteristics.

4.3. Groundwater redox states in Javngyde and Sillerup

Table 2 and Table 3 summarize the concentrations of DO, nitrate,
iron, sulfate, and ammonia+ ammoniumconcentrations of the ground-
water in Javngyde and Sillerup, respectively. The groundwater chemis-
try does not show significant temporal variability. In Javngyde, the
sampling depths were about 20 m deeper in the western part of the
catchment compared to those of the eastern part because of the differ-
ences in the depth to the groundwater table (Fig. 2b and Fig. 8). In
Javngyde, most groundwater samples displayed no to low oxygen and
nitratewhile high iron and sulfate, indicating Fe/sulfate-reducing condi-
tions (Table 2). At two locations, which are located near the thrusted
structures (Fig. 8), indications of mixed redox conditions were ob-
served. A well near the catchment outlet showed moderate levels of
DO and nitrate, indicating oxic conditions (Fig. 8).
g NO3
− (mg

L−1)
Fe2+ (mg
L−1)

SO4
2− (mg

L−1)
NH3 + NH4 (mg
L−1)

Redox stage

n.d.c 1.4 32 0.085 Fe/SO4-Rd

n.d. 1.5 40 0.076
n.d. 5.8 83 0.037 Fe/SO4-R
n.d. 5.2 74 0.025
n.d. 4.6 72 0.017
n.d. 0.51 88 0.053 Fe/SO4-R
1.1 9.3 81 0.037
n.d. 5.5 85 0.058
n.d. 5.3 87 0.046
n.d. 3.6 89 0.044
n.d. 5 80 0.031
n.d. 1.2 41 0.14 Fe/SO4-R
n.d. 1.4 37 0.12
n.d. 1.6 33 0.1
n.d. 0.88 36 0.115
n.d. 0.98 33 0.102
n.d. 1.8 27 0.2 Fe/SO4-R
n.d. 1.7 26 0.2
n.d. 1.9 30 0.2
n.d. 1.7 25 0.226
n.d. 1.7 23 0.196
7.7 0.33 85 0.021 Mixede

1.8 1 100 0.008
3.0 0.65 70 0.009 Mixed
n.d. 1.53 59 0.018 Fe/SO4-R
58.0 2 51 0.01 Mixed
58.0 1.7 56 0.013
n.d. 3.9 83 0.05 Fe/SO4-R
n.d. 4.1 78 0.052
n.d. 4.8 76 0.12
n.d. 4.7 88 0.039
n.d. 4 63 0.035
n.d. 7.54 66 0.065
n.d. 7.3 75 0.094 Fe/SO4-R
n.d. 8.2 74 0.19
n.d. 8.4 84 0.067
n.d. 4.13 60 0.038
n.d. 2.51 52 0.02
32 n.d. 64 0.009 Oxicf to NO3-Rg

25 n.d. 59 0.014
15 n.d. 56 0.026
19 n.d. 66 0.031
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In Sillerup, the sampling depths of the wells located in the lowland
area ranged between 44 and 142 mbls and at least 30 m below the
groundwater surface (Table 3 and Fig. 8). The groundwater of these
wells showed no nitrate, high iron, and low sulfate concentrations, indi-
cating sulfate-reduced environments (Table 3 and Fig. 8). In contrast,
the groundwater from the southwest boundary showed highDO and ni-
trate concentrations (Table 3 and Fig. 8), indicating oxic conditions.
4.4. Nitrogen in Javngyde and Sillerup streams

In general, the N concentrations in the stream outlet were higher in
Javngyde than in Sillerup throughout the observation period. The
volume-weighted annual averages of the stream's N concentrations de-
creased at statistically significant (p b 0.05) rates from 1993 to 2006
both in Javngyde (Fig. 9a; slope = −0.44 mg L−1 y−1) and in Sillerup
(Fig. 9b; slope = −0.22 mg L−1 y−1). These decreasing trends may be
due to regulations of agricultural Nmanagement (Dalgaard et al., 2014).

The inter-annual variability of the annual N yields were strongly in-
fluenced by the climate i.e., changes in annual runoff (Fig. 9c and
Fig. 9d). In general, the annual N yields decreased over time in the
study catchments. For example, Javngyde's annual N yields decreased
from 31 kg N ha−1 y−1 to 21 kg N ha−1 y−1 and those of Sillerup
changed from 38 kg N ha−1 y−1 to 15 kg N ha−1 y−1 from 1993 to
2006 (Fig. 9c and Fig. 9d). The annual N yields of these two sites are
not significantly different (Table 4; p ≥ 0.05).

The baseflow N concentrations in the stream outlets were signifi-
cantly higher in Javngyde than in Sillerup as well. It decreased over
time in Javngyde (slope = −0.10 mg N L−1 y−1; p ≥ 0.05; Fig. 9a)
while it was relatively invariant in Sillerup (slope = 0.03 mg N L−1

y−1; p ≥ 0.05; Fig. 9b) from 1993 to 2006. Both changes are statistically
insignificant. The N concentrations at baseflow in Javngyde and Sillerup
averaged3.54mg L−1 (SD0.87) and 1.42mgL−1 (SD0.41), respectively.
WHAT estimated that in both sites the baseflow contributed on average
66–67% of the annual discharge (Table 4), which is similar to the aver-
ages of the baseflow contribution in the similar setting (50–71%;
Frederiksen et al., 2018; Zhang et al., 2013). Based on these estimates,
about 25% and 15% of the annual N yields of Javngyde and Sillerup, re-
spectively, were attributed to the baseflow (Table 4).
Table 3
Concentrations of redox sensitive elements and the redox state of the Sillerup groundwater.

DGU Number Intake filter depth
(mbls)

Depth to water table
(mbls)

Sampling
period

O2

L−

142. 975a (56 m)b 21–24 10.43 3/6/14 7.
142. 343a (56 m)b 17–21 15 5/11/10 1.

5/1/07 1.
6/20/01
8/4/97 2.
12/15/94 0.
10/1/90

143. 169 44–50 16 8/25/92
12/10/69

143. 126a (430 m)b 66.7–77.7 17 9/14/11 0.
6/12/07 2.
6/7/00
12/11/96 0.
8/25/92

143. 63a (430 m)b 54–60 17 2/1/18 4.
7/2/15 0.
3/8/07 3
3/18/03 4.
8/3/99 0.
5/3/95 0.
7/3/91

143. 235 21–27 20.3 2/3/76
143. 431 132–142 20.4 12/3/07 3.

a Boreholes from outside the catchment boundary.
b Distance from the catchment boundary; 1 SO4-reduced condition.
5. Discussion

5.1. The redox architecture of Javngyde and Sillerup

Through the synthesis of the tTEM models, geological interpreta-
tions, and redox evaluations from the sediment colors and groundwater
chemistry, the redox architecture of our study siteswere conceptualized
into three types: 1) a planar redox architecture with a single redox in-
terface; 2) a geological-window redox architecture with local complex-
ity; and 3) a glaciotectonic-thrusted redox architecture with high
complexity (Fig. 10). Fig. 10 shows these three conceptual models and
here we simplified lithology to sand and clay in order to represent hy-
drologically more permeable and less permeable units, respectively.
The areas of these redox architecture types for our study sites were
identified by estimating the depth to sandy zones using the tTEM
models (Fig. 10d and e). In the Danish sediments, resistivity N~80Ωm
is interpreted as sand (Thomsen et al., 2004).

In the planar redox architecture, themovement of redox front is pri-
marily vertical (Fig. 10a). Therefore, under this architecture, the redox
status progressively evolves from oxic to reduced conditions with in-
creasing depth, resulting in a single redox interface. In this case, the
depth to an impermeable boundary may be an important control on
the redox architecture. We observed such a type in the lowland of
Sillerup where the thick low-resistivity clayey layer (~20 m thick),
which forms an effectively impermeable boundary, was documented
(Fig. 10e and Fig. 5). The redox state of the groundwater below this
low-resistivity layer was sulfate-reduced; therefore, the groundwater
is well protected from N contamination.

In the geological window redox architecture, oxidants may be deliv-
ered into the deeper subsurface through geological windows in the im-
permeable clayey layer (Fig. 10b). Consequently, oxic conditions will
develop mainly around the geological window and the remaining vol-
ume of the subsurfacemay show a relatively simple redox architecture.
In this type, the distance to the geological window may be the key pa-
rameter in explaining the heterogeneity of the redox architecture. We
identified geological windows in the western part of Javngyde
(Fig. 10d) and the southern boundary of Sillerup (Fig. 10e). The depths
to the sandy zone decrease from north to south (toward the stream) in
thewestern part of Javngyde (Fig. 10d), suggesting a geological window
(mg
1)

NO3
− (mg

L−1)
Fe2+ (mg
L−1)

SO4
2− (mg

L−1)
NH3 + NH4 (mg
L−1)

Redox
stage

4 6.7 0.053 65.7 Oxic
1 12 n.d. 60 0.021 Oxic
9 12 0.015 60 0.021

10 n.d. 47 0.02
5 8.5 0.06 49 n.d.
8 8.1 n.d. 53 5.3

8.0 0.017 47 0.015
n.d. 1.9 17 0.88 SO4-R1

3.0 2.8 9.8 0.6
5 n.d. 2.5 5.8 0.54 SO4-R
3 1.2 2.1 6.6 0.59

n.d. 1.5 6.6 0.58
8 n.d. 1.8 7.1 0.64

n.d. 1.8 6.1 0.56
3 n.d. 1.8 10.6 0.6 SO4-R
9 n.d. 1.9 9.4 0.52

n.d. 2.3 6.2 0.55
3 n.d. 3.6 5.3 0.5
9 n.d. 2 5.6 0.53
6 n.d. 1.7 6.2 0.53

n.d. 1.8 5.9 0.61
3 0.69 21 0.2 Mixed

3 0.5 1.5 10 0.44 SO4-R
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in this area. Around this area, groundwater of the private wells shows
high nitrate (Fig. 2c), which is consistent with oxic conditions near the
geological window and higher vulnerability of groundwater. In Sillerup,
the end-moraines in the southern boundary act as the geological
window.

In the glacio-tectonically thrusted redox architecture, oxidants pre-
dominantlymove through the sandy zones between the thrusted clayey
layers (Fig. 10c). Consequently, the redox architecture will be compli-
cated and spatially heterogeneous. Under these conditions, high-
resolution information of the hydrogeological structure will be critical
to predict the redox architecture. We found such a type in the eastern
part of Javngyde (Fig. 10d). In this area, the depths to the sandy layer
vary significantlywithin a short distance (Fig. 10d), consistently indicat-
ing high spatial heterogeneity. Furthermore, the redox state of the
groundwater in this area was mixed to Fe/sulfate-reducing conditions,
implying heterogeneity of the redox conditions as well (Fig. 8).

5.2. Redox architecture and the catchment N yields

The redox architectures of Javngyde and Sillerup provide near-direct
views of nitrate pathways in the subsurface, which are essential for
evaluating the vulnerability of the groundwater to nitrate contamina-
tion and to identify primary pathways of nitrate yields in each catch-
ment. In Javngyde, the oxic zones have been developed even in the
deep subsurface and some groundwater shows the mixed redox signa-
tures of oxic to Fe/sulfate-reducing conditions at depth (Fig. 8). Consis-
tently, a moderate level of nitrate was also observed in groundwater at
50 mbls (DGU 88. 940; Fig. 3a), which was sampled at the second oxic
layer about 10 m below the groundwater table (Fig. 4b). Javngyde's
complicated redox architecture indicates that some groundwater in
Javngyde may route only through the oxic zones to the stream; conse-
quently, N emerges back to the stream. While in Sillerup, the redox ar-
chitecture is planar with a single redox interface at shallow depths
(average 3.6 mbls). Below the interface, groundwater is in sulfate-
reduced conditions (Fig. 8). Therefore, N passing through Sillerup's
deeper pathways may be completely reduced in the subsurface and
the stream therefore shows low N concentrations.

The stream chemistry, particularly the baseflow chemistry, confirms
these explanations. During the baseflow, when groundwater and slow-
flowing drain flow were the predominant sources of the stream dis-
charge, the stream N concentrations were much higher in Javngyde
than in Sillerup (Fig. 9). This baseflow is also a quantitatively important
pathway for the overall N budget of Javngyde. The baseflow's contribu-
tion to the annual N yield was higher in Javngyde (average 24%) com-
pared to that in Sillerup (average 15%; Table 4). The differences in the
backgroundN concentrations in the streams (i.e., baseflowN concentra-
tions) may result in generally higher N concentrations in Javngyde than
in Sillerup.

Based on the stream observations and the redox architecture, we
further postulated that Javngyde is a transport-controlled system
while Sillerup is a reaction-controlled system. In the transport-
controlled systems, water moves faster than N can be reduced; there-
fore, N in the stream will be controlled primarily by hydrological pro-
cesses such as mixing or dilution (e.g., Lansdown et al., 2015; Ocampo
et al., 2006). While in the reaction-controlled systems, N is reduced
faster than water transport; consequently, denitrification will be the
key control for the N yield (e.g., Lansdown et al., 2015; Ocampo et al.,
2006). Altogether, we propose that the high-resolution information on
the subsurface hydrogeology and redox architecture improve our con-
ceptual understanding on the transport pathways and evolution of N
in the subsurface as well as on the underlying processes for the N dy-
namics at the catchment level.
Fig. 8. Groundwater redox state in Javngyde and Sillerup. The locations of the boreholes
are shown in the upper panel and the depths of the groundwater samples are shown in
the bottom panel for each study site.



Fig. 9.Nconcentrations in the streamand annual N fluxes of Javngyde and Sillerup. Volume-weighted annual averages of theN concentrations and of baseflowN concentrations in streams
are shown in 9a (Javngyde) and in 9b (Sillerup). The statistically significant slopes (p b 0.05) aremarkedwith *. The annual Nfluxes, the baseflowNfluxes and the annual runoff are shown
in 9c (Javngyde) and 9d (Sillerup).
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Such information on the pathways and the redox architecture may
also contribute to select the best mitigation measures to reduce the N
impact on both groundwater and stream water quality
(e.g., Rittenburg et al., 2015). The groundwater and stream water re-
spond differently to N leaching from agricultural fields depending on
hydrogeological and geochemical redox conditions. Such information
is crucial for developing N pollution maps for specific fields that may
be applicable for the targeted regulation of N fertilization and manage-
ment. In Javngyde, for instance, agricultural fields near the geological
windows and the sandy zones near the land surface (red areas in
Fig. 10d) may need special attention and strict regulations in order to
lower the level of N leaching to both groundwater and stream water.
The mitigation measures on these fields could be, for example, catch
crops, lower nitrogen input, permanent grassland or afforestation
(e.g., Dalgaard et al., 2014; Rittenburg et al., 2015). In Sillerup, on the
other hand, much attention has to be paid to protect surface waters by
lowering N yields during the high-flow regimes. Emission based N mit-
igationmeasures such as constructedwetlands or biofilters can be effec-
tive in lowering N losses from the catchment (e.g., Rittenburg et al.,
2015; Tournebize et al., 2017).
5.3. Integrating the redox architecture in future targeted N regulations

Currently in Denmark, the agricultural N-regulation regarding surface
waters, is based on N-emission-demands on the 15 km2-catchment level
determined on large scale (500m grid cells) model simulations (Højberg
et al., 2015). These national scale data, however, are too coarse to be effi-
cient if employed in the targeted N regulations, indicating a need for
more detailed local information.
Table 4
Averages of annual runoff and annual N yields of Javngyde and of Sillerup from 1993 to 2006.

Annual runoff (mm yr−1)

Total Baseflow Non-baseflow % Basefl

Javngyde 211 (25.8)a 139 (61.0) 72 (34.3) 66
Sillerup 332 (110.1) 221 (72.6) 111 (39.4) 67

a Standard deviation in parenthesis.
In this study, we demonstrated that combining the tTEM models
and hydrogeochemical observations is effective for obtaining the
high-resolution information of the subsurface redox architecture in
local areas. However, to integrate the redox architecture in the
targeted N regulations, challenges remain. In this study, the spatial
patterns of the redox architecture were well resolved. However, for
the targeted N regulations, quantitative evaluations on N reduction
is essential. Determining representative reduction rates for the sub-
sections of the redox architecture will be a major challenge. For ex-
ample, previous research reported that nitrate reduction rates in
the saturated zone under the similar settings to ours (i.e., sandy
and gravel aquifers in glacial deposits) varied nearly four orders of
magnitude (e.g., Puckett and Cowdery, 2002). Both geological con-
trols e.g., types, contents, and reactivity of available electron donors
(Stenger et al., 2018) and hydrological controls e.g., varying reactiv-
ity along pathways (Kolbe et al., 2019) may play a key role in deter-
mining the extent of nitrate reduction. Therefore, these factors may
need to be carefully considered in quantitative studies on the reduc-
tion capacity and N reduction rates in the future.

Upscaling is another challenge. The data gaps of the tTEM measure-
ment are inevitable and the redox conditions are measured at point or
at 1D-profile scales, at best. For instance, in Javngyde, the tTEM survey
covered 60% of the agricultural area and the redox information was
available at 11 boreholes. Redox architecture of the un-surveyed areas
needs to be predicted based on available knowledge. If a planar redox
architecture is expected, the redox interface may potentially be esti-
mated through hydrological simulations (e.g., Hansen et al., 2016).
However, under complicated redox architectures, this approach may
not be applicable. The oxidant pathways will be highly complicated.
Furthermore, the complex redox architecture implies heterogeneous
Annual N yield (kg N ha−1 yr−1)

ow Total Baseflow Non-baseflow % Baseflow

21.8 (11.6) 5.1 (3.2) 16.7 (9.8) 24.7
22.5 (9.7) 3.3 (1.8) 19.2 (8.7) 15.1



Fig. 10.Conceptualmodels of three types of redox architecture in Javngyde and Sillerup. *The areas of these redox architecture types in Javngyde (10d) and Sillerup (10e) are delineated by
the depth to the sand zone (resistivity N~80 Ωm) estimated from the tTEM data.
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reduction capacity of the sediments, which may overwhelm other vari-
ables. To address this issue, field data collection needs to be done more
strategically and further research is required to explore the applicability
of various simulation techniques.
6. Conclusion

In this study, the redox architecture in two Danish catchments of in-
tensive agriculture were investigated by integrating high-resolution,
dense tTEM informationwith geochemical knowledge ofwater and sed-
iments. In these two sites, three types of redox architectures were iden-
tified: 1) a planar redox architecture with a single redox interface; 2) a
geological-window redox architecture with local complexity; and 3) a
glaciotectonic-thrusted redox architecture with high complexity.
Based on the redox architecture and the N concentrations in groundwa-
ter and streamwater, the dominant pathways of N in the subsurface and
N reduction along the pathways were deduced. The redox architecture
provided detailed spatial information about the vulnerability of ground-
water and surface waters based on the assessment of the zones of
nitrate reduction in the subsurface. Here, we conclude that such infor-
mation is a prerequisite for a successful implementation of the targeted
N regulations.
Nearly all the hydrological processes and biogeochemical reac-
tions occur in the subsurface; however, the subsurface is often
treated as a black box. In this study, we shed light on the subsurface
and explore the importance of the redox architecture for better ag-
ricultural N management. Such information may also be important
for handling other redox sensitive pollutants such as most geogenic
or organic contaminants. We propose that better characterization
of the redox architecture will be a fundamental step for the sustain-
able management and protection of water resources in broader
perspectives.
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