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Introduction and summary of parts A and B
Initially the BONUS SOILS2SEA project only included a Danish hill-slope study, a detailed study on
the scale of a single field. During the course of the project a second hill-slope study at a larger scale
was included at the Kocinka site in Poland, thereby supplementing the hill-slope study at Fensholt
within the Norsminde catchment in Denmark. The two sites are geologically very different and have
also been studied using very different approaches and tools. Due to these differences a direct
comparison of the two sites is not the aim of this summary, though some comparisons can still be
made.
The Fensholt site (Part A of this report) is a small scale site. The focus of the Fensholt hillslope
study has been on developing a detailed flow model including a detailed modelling of the drainage
system and its role in the distribution of flow and nutrients. This has been supplemented by a study
of the water chemistry within the till and the processes that lead to the observed water chemistry.
The model area covers a single drain catchment with three fields, the length of the drain catchment
is ~600 m. Most of the data are from the largest field in the drain catchment, which was used for
production of winter wheat for the entire period. Most of the geochemical data are from the upper
part of the winter wheat field.
It has been possible to set up a transient FEFLOW model of the drain catchment with a detailed
representation of the drain network and make it fit the measurements of the water fluxes from the
drain system collected by another project. The fitted model was successfully validated by comparing
with area-weighted measurements of the flow in the stream draining the Fensholt catchment. The
data show that the increase in the water level of the system when the autumn water surplus starts
is extremely rapid, with heads increasing up to 1 m per day. These extreme transient events were
also successfully modeled as were most of the many highly transient peaks occurring in the drain
water flow.
The geochemical data in the form of water chemistry data from the top of the field showed that the
water chemistry varied considerably in space on a small scale. However, the variation in time for a
given sample piezometer was quite small except for the upper 1.5 m of the soil where there was a
clear seasonal variation in especially the nitrate level, due to application followed by plant uptake.
The concentration of nitrate at 1-2 mbg was very constant at ~60 mg/l (~1mM) indicating that this
is the level of nitrate that enters the groundwater. The nitrate disappears completely at depths
ranging from 3-5 mbg. Both the water chemistry and inverse modelling indicate that pyrite is the
main electron donor for the reduction of nitrate. It appears that the redox front is not a well-defined
surface in this system, but probably a zone due to fracture flow.
Part of the drain catchment turned out not to be drained in spite of maps showing the drain system
completed in 1948. Extracting the downwards flow for the non-drained and the drained area
indicated a large difference in the extent to which nitrate reduction occurred in the sediment.
Assuming a surplus of 50 kg N/ha less than 10% of this was reduced under the drained part of the
field, while 40% was reduced under the part of the field that was not drained.
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The length of the hill-slope multi-level well transect established at the Kocinka site (Part B of this
report) is 6.4 km with the first nest of wells in a recharge area, while the other two nest are in
discharge areas. This is also clear from the relative head distribution, showing a downward gradient
in the nest at the top of the hill and an upward gradient in the downhill nests. The water types are
distinctly different in the recharge and discharge areas; the composition indicates that water in the
discharge areas is diluted by water from the underlying Jurassic aquifer. The geochemical focus of
the Kocinka site has been on how stable isotopes of both nitrogen and oxygen in nitrate, in
combination with measurements of excess N2 in the groundwater and δ11B , can be used to both
reveal the sources of nitrate as well showing the ongoing reduction of nitrate in the quaternary
sediments.
By using the excess N2 in combination with the nitrate isotope data it is revealed that the main
source of the nitrate at the Kocinka site is ammonium in fertilizers. The excess N2 data show that
there is nitrate reduction occurring in the Quaternary sediments overlying the Jurassic carbonate
rocks, however the extent of this is limited. The amount reduced varies surprisingly little, between
25 and 36 %, regardless of very different initial nitrate concentrations varying between 31 and 126
mg/l of nitrate. Nowhere in the system does the nitrate disappear completely, indicating a limited
reactivity in terms of electron donation, in these sediments. The data give no clear indication of what
the electron donor is, probably because the dilution by Jurassic water obscures the signal.
The large difference in the extent of nitrate reduction in the Danish system compared to the Polish
system is presumably due to the fact that the Danish sediments are from the last glaciation, while
the Polish sediments are from earlier glaciations. In general, the reactivity decreases over time,
regardless of whether the electron donor is organic matter or pyrite, because the most reactive parts
will react first. The Polish system also showed dilution by water from the underlying aquifer while in
the Danish system, both chemical and hydraulic data indicated that there was very little water
exchange between the Quaternary till system and the underlying Miocene sand aquifer.
The studies demonstrate the obvious, but also complexing fact that the extent of nutrient leaching
is a function of both the geology and the hydrogeology of the system, whether it is natural or has
been engineered by adding a drainage system.
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PART A: Hill slope study in Fensholt,
Norsminde, Denmark. Hydrological and
biogeochemical processes in a drained
glacial till system

Authors:
GEUS: Rasmus Jakobsen and Anne Lausten Hansen
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1. Background and objectives
High loads of nitrogen (N) and phosphorous (P) have, since the 1950s, resulted in severe
environmental problems in the Baltic Sea (Gustafsson et al., 2012). Diffuse sources of nutrients
contribute the largest part of both the N and P loads to the Baltic Sea and agriculture is the principal
source (EEA, 2005; HELCOM, 2011). In order to restore good ecological status in the Baltic Sea
both the EU water framework directive (WFD) (EC, 2000) and the HELCOM Baltic Sea Action Plan
(BSAP) (HELCOM, 2007) set target levels for the N- and P-load that should be achieved by the
Baltic Sea countries.
Nitrate reduction in the saturated zone occurs at the redox interface, which defines the transition
from oxic to reduced conditions (Ernstsen 1996; Fujikawa and Hendry 1991; Hansen et al. 2008;
Hendry et al. 1984; Pedersen et al. 1991; Postma et al. 1991; Rodvang and Simpkins 2001). A large
part of Denmark is covered by young glacial sediments (Weichselian age) and the redox interface
here is normally found close to the surface. The high level of the redox interface together with a
groundwater dominated hydrology results in a high extent of nitrate reduction in the saturated zone
in Denmark. The amount of nitrate reduction in an area depends on the depth to the redox interface,
but also on the groundwater flow patterns, as the nitrate needs to be transported below the interface
with the flowing groundwater in order to be fully reduced.
Many agricultural fields are tile drained in order to lower the water table and thereby improve plant
growth. In Denmark around 50% of the agricultural area is tile drained, especially the glacially
derived clayey soils in the eastern part of the country (Olesen, 2009). Tile drains have a large impact
on the hydrology and flow patterns in a catchment and therefore also on the nutrient loading to
surface water (van den Eertwegh et al., 2006; Li et al., 2010; Rozemeijer et al., 2010; Ernstsen et
al., 2015). Tile drains act like a short cut from the field directly to streams and thereby the flow
bypasses the natural reduction capacity in groundwater and wetlands (Blicher-Mathiesen et al.,
2014; Ernstsen et al., 2015). In order to manage nutrient loads from tile-drained catchments it is
essential to understand drain flow dynamics and the distribution of water flow routes, especially the
distribution between water going into tile drains and water crossing the redox interface on its way
to the deeper groundwater.
The objective of this study was to investigate the biogeochemical processes and the water flow
patterns in the upper few meters around the redox interface, on a 33-hectare tile drained field within
the Fensholt catchment in Norsminde, Denmark. The study consist of an extensive field campaign
carried out from summer 2014 to fall 2017 as well as computational modelling of both the
biogeochemical processes and the hydrological processes.
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Field site – Fensholt, Norsminde

The field site was located in the 606 ha Fensholt catchment, which is a headwater catchment within
the 101 ha Norsminde Fjord catchment, located on the east coast of Jutland in Denmark (Fig. 2.1).
Norsminde Fjord is a sensitive catchment with respect to nitrogen, and a significant decrease of the
N-load to the fjord is required (Danish Nature Agency, 2016). The climate in Fensholt is temperate
and humid, the land use is dominated by intensive agriculture and the main crop types are winter
wheat and spring barley.
The surface geology is dominated by clayey tills (Weichsalian age) with units of glacial melt water
sand and post-glacial freshwater peat. Underneath the Quaternary cover is found Neogene and
Paleogene marine sediments. The Neogene layers comprise a clay-dominated Miocene formation
with sandy units interbedded, which can reach thicknesses of more than 10 m. The Miocene sand
is the main aquifer and where the water extraction in the area is occurring. The Paleogene layers
are composed of very fine-grained impermeable marl and clay (He et al., 2014)
Due to the predominance of clay till soils the catchment is to a large extent tile drained. The study
was conducted on a 33 ha tile drained field (Drain area, Fig.2.1) where the drain outflow is monitored
at the outlet. A constructed mini-wetland was established in 2014 at the outlet of the drain area (Fig.
2.1) with the purpose of removing some of the nitrate in the drainage water.

Figure 2.1 Location of the field site (drain area) in the Fensholt catchment
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The installations used are the installations described in the Norsminde part of Deliverable 3.1 “Field
site installations for groundwater studies in Norsminde and Kocinka”. An updated map showing their
distribution is seen in Fig. 3.1.

Figure 3.1 Map of the field site showing the positions of the installations. The A-E piezometers (cluster
of piezometers) were only present from October 2014 until August 2015, where they had to be removed
due to harvest. The piezometers P2, P3, P4, P8 and P9 were made during the initial phase of installation
in the summer of 2014, but had to be removed in November 2014 due to plowing. Therefore, only 4
measurements exist from these piezometers, and they were therefore only used in the initial
investigations of the groundwater flow direction and not in the following work. The piezometers P5 and
P6 have not been working properly due to clogging of the filter, and therefore these piezometers were
not used in the study.

The installations are described in detail in Deliverable 3.1, but an overview is given here.
Piezometers are placed around and within the area to obtain and monitor the general groundwater
10
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flow direction as well as the dynamics of the system. The piezometers include a nest of three
piezometers (P20-22) at different depths at the foot of the hill. Installations for monitoring the water
chemistry comprise piezometers and suction cups. Two sets of shallow piezometers screened at
varying depths down to about 6 meters below ground surface (mbg) were used: one set of
piezometers within an area near the top of the slope (labelled A-E piezometers in Fig. 3.1) used for
one growing season, and a transect of piezometers (M1-M21) along the direction of flow, again in
the upper part of the field (labelled M-transect in Fig. 3.1). The shallow wells are supplemented by
a deep borehole T1 located northeast of the transect, reaching the sand below the till at about 42
mbg. The deep borehole was fitted with 5 piezometers, one in the underlying sand and 4 where
minor intervals of sand were encountered. Three of these were used for obtaining water for
groundwater dating. The set of 12 suction cups were installed closely spaced at 0.5, 1.0, 1.5 and
2.0 mbg. (three at each depth) within the two sets of shallow piezometers as indicated in Fig. 3.1.

3.2

Hydrology

3.2.1

Measurements

The depth to the groundwater table was measured by dipmeter for all wells when the groundwater
was sampled and at a few other occasions. In addition, 18 loggers (15 Solinst Levelloggers® and 3
Schlumberger Divers®) were used for continuous monitoring, enabling monitoring of the transient
changes in the groundwater heads in system in response to seasonal infiltration as well as infiltration
events. Groundwater heads were corrected for variations in the atmospheric pressure by readings
from a Solinst Barologger.

3.2.2

Slug test

In February and June 2015 slug tests were conducted in 13 of the piezometers. The changing head
during the slug tests was monitored using pressure transducers. The slug tests were made by first
setting a Solinst Levellogger® to sample the water level from a set time in the morning at steadily
increasing intervals starting at one second. Because of the expected low hydraulic conductivity and
the not insignificant volume of the Levellogger, given the narrow diameter of the piezometer, the
Levellogger was put into the piezometer in the afternoon leaving time for the piezometer to reequilibrate before the slugtest in the morning. The slug test itself was initiated by putting a metal rod
into the piezometer in order to raise the water level. The metal rod was inserted a minute or two
after the rapid sampling had started according to the time set for the specific Levellogger. Hydraulic
conductivities were estimated by analysing the slug test data in the software AQTESOLV using the
Hvorslev (1951) solution.
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Geochemistry

Sampling of the shallow piezometers was done with a very simple hydraulically driven syringe pump
after emptying the well with a peristaltic pump as described in D 3.1. The deep piezometers were
sampled using an inertial pump because the water table was too far down to use a peristaltic pump.
The suction cups were sampled using the BAT system where a partially evacuated glass tubing
extracts the water from the ceramic cup through a septum. A piece of aluminum tape was stuck on
the opening in the cap of the glass tube when it was retrieved to limit diffusive loss of CO2
The water samples from the piezometers were analysed for pH and EC in the field using WTW
instruments and calibrated electrodes. Alkalinity was determined by Gran titration of approximately
8 ml of water filtered through a 0.45 µm filter into a 20 ml vial that was stored in upright position until
titrated with HCl acid. The titration was made after determining the exact amount of sample by
weighing. By titrating in the vial any precipitates that may have formed are included in the titration.
The water samples for NH4+ and anions were taken unfiltered in separate 20 ml vials that were put
on ice and frozen within 8 hours. In the laboratory the samples were thawed and filtered through
0.45 µm filter and analysed immediately after. Phosphate and NH4+ were determined
spectrophotometrically using Flow Injection Analysis, while nitrate, nitrite, sulfate, chloride, bromide
and fluoride were measured by Ion Chromatography. Major and minor cations were measured by
ICP/MS on samples filtered (0.45µm) into 6 ml vials in the field, after being acidified to pH 2 for
minimum 3 days. Samples for water isotopes δ18O and δ2H were measured by Cavity Ring Down
Spectroscopy on a Picarro L-2120i instrument.
The first set of temporary shallow piezometers (A-E in Fig. 3.1) has been sampled for water 4 times
during the installation and the associated suction cups have been sampled 3 times. The second set
of piezometers in the M-transect along the flow was sampled 3 times as were the associated suction
cups. The head space of the glass tubes filled from the suction cups was analysed for CO2 gas. TIC
(Total Inorganic Carbon) was measured in the water using a Smimadzu TOC-VCPH and alkalinity
was titrated by Gran titration, enabling calculation of the pH from the carbonate system using
PHREEQC. An acid wash of the empty glass tube was made and analyzed for Ca to check for loss
of carbonate due to calcite precipitation, but it was found to be below the limit of detection. For the
second placement of the suction cups in the M-transect, the DOC (Dissolved Organic Carbon) was
also determined on the water samples using the Shimadzu TOC-VCPH. As far as the amount of
water collected from the suction cups permitted, the remaining parameters were measured as
described for the piezometers.

3.4

Groundwater dating

Samples for groundwater dating were taken from three of the piezometers in the deep borehole.
The two deepest samples were taken by an inertial pump, while the uppermost were sampled with
a peristaltic pump. Carbon-14 dating on the dissolved inorganic carbon was done by Beta-analytics
on 250 ml water samples and the values were corrected for dissolution of carbonate minerals using
both the δ13C value measured in the water sample and using the revised Fontes and Garnier model
developed by Han and Plummer (2013) embedded in NetpathXL (Parkhurst and Charlton, 2008).
12

BONUS SOILS2SEA

February 2018

D 3.4 – Part A

An assumed marine origin of the carbonate rock in the aquifer was assumed and a δ13C value for
the 2‰ was used for the dissolving carbonate. A value of -26‰ was used as the δ13C of the soil
gas CO2 and a derived value of -24.87‰ (Han and Plummer, 2013) was used as the initial δ13Cof
the initial dissolved inorganic carbon. No attempt was made to correct for oxidation of organic matter
in the system nor for isotopic exchange. Dating by 3H/3He was done by the oceanographic institute
at the University of Bremen on samples for 3H taken in 1 L plastic bottles and samples for 3He and
Ne used for corrections as well as 4He were taken in copper tubings supplied by University of
Bremen, which were closed in the field as specified.

3.5

Drain discharge

The discharge at the drain outlet (see Fig. 2.1) and the nitrate concentrations in it were not
measured as a part of the Soils2sea project, but as part of the iDRÆN project (http://idraen.dk) by
Aarhus University. The drain discharge is measured using a Khrone electromagnetic flowmeter,
which measures the electrical potential generated by water flowing through a magnetic field. Nitrate
was measured using ion chromatography.
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Figure 4.1 A: Hydrological model area and location of tile drain systems. B: Resistivity 0-0.5 mbg
measured with DualEM and an interpreted zone of high hydraulic conductivity (High K zone).

4.1.1

Model discretization

The hydrological model was set up in the modelling framework FEFLOW as a transient model
simulating 3D unsaturated flow using Richards equation. The model area covers 92 hectare in the
horizontal plane (Fig.4.1) and in the vertical from the ground surface down to 22 meters below.
When drilling the deep T-well, we met some rather fat clay that seemed almost dry between the two
deepest screens at 21.8 and 43.3 mbg. We therefore do not expect much flow to occur between
these levels, and we therefore think it is reasonable to have the model bottom at 22 meters below
ground. The stream was used to delineate the model area along the western and southern
boundary, whereas the northern and eastern model boundaries where delineated based on the
topography. The model is divided into 27 layers of varying thickness from 0.125 up to 2 m (Table
14
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4.1). The constructed wetland was included in the model by “cutting out” the elements at the location
of the wetland down to one meters depth by making the elements inactive.
When generating the model mesh, a polyline shapefile covering drain system 1 was included in the
mesh generation, in order to have nodes placed exactly along the tile drains (Fig. 4.2). The outline
of the constructed mini-wetland was also included in the mesh generation. The un-monitored part
of drain system 1 and drain system 2 were not included in the mesh generation, which means that
nodes are not placed directly at the drain location. After generating the first version of the mesh, the
mesh was refined close to the stream and around drain system 1. The reason why the mesh was
made simpler around the un-monitored part of drain system 1 and drain system 2 is that these drain
systems were not the focus areas in this study. The final model mesh consists of a total number of
607,527 triangular elements.
Table 4.1 Model layers
Soil/geology

Layer no.

A horizon
B Horizon

1
2
3
4
5
6
7
8
9
10
11
12
13 to 16
17 to 21
22 to 27

C Horizon

Glacial clay
1.5-3 m

Geological
model

Layer
thickness [m]
0.25
0.25
0.25
0.125
0.125
0.125
0.125
0.25
0.25
0.25
0.5
0.5
0.5
1
2

15

Total
thickness [m]

Cumulative thickness
[m]

0.25
0.50

0.25
0.50
0.75
0.875
1.00
1.125
1.25
1.50
1.75
2.00
2.50
3.00
5.00
10.00
22.00

0.75

1.50

2.00
5.00
12.00
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Figure 4.2 Model mesh and boundary nodes

4.1.2

Simulation period and initial conditions

The model was run for the period 1. May 2012 to 31. May 2017, where the period 1. May 2012 to
31. December 2014 was used as spin up period for the model and the period 1. January 2015 to
31. May 3017 as calibration period. The model was first run with initial conditions equal to fully
saturated conditions. The following model runs during the calibration phase then used the simulated
hydraulic heads from the last time step from the previous simulation as initial conditions.

4.1.3

Boundary conditions (BC)

Along the western and southern model boundaries, a general head BC (called a fluid-transfer BC
in FEFLOW) was defined on the nodes on slice 1 and slice 2 i.e. down to 0.25 m depth (Fig. 4.1
and Fig. 4.2). The reference hydraulic head at the BC was set equal to the elevation of the given
node and a flow constrain was applied in order to only allow outflow from the model domain. The
outflow to the stream is controlled by a conductance parameter assigned to the elements
neighbouring the BC nodes.
Along the northern and eastern model boundaries, a no-flow boundary was defined (Fig 4.1). On
the bottom of the model (22 meter below surface), a constant flux BC was defined, which was
subject to calibration. In the constructed mini-wetland a constant head BC was defined on the
bottom nodes (located 1 m below surface) equal to 0.5 m above the bottom elevation (Fig 4.2).

16
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The tile drains were implemented in the model at 1 meters depth below surface and were
represented by a seepage face BC on the nodes located along the tile drains (Fig. 4.2). A seepage
face is a hydraulic head BC equal to the elevation of the node where only outflow from the model is
allowed i.e. the drains become active when the water table rises above the drain level and becomes
inactive when it drops below. When using a seepage face BC there is full contact between the drain
and the porous medium.

4.1.4

Climate input – Net precipitation

The precipitation data used in the study originates from two local precipitation stations. Precipitation
station 1 was located within Fensholt catchment and precipitation station 2 a few kilometres south
of the catchment (Fig. 2.1). Precipitation station 1 was started in August 2016, and until then data
from station 1 was used. Data on temperature and potential evapotranspiration originates from
DMI’s 20 km grid.
Since the FEFLOW model does not simulate evapotranspiration, the climate data were therefore
run through an existing MIKE SHE model for the Norsminde Fjord catchment (He et al., 2015), in
order to estimate the actual evapotranspiration. Afterwards the daily net precipitation rate was
calculated as the precipitation rate minus the actual evapotranspiration rate, and this was used as
the climate input to the model on all top nodes. The daily net precipitation time series used as input
on top of the model is seen in Fig. 4.3. The net precipitation is seen to become negative during
summer period when evapotranspiration is larger than precipitation.
The yearly precipitation, evapotranspiration and net precipitation for the years 2013 to 2017 are
seen in Fig. 4.4. For 2017 climate data were only available until May. The yearly precipitation rate
during the period varied significantly from 670 mm/yr in 2013 to 1137 mm/yr in 2015. The simulated
evapotranspiration varied less, from 511 mm/yr in 2013 to 558 mm/yr in 2014. The estimated net
precipitation varied from 159 mm/yr in 2013 to 583 mm/yr in 2015.
Fig. 4.4 also shows the stream discharge for comparison with the net precipitation. Since the model
area does not cover the entire stream system, the stream discharge plotted on the graph is the
influx to the stream between the two stream stations (see Fig. 2.1) in mm/yr (i.e. the discharge
measured at the downstream station minus the discharge at the upstream station divided by the
area between the two stations). In 2014 and 2015 the net precipitation is 6-10% (21 and 54 mm/yr)
higher than the stream discharge, which could indicate that most of the net precipitation ends up in
the stream. In 2013 and 2016 the net precipitation is lower than the stream discharge.
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Figure 4.3 Daily net precipitation (mm/d) used as input to the model

Figure 4.4 Yearly precipitation, evapotranspiration (simulated with MIKE SHE), net precipitation
(estimated as P-ET) and Stream discharge. Note: for 2012 the data covers from 1. May and for 2017
until 31. May. The stream discharge is the difference between the two stream stations (see Fig. 1).
Stream discharge data were only available from Nov. 2012 until Sep. 2016.

4.1.5

Soil and geology

The distribution soil and geological units in the model is seen in Fig. 4.5. The upper 3 meters of the
model were based on the soil map, showing that the whole model area is covered by a sand-mixed
clay soil (weight%: 10-15% clay, 0-30% silt, 55-90% sand ). In a large part of the model area the
resistivity of the sediments was measured for each 0.5 meters down to 3.5 meters below ground
surface using the geophysical method DualEM. Based on these resistivity data, it looks like there is
a zone present with higher resistivity and thereby higher sand content and higher hydraulic
18
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conductivity. Fig. 4.1 shows the resistivity from 0 to 0.5 meters below surface. The high K zone is
visible in all the resistivity layers from 0 to 3.5 m and was delineated by hand in GIS. The high K
zone was implemented in the model in the upper 3 meters of the model. Below 3 meters depth, a
stochastically generated geological model covering the entire Norsminde Fjord catchment was
used. The geological model was made by He et al. (2014) based on borehole data and geophysical
SkyTEM data and generated using the software TProgs.

Figure 4.5 3D view of soil and geological units in the model
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Extent of drain system

During both the field and modelling work, it has become clear to us, that maybe the monitored drain
system is not covering the entire system as displayed in Fig. 4.1 (drain system 1). The drain system
seen in Fig. 4.1 is based on a drain map from “Det Danske Hedeselskab” dated 1944, with a note
that it was carried out in 1948. Evidently, the map was not strictly followed or the work was never
fully completed.
The hydraulic head in the M-transect rises above 1 meter below surface during winter times. When
having all the drains in the model, the simulated head flattens out at the drain level in piezometers
M8, M10, M13, M12, and M18, whereas the observed head goes above. The same is observed for
piezometers P1 and P12.The simulated drain flow is much too high compared to the observed.
Furthermore, during the summer of 2016 the local water supply company dug down a new pipe
across the top of the field, and did not find any tile drain until they got close to the stream. We
therefore decided to remove part of drain system 1 in the model, seen as the grey part in Fig. 4.1.

4.1.7

Model parameters and model calibration

The model parameters were manually calibrated using a trial-and-error approach against hydraulic
head data from the piezometers and the deep well and daily drain discharge from the drain station.
The overall water balance was also evaluated during the calibration. Because of a long simulation
time (30 hours and higher at steeper retention curves) an automated calibration was not performed.
The Model performance was evaluated using the Nash-Sutcliffe coefficient (NSE) and volumetric
error (VE%) for drain discharge and root mean square error (RMSE) and mean error (ME) for
hydraulic head (Table 4. 2). The calibration was continued until the performance criteria were as
low as possible.
The initial and calibrated model parameters are seen in Table 4.3. The initial values for the saturated
parameters were based on De Schepper et al. (2017) for the upper 3 meters. The initial K-value for
the clayey till below 3 meters was inspired by the slug test results. For the glaciofluival sand we
used K-values inspired by He et al. (2015), since De Schepper et al. (2017) used very low K-values
for this unit. The unsaturated parameters where based on standard values for a sandy clay loam
and a loamy sand from the UNSODA database.
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Table 4.2 Performance criteria used in model calibration for drain discharge and hydraulic head. Number
of measurements is given by n,
and
are observed and simulated daily drain discharge (m3/d)
at time i,
is average drain discharge for the time period (m3/d),
and
are observed and
simulated total drain discharge volumes for the time period (m3) and
and
are observed and
simulated hydraulic head at time i.
Observation data

Criterion

Optimal
value

Equation

Nash-Sutcliffe coefficient - NSE

1

Drain discharge
100 ∗

Volumetric error – VE%

∑
∑
∑

,
,
,

∑
∑

,

Mean error - ME

∑

,
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Root mean square error - RMSE
Hydraulic head
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Table 4.3 Parameters and boundary conditions used in the hydrological model.1) The Van Genuchten
α was decreased with increasing model layer thickness, so that α ≤ 1/model layer thickness. This was
done in order to prevent the model from having problems with filling thick model layers with water.
UZ parameters

Parameter

Clay

Porosity
Van Genuchten α1
Van Genuchten n
Maximum saturation (Ss)
Residual saturation (Sr)
Porosity
Van Genuchten α1
Van Genuchten n
Maximum saturation (Ss)
Residual saturation (Sr)

Sand

Initial value
0.4
3 to 0.5
1.5
1
0.215
0.35
3 to 0.5
2.4
1
0.19

Calibrated value

Unit
1/m

1.2

1/m

SZ parameters
A and B-horizon
0 - 0.75 m
C-horizon
0.75 - 1.5 m
Clayey till (oxidized)
1.5 - 3 m
Clayey till (unoxidized)
below 3 m

Glaciofluvial sand
below 3 m

Horizontal conductivity (Kh)
Vertical conductivity (Kv)
Specific storage (Ss)
Horizontal conductivity (Kh)
Vertical conductivity (Kv)
Specific storage (Ss)
Horizontal conductivity (Kh)
Vertical conductivity (Kv)
Specific storage (Ss)
Horizontal conductivity (Kh)
Vertical conductivity (Kv)
Specific storage (Ss)
Horizontal conductivity (Kh)
Vertical conductivity (Kv)
Specific storage (Ss)

1 and 3
1 and 3
1.00E-04
0.3 and 0.6
0.03 and 0.06
1.00E-04
0.05 and 0.1
0.005 and 0.01
1.00E-04
0.01
0.001
1.00E-04
10
1
1.00E-04

10 and 20
1 and 2
1.00E-03
3 and 6
0.3 and 0.6
1.00E-03
0.1 and 0.2
0.01 and 0.02
1.00E-03
0.04
0.004
1.00E-03
30
3
1.00E-03

m/d
m/d
m/d
m/d
m/d
m/d
m/d
m/d
m/d
m/d

Boundary conditions
Tile drains
Stream

Lower BC

BC type
Depth
BC type
Depth
In-transfer rate
Out-transfer rate
BC type
Outflow rate

Seepage nodes
1
Fluid-transfer
0 to 0.25
0
10
Constant flux
-2.70E-05
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Geochemical modelling

The general geochemical code PHREEQC (Parkhurst and Appelo, 2013) was used both for
speciation of the solutions and for derivation of the processes that appear to occur from the water
infiltrates until it reaches the reduced zone within the till. Initial attempts of forward modelling the
progression of the redox front to the current position since the area was deglaciated was
abandoned. This was due to a very high uncertainty on pre-drainage infiltration as well as
concentrations of DOC in the infiltrating water since the oxidation of the aquifer started as the
system thawed allowing percolation of water to start. Also forward modelling of the present state in
a 1D transport model was abandoned when a closer analysis of the data indicated that it was very
difficult to actually see a progression over depth. Instead, the inverse modelling capability of
PHREEQC was used.
Inverse modelling of groundwater compositional changes was introduced by (Plummer and Back,
1980) in the interpretation of a regional aquifer system, but there is no reason that it could not be
applied at a more local scale. Inverse modeling attempts to determine sets of mole transfers of
phases that account for changes in water chemistry between one or a mixture of initial waters and
a final water. To use this at least two water compositions are used and a number of phases (minerals
or gases) that can react (dissolve, precipitate, be consumed or produced) are chosen. PHREEQC
then attempts to find models, meaning sets of the amounts of phases that need to react in order to
produce the composition of the final water sample from the initial one. In order for this to be feasible
an uncertainty is defined and this uncertainty can be made larger or smaller for the individual
components that are included in the modelling. In some cases, e.g. when trying to obtain models
for the upper part of the A-E piezometer suction cup data, it was only possible to obtain models
when the uncertainty was set unreasonably high. These models are therefore not included.
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The observed hydraulic heads from 17th February 2016 were interpolated in the horizontal plane for
the shallow piezometers (Fig.5.1A) with a depth less than 4.5 m and the deep piezometers
(Fig.5.1B) with a depth larger than 4.5 m. The groundwater flow direction is seen to be from
northeast to southwest for both the shallow and deep piezometers. The same flow direction is seen
on similar maps for the other sampling dates during the field campaign.
A vertical interpolation of the observed head in the M-transect from 17th February, 17th May and 24th
August 2016 are seen in Fig. 5.2. The groundwater flow in February and May is primarily horizontal
in the upper part of the transect, turning to a more vertical direction in the deeper part. In August,
the upper piezometers are dry, and the flow is in a vertical direction.

Figure 5.1 Horizontally interpolated hydraulic head in shallow (A) and deep (B) piezometers from 17.
February 2016
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Figure 5.2 NE-SW vertical transects showing the interpolated hydraulic head in the M-piezometers from
the 17th February, 17th May and 24th August 2016. The location of the M transect is seen in Fig. 5.1.
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The variation in hydraulic head over time is seen in Fig. 5.3 for three of the piezometers from the
M-transect screened at different depths and located around 8 meters apart (distance from M4 to
M5 is 16 meters). At M18, the most shallow piezometer, the water table goes below the bottom of
the screen during both the summer of 2016 and 2017. The pressure transducer in piezometer M4
has not been placed deep enough and the water level goes below the position of the transducer
during the summer of 2016.

Figure 5.3 Observed hydraulic head (m) in piezometers M18, M5 and M4 from manual measurements
and from pressure transducers. The data are plotted on the x-axes in days since 1/1/2015. The head
time series start on 16/2/2016 (day 411) and ends 26/10/2017 (day 1029). On the bottom right graph are
the head from all three piezometers plotted together to compare the timing. On this plot M18 and M5 are
plotted on the left y-axis and M4 is plotted on the right y-axis.
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The hydraulic head is seen to vary by up to 2.7 meters in M5 and 1.9 meters in M4. The decrease
in head occurs over a period of 5 to 5.5 months. When looking at M5 the decrease starts end-March
in 2016 and continues until end-August and in 2017 the decrease starts mid-April and continues to
end-September. The increase in head in the fall, however, happens much more rapidly, most of the
increase happens within 5-6 days. In M5 the head increases from 84.1 m to 86.2 m during the period
6/9/2017 to 12/9/2017. The fastest increase occurs from 7/9/1017 to 8/9/2017, where the head
increases by 93 cm. When plotting the hydraulic head from the three piezometers on the same plot
(Fig. 5.3 bottom right) in order to compare the timing, it is seen, that the increase in head in the fall
happens at the same time in all three depths.
The hydraulic head variation in the deep T-well is seen in Fig. 5.4. The head in the upper four
screens are very similar. When only considering the manual measurement, the average head in the
upper screen T1.5 is 82.5 m and in the next three screens 82.2 m (average head of 82.0 m for the
transducer data from T1.2). The vertical gradient from the upper to the second filter varies from 0.08
to 0.14 m/m. The gradient between the second and third filter varies from -0.04 to 0.03 m/m and
between the third and fourth filter the gradient varies between -0.03 to 0.01 m/m. The hydraulic
head in the lowest screen T1.1 is however on average 52.7 m (average head of 52.5 m for the
transducer data from T1.1) and thereby 30 meters below the head in the screens above. The vertical
gradient between the two lower screens varies between 1.3 to 1.4 m/m. There is clearly much more
variation in the hydraulic head of the upper four screens than for the lowermost screen. The
transducer data show a variation of 0.4 m in the lowermost screen T1.1 and 1.9 m in the screen
above T1.2, indicating very little hydraulic connection between the underlying sand aquifer and the
minor sandy intervals in the overlying till.
The remaining observations of hydraulic head can be found in appendix A1-9.
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Figure 5.4 Observed hydraulic head (m) in the T-well from manual measurements and from pressure
transducers. The data are plotted on the x-axis in days since 1/1/2015. The head time series start on
18/6/2015 (day 168) and ends 26/10/2017 (day 1029).
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Slug tests

Estimated hydraulic conductivities based on the slug tests are shown in Table 5.1. For three of the
piezometers, the slug test data looked strange. Some looked as if the insertion of the slug had
initiated a wave. The strange data sets could not readily be analysed. The estimated hydraulic
conductivities estimated from the tests without the strange behaviour range from 5.8E-3 m/d up to
1.5E-1 m/d with an average value of 4.0E-2 m/d.
Table 5.1 Resulting hydraulic conductivity from slug tests. **Results look strange, not analyzed. N.D. =
No data.

Piezometer

Filter
mid
[m.b.g.s.]

Hydraulic conductivity [m/d]

5.7
3.7
3.9
4.1
4.0
3.9
3.5
2.9
4.0
N.D.
5.1
3.0
2.4

1.6E-02
3.7E-02

A1
C6
D1
D2
D4
D5
D6
E1
E2
E5
P17
P18
P19

Hvorslev (1951)

**
6.5E-02
2.3E-02
1.5E-01
1.6E-02
5.8E-03
**
**
2.3E-02
5.6E-02
7.8E-03
5.8E-03
1.5E-01
4.0E-02

Min
Max
Avg.

5.1.3

Groundwater dating

The results from the groundwater dating of water samples from the upper (T1.5) and two lowest
filters (T1.2 and T1.1) in the T-well are found in Table 5.2. It is only in filter T1.2 where both dating
methods are used and there is obviously a very big difference between the methods. With the
3H/3He method the groundwater age is estimated to 35 years, whereas with 14C the age is estimated
to 4602 years, when corrected using the δ13C measured in the sample. According to Jürgen
Sültenfuss at University of Bremen, who carried out the 3H/3He analysis, there was no indication of
atmospheric contamination or other problems in the T1.2 sample. The 14C age was corrected using
the measured δ13C of the water to estimate the amount of mixing in of old carbon from dissolution
of carbonates in the till based on a simple mass balance and literature values of δ13C in the
infiltrating water (-24.87‰) and in the dissolving carbonates (2‰) as described in the methods.
However possible oxidation of organic matter without 14C was not included, but since the total
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dissolved inorganic carbon (DIC) in both samples is lower than in the samples from the upper part
of the till, the extent of organic matter oxidation must be limited. It does point to a possibility of
precipitation of the carbonate and perhaps an extensive exchange between dissolved and solid
carbonate that could remove most of the 14C in the water, leading to an apparently very old water.
Using the relevant correction approaches in NetpathXL led to corrected ages varying by a factor of
3 illustrating the uncertainty of these corrections. The most updated of the correction schemes, the
Fontes and Garnier modified by Han and Plummer (2013) gave ages of 7504 yr for T1.2 and 6660
for T1.1, so within the same range. This means that the lower sample following this correction has
a 14C age (which is also the case without the correction) that is younger than the age of the sample
above. Another factor that could affect the age is that the till is a dual porosity medium. This will
lead to extensive exchange between the water flowing in the fractures and sand lenses and the clay
matrix and since the till contains carbonates extensive recrystallization may occur (Kloppmann and
Dever, 1998). The difference in the diffusion coefficients of 3H2O and 3He may also lead to apparent
ages that are too young (La Bolle et al., 2006). It appears that a larger dataset of both water and
sediment that would enable a more elaborate modelling of the water chemistry is needed. It seems
unreasonable that a simple correction could be so large that the ages derived from the two methods
become comparable, indicating that extensive exchange between dissolved and solid carbonate
must be occurring. Based on this it appears that the 3H/3He data are probably more reliable, but
probably lower than the actual age. The analysis made for the 3H/3He dating also showed that the
upper T1.5 sample contained an appreciable amount of 4He, normally accumulating in the
porewater as e.g. uranium and thorium decay, indicating that there is some old water in the system.
This could imply that the 3H/3He data have a bias and represent the most recent water moving
through fractures and sand lenses in the hydrogeologically complex till system.
Table 5.2 Groundwater ages at the upper and the two lowest filters in the T-well using tritium-helium
dating and 14carbon dating.

Filter

Groundwater age (yr)
3
H/3He
C-14

Filter mid
[m.b.s.]

T1.5
T1.2
T1.1

5.2

Geochemistry

5.2.1

Background geochemistry

17
35
no data

9.0
21.8
43.3

no data
4602
5099

PHREEQC used to speciate the water chemistry showed, that in general the water is subsaturated
with respect to primary silicates, like biotite, feldspars and mafic minerals and supersaturated with
respect to many common clay minerals. This indicates ongoing background silicate weathering
processes which are not expected to have any notable influence on the reduction of nitrate or affect
cycling of phosphate on a short time scale of years. The water is generally saturated with respect
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to calcite, indicating that calcite or more probable a Mg-bearing calcite is present. That there is
carbonate in the system is clearly seen when drilling. Large carbonate rock fragments are often
encountered at about 3 mbg. Presumably liming takes place occasionally, implying that small
fragments of carbonate rocks are present in the upper part of the soil. The presence of carbonate
rock fragments will act as an efficient buffer of pH in the system.

5.2.2

Data introduction

The samples were measured for all major elements as well as trace metals but only results relevant
to the overall project context of nutrient fluxes to the Baltic Sea are presented. Results for phosphate
show that for almost all samples the concentration of phosphate is below the limit of detection,
implying that in this context only components related to N-cycling are relevant. Though nitrite (N(3))
is often used as an indicator of nitrate reduction, because it forms as an intermediate in the
sequential reduction of nitrate (N(5)) to N2 (N(0)) almost all of the analysis gave values below the
limit of detection. This leaves nitrate and ammonium (N(-3)) as the N-species available for the
analysis of the N-cycling in the system. In groundwater systems nitrate may be reduced by a number
of electron donors. Reduction may occur by oxidation of organic matter which may be dissolved
(DOC) or part of the sediment (SOC), reduced sulfur in sulphides, normally pyrite, or by reduced
Fe(2) either dissolved as Fe2+ or in the form of structural Fe(II) (Ernstsen, 1996). Structural Fe(II)
implies that the Fe(II) is bound in minerals where especially clay minerals are important due to their
large surface area. There is very little dissolved Fe in the water samples indicating that if Fe(II) is
important as an electron donor it must be in the form of structural Fe(II). In systems without other
electron donors it has been found that ammonium (N(-3)) may act as an electron donor for nitrate
reduction in a process termed anaerobic ammonium oxidation or anammox (Kumar et al., 2017).
We would not expect to observe the anammox process in this system as it appears that at least
some organic carbon and pyrite is available for oxidation. We have no data on the oxidation state
of structural Fe(II) in the sediment meaning that oxidation of structural Fe(II) can only be inferred
indirectly. Oxidation of organic carbon leads to an increase in the TIC (Total Inorganic Carbon)
though in this system any changes in TIC can easily be obscured by dissolution and precipitation
of Ca- and or Ca.Mg-carbonate found in the sediment, either naturally or applied to the soil to
increase the soil pH. Oxidation of sulphides leads to the production of sulfate, which in a weakly
reduced system is stable, making it possible to see ongoing pyrite oxidation as an increase in
sulfate. Based on the above analysis we will focus on the data for nitrate, ammonium, TIC
(calculated from alkalinity and pH for the piezometers and for the suction cups, determined from the
gas phase CO2 and the measured TIC of the water) and sulfate.

5.2.3

Observations over depth

The data from the two sets of shallow piezometers and the associated suction cups are plotted in
Fig. 5.5 and Fig. 5.6 as a function of depth. The data show some heterogeneity. To limit the effect
of the changes in the TIC related to dissolution of carbonate minerals, the Ca+Mg concentration
has been subtracted from the TIC. The Na concentration (not shown) is quite constant around 0.5
mM and the K (not shown) disappears within the first 1.5 mbg. Presumably K is taken up by clay
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minerals, implying that effects of cation ion exchange on the carbonate system via exchange with
Ca and Mg should be small.
Regardless of where in the field the piezometer is placed, there is nowhere where the nitrate passes
below 4 mbg in A-E piezometers or 5 mbg in the M-transect data. It is also worth noting that the
data from the two places where the suction cups were installed show a similar pattern. There is a
variation in the nitrate concentration over the year at the top of the system, but the level of nitrate
sampled from the deepest suction cups, 2 mbg, is fairly constant around 1 mM (60 mg/l), indicating
that this is the level of nitrate leaching below the root zone. The data from the piezometers show
more variation at this level but are from different places. From this level there is what appears to be
a general, but far from uniform, decrease over depth. In some places the nitrate is almost gone at
3 mbg, while in other places the nitrate remains until 5 mbg. From around 1-2 mbg there is an
increase in ammonium over depth, except for a few outliers the concentrations are in general low
with values generally below 20 µmol/l (0.36 mg/l). The source of the ammonium is presumably
organic matter being oxidized. The very high values only occur in the first set of piezometers where
thin horizons of organic material were observed during drilling. There is a tendency, though weak,
that the TIC-(Ca+Mg) shows an increase over depth, but it is definitely not clear. It is more certain
that there is an increase in sulfate which shows the clearest increase where the last nitrate
disappears, making it quite probable that there is ongoing oxidation of pyrite, and it appears that
this efficiently stops nitrate from being transported to greater depth in the system.
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Figure 5.5 Nitrate, sulfate, the TIC with Ca+Mg subtracted (TIC-(Ca+Mg) or TIC*) and ammonium for the A-E set of shallow piezometers and the associated suction
cups for the obtained sample sets plotted as a function of depth below the surface. For TIC only data for Feb and June are plotted. Open symbols are data from the
suction cups.
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Figure 5.6 Nitrate, sulfate, the TIC with Ca+Mg subtracted and ammonium for the M-transect piezometers and the suction cups for the three sample sets plotted as a
function of depth below the surface. Open symbols are data from the suction cups.
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The very small increase in ammonium concentrations over depth supports that very little
sedimentary organic carbon is oxidized as this normally results in an increase in ammonium
related to the C/N ratio of the organic carbon being oxidized (e.g. Jakobsen and Postma, 1999).
It is not possible to directly use the ammonium concentration assuming a probable C/N ratio to
derive an amount of organic carbon oxidized because there is a very high capacity for uptake
of ammonium in the sediment, implying that the ammonium accumulating in the water over depth
could be a small fraction of the ammonium released. Still if a C/N ratio of 20 corresponding to
the C/N ratio of wheat roots (Hicks, 1928), is used the approximately 10 µM ammonium seen in
Fig. 5.6 would correspond to 0.2 mM of organic carbon which would correspond to ~20% of the
nitrate being reduced and maybe too little to be visible in the TIC-(Ca+Mg) data.
It is worth noting (Fig. 5.5 and 5.6), that there is very little variation in sulfate and to some extent
nitrate over time for a given piezometer (a given depth in the plot). This indicates that the
concentration of nitrate and sulfate is controlled by the sediment chemistry. This also appears
to be the case for TIC-(Ca+Mg) below the root zone. In the root zone there appears to be a
seasonal variation in the TIC-(Ca+Mg), presumably reflecting the level of activity in the upper
part of the soil system.
In an attempt to clarify the ongoing reactions further, the data from a sampling of each of the
two sets of piezometers have been sorted by the amount of nitrate in the water and plotted
starting with the highest nitrate concentrations on the left as seen in Fig. 5.7. Then, sulfate, TIC
and depth of the sample were plotted at the same position along the x-axis. By plotting this way,
the variation in the depth of the reactions is removed and the plot shows the variation in sulfate
and the TIC-(Ca+Mg) assuming nitrate is the main oxidant in the system. The depth related to
the given sample is also plotted and shows that there is quite some scatter in terms of where
the nitrate is reduced. This is also indicated by the depth of the color change from brown to grey
in the sediment, which varies considerably as seen in Fig. 5.8. There is also oxygen entering
the system with the infiltrating water, but it is assumed that most of this is reduced in the upper
part of the system above the level of the plotted piezometers. Even if some oxygen infiltrates
further into the system the oxidation capacity of oxygen is limited due to the limited solubility of
oxygen. Comparing to the approximately 60 mg/l of nitrate or around 1 mM, the maximum
concentration of oxygen due to the solubility limitation is 10 mg/l or 0.3 mM. Reduction of one
nitrate ion accepts 5 electrons while O2 accepts 4. This makes nitrate 4 times more important
on a general level but more important as oxygen is consumed. In Fig. 5.7 nitrate, sulfate and
TIC-(Ca+Mg) have been recalculated to reflect the number of electrons transferred in the
reaction to allow a direct comparison between the nitrate as oxidant and the results of the
oxidation the produced TIC and sulfate (Postma et al., 1991). Nitrate accepts 5 electrons so the
nitrate concentration is multiplied by 5, similarly, the sulfide in pyrite donates 7 electron, and
organic matter, in general, donates 4 so these factors have been applied as well.
It seems reasonably clear from Figs. 5.6-5.8 that sulfate is produced when the nitrate disappears
from the lower part of the profiles, indicating that pyrite oxidation is reducing nitrate. The overall
decrease in millielectron equivalents (me- eq.) related to nitrate appears to be close to the
increase in me- eq. related to sulfate, indicating that sulphide is the dominating electron donor.
It is not very clear that nitrate is removed by oxidation of organic matter. There is a lot of scatter
but not a clear trend in any of the two data sets. Considering that the sulfate more or less
matches the nitrate in terms of me- eq. it makes sense that it is difficult to see signs of organic
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carbon oxidation. This must imply that the majorty of the organic matter which must be produced
in the root zone by the growing crops, must be oxidized by oxygen to CO2 which is either lost to
the atmosphere or is used to dissolve Ca,Mg-carbonates. The CO2 used for this is possibly what
causes the increase in TIC-(Ca+Mg) from the average level of the suction cups to the
piezometers below.
In addition to these processes there is the possibility of nitrate being reduced by ammonium
oxidation and oxidation of Fe(II), but again considering that the increase in me- eq. related to
sulfate matches the decrease in nitrate me- eq. these are probably not quantitatively important
processes.
The nitrate concentration at the bottom of the root zone, based on the result from the suction
cups, appears to be close to constant around 1 mM. Also, the values of the highest concentration
of nitrate in Fig. 5.7 are close to 1 mM (if divided by 5 for the number of electrons accepted). If
the nitrate was removed at a sharp reduction front, even at varying depths depending on the
place in the field, then the sorted plot in Fig. 5.7 should show a plateau of nitrate values around
1 mM and then a very sharp transition to values near zero. The sharp front would be slightly
blurred by the few points from above 2 mbg that have nitrate concentrations below 1 mM. Still,
the transition is very smooth indicating that, in contrast to sandy aquifer systems (e.g. Postma
et al. 1991) where the redox front appears to be sharp, the redox front in this system is more
like a redox zone. This is presumably a result of the heterogeneous nature of the till material
where especially the presence of fractures, root- and wormholes may lead to locally very varied
infiltration rates. It is also clear when drilling into the soil that the change from oxidized till to
reduced till is not a surface. When the overall colour of the clay changes from oxidized reddish
brownish to reduced bluish greyish, it is common to see red-brown oxidized fractures,
penetrating up to one meter into the bluish grey clay. The reduction rate in the reduced clay is
presumably high compared to the residence time of the water in the clay, but the flow rate
through the fracture-worm-root-hole network presumably varies over time, further stretching the
zone where the reduction takes place.
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Figure 5.7 Nitrate, sulfate and the TIC (total inorganic carbon) with Ca+Mg subtracted TIC-(Ca+Mg)
for one sampling of each of the sets of shallow piezometers (Top: the M1-21 set from May 16);
Bottom: first set from Feb 15). Data are shown in millielectron equivalents assuming nitrate reduction
accepts 5 electrons, organic carbon oxidation donates 4 electrons and sulphide in pyrite donates 7
electrons.
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Figure 5.8 Depth to the redox interface (meter below ground surface) at boreholes made in the
Soils2sea project and in the former NICA project (N12 – N17).

Though the TIC-(Ca+Mg) data indicate that organic matter oxidation does not appear to be
important, it could be that dissolved organic carbon (DOC) transported from the root zone played
a minor role. Data for DOC analysed in samples from the suction cups related to the second set
of shallow piezometers are plotted in Fig. 5.9. Data show that concentrations are quite constant,
but also quite low, and it is also seen that most of the DOC is removed from the water phase
within the upper 2 mbg. The removal probably happens both by sorption to the sediment and by
oxidation, however considering that most of the DOC is removed above 2 mbg, the oxidation
probably happens with oxygen, indicating that DOC is not important for nitrate removal. This
does not necessarily imply that oxidation of organic matter in the sediment does not take place.
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Figure 5.9 Dissolved organic carbon (DOC) from the suction cups associated with the second set of
shallow piezometers (M1)

5.2.4

Observations in 2D

The map in Fig. 5.8 shows that even within the small study area there is a considerable variation
in the depth to the redox front, based on the color shift of the sediment, with no obvious trends.
On the other hand the distribution is not totally erratic. Apart from two outliers in the A-E
piezometer group the redox front is found 3.2 to 4.3 mbg. The variation can be studied on a
more local scale in the M-transect, laid out to enable a mapping of the vertical 2D
biogeochemistry in the till system. Figure 5.10 shows a subset of the data from May 2016. It
appears that there is some correlation between dD (the δ2H value of the water relative to the
Vienna Mean Ocean Sea Water standard) and the ammonium with high ammonium values
where the dD values are low, indicating that the winter precipitation is infiltrating here. It also
seems that the high ammonium values correspond to low nitrate values. Presumably, the
variations reflect small-scale variations in the infiltration rate, which affect the extent of oxidation
of the ammonium. This smaller oxidation of ammonium appears to be reflected in a faster
reduction of nitrate. Looking at the M-transect data for sulfate from the three sample sets in
Figure 5.11 confirms what the 1D approach to the data showed, namely, that sediment controls
the sulfate concentration via oxidation of pyrite, which appears to take place at more or less the
same depth in the profile regardless of the time of sampling. Assuming that the increase in
sulfate indicates where the redox – and the pyrite front – is found, it appears that the position of
the redox front has a relation to the anomalies in the dD. Both around x=60 m and around x=140
m the water appears to be dominated by infiltrated winter water and this also appears to be
where the increase in sulfate is found nearest to the surface. Most of the oxidation of the
sediment has occurred with oxygen in the ~12,000 years following the thawing of the glacial ice.
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Figure 5.10 2D contoured plot transect of data from the M-transect from May 2016.

Therefore, the variation in the position of the redox front could be the result a smaller amount of
infiltration, implying a smaller oxygen flux in specific parts. This could be the result of the local
landscape and there might be an indication in the data of a correlation between the dD and the
shape of the land surface in the transect with more negative values below the local highs. It
could of course also simply be the result of variations in the vertical hydraulic conductivity.
Alternatively the reduction capacity of the sediment could be higher in certain places. In principle
it could be both – that the less permeable sediment also have a higher reduction capacity.
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Figure 5.11 2D contoured plot of sulfate from the M-transect from May 2016, August 2016 and
February 2017. Note that the number of datapoints in the August 2016 dataset is reduced due to the
low groundwater level.

Though the data indicate that there are local variations, in the position of the redox interface, it
also seems that using a more generalized depth of the redox front on a more regional scale is
reasonable.
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The simulated hydraulic head at all the piezometers is plotted together with observed head in
appendix A1-A9. Both manual measurements (obs_m) and transducer measurements (obs_t)
are shown on the plots. Error statistics for the piezometers with transducer data are shown in
Table 6.1.
The model captures the observed hydraulic head in most of the piezometers. The head is
however overestimated in piezometers P24, M4, P7 and P16. The piezometers P7 and P16 are
located underneath a power pylon and we are suspecting that the soil and the hydraulic head in
this area are disturbed by the pylon base. The model is also able to capture the dynamics
observed in the M-transect with the slow decrease in head during summer and the fast increase
in fall.
The hydraulic head in the deep T-well (A9) is overestimated by around one meter in all of the
four upper screens (the deepest screen is outside the model domain). The dynamics in the
simulated heads are also seen to be shifted compared to the observations.
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Table 6.1 Error statistics for simulated hydraulic heads in piezometers with transducer data

Hydraulic head error statistics
Name

RMSE (m)

ME (m)

E8

0.20

-0.09

E7

0.29

0.29

C2

0.20

0.09

C6

0.20

-0.16

P17

0.24

-0.21

P18

0.28

-0.11

P19

0.22

-0.13

P21

0.34

0.29

P22

0.36

0.35

P23

0.29

0.16

P24

1.52

-1.40

M3

0.74

0.67

M4

0.82

-0.74

M5

0.45

0.31

M7

0.54

-0.38

M8

0.56

0.30

M9

0.38

-0.05

M10

0.25

-0.06

M12

0.36

0.05

M13

0.30

-0.08

M18

0.51

0.28

T1.2

1.10

-1.05

Idrain_mid

0.81

0.77

Idrain_upper

0.88

-0.48

Average

0.49

-0.06

Table 6.2 Error statistics for simulated daily drain discharge and stream discharge. NSE = Nash
Sutcliffe efficiency (whole calibration period), NSE_1375 = Nash Sutcliffe efficiency (after day 1375),
VE = Volumetric error (whole calibration period), VE_1375 = Volumetric error (after day 1375)

Discharge error statistics
Error norm Optimal value

Drain Q Stream Q

NSE

1.0

0.48

0.42

NSE_1375

1.0

0.74

0.81

VE

0%

19%

-11%

VE_1375

0%

15%

1%
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Drain discharge

The simulated daily drain discharge is plotted together with the observed drain discharge from
the drain station in Fig. 6.1. The model is seen to capture the dynamics in the observed drain
flow rather well, but some drain peaks are overestimated and some are underestimated. The
monthly drain discharge is plotted in Fig. 6.2. The monthly drain flow is seen to fit the observed
flow reasonably well in most months, but in December 2015 the simulated drain flow is notably
overestimated.
The error statistics for the simulated daily drain discharge is seen in Table 6.2. The NashSutcliffe efficiency for the whole calibration period is 0.48, but it increases to 0.74 if only
considering the second half of the calibration period after day 1375. The volumetric error is 19%
for the whole calibration period, and improves to 15% after day 1375.

6.1.3

Stream discharge

As a validation test of the model, a comparison of the simulated discharge to the stream against
observed stream discharge was made. The model area only covers part of the stream system
in Fensholt, so the simulated stream discharge is compared to the observed discharge to the
stream between the two stream stations (see Fig. 2.1) in mm/yr (i.e. the discharge measured at
the downstream station minus the discharge at the upstream station divided by the area between
the two stations). The nonsimulated part of the sub-catchment between the two stream stations
is similar to the model area with respect to soil type and surface geology. The land use in the
nonsimulated part is also mainly agriculture as in the model area, but there is also a forested
area, which we do have in the model area. Furthermore, the nonsimulated part has a lower tile
drain density than in the model area.
In Fig. 6.3 the stream discharge is plotted on a daily basis and in Fig. 6.4 on a monthly basis.
The simulated stream discharge is defined as the sum of the discharge going directly to the
stream BC and the drain discharge from both drain system 1 and system 2. The observed
stream discharge plotted in the figures is equal to the discharge measured at the downstream
station minus the discharge at the upstream station divided by the area between the two
stations. The model is seen to capture both the level and the daily dynamics in stream discharge
rather well. When looking at the monthly discharge, the model fits the observed stream
discharge well in most months. However, in January 2015 and May 2015 the simulated stream
discharge is too low, and in December 2015 the stream discharge is too high.
The Nash-Sutcliffe efficiency (Table 6.2) for daily stream discharge for the whole calibration
period is 0.42, but it increases to 0.81 if only considering the period after day 1375. The
volumetric error is -11% for the whole calibration period, and improves to 1% after day 1375.
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Figure 6.1 Observed and simulated daily drain discharge (m3/d)

Figure 6.2 Observed and simulated monthly drain discharge (m3/month)
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Figure 6.3 Observed and simulated daily stream discharge (mm/d). The observed stream discharge
is equal to the discharge measured at the downstream station minus the discharge at the upstream
station divided by the area between the two stations. The stream discharge is plotted in mm/d since
the model area only covers a part of the catchment between the two stream stations.

Figure 6.4 Observed and simulated monthly stream discharge (mm/month).
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Simulated water balance

The total simulated water balance for the whole calibration period (1/1/2015 to 31/5/2017) is
seen in Fig. 6.5. The total inflow to the model is 838 mm/yr and the outflow is 830 mm/yr, which
means the model has a water balance error of 8.1 mm/yr corresponding to 1.0% of the inflow.
The inflow is dominated by the net precipitation, which makes up 804 mm/yr corresponding to
96% of the inflow. The rest of the inflow (34 mm/y or 4%) originates from the constructed miniwetland and storage change. The outflow is mainly occurring as negative net precipitation (i.e
days where evapotranspiration is higher than precipitation), which makes up 392 mm/yr
corresponding to 47% of the outflow. The second largest outflow is the outflow at the stream
BC, which is equal to 235 mm/yr or 28%. Outflow to both drain systems makes up 167 mm/yr
or 20%. The remaining outflow (36 mm/yr or 4%) occurs at the lower BC and at the constructed
mini-wetland.
The water balances for the winter period 1/10/2015 to 31/3/2016 and the summer period
1/4/2016 to 30/9/2016 are seen in Fig. 6.6. The total inflow and outflow in the model is similar in
the two periods, however the contributions to the water balance are rather different. In the winter
period the inflow to the model is totally dominated by net precipitation (451 mm/half-yr or 99.7%
of inflow). In the summer period, the net precipitation only makes up 69% (316 mm/half-yr) of
the total inflow, and 30% of the input to the model comes from storage release from the porous
medium (139 mm/half-yr). Inflow from the mini-wetland contributes to 0.3% (1 mm/half-yr) of the
inflow in the winter period and 1% (5 mm/half-yr) in the summer period.
The major outflows from the model in the winter period are discharge to the tile drains,
corresponding to 38% (171 mm/half-yr) of the total outflow, and discharge to the stream,
corresponding to 37% (163 mm/half-yr). The negative net precipitation (i.e. evapotranspiration)
makes up 14% (60 mm/half-yr) of the outflow. The remaining outflow (52 mm/half-yr or 12%)
occurs as storage capture, outflow at the lower BC and outflow to the mini-wetland. In the
summer period, the outflow is dominated by negative net precipitation, which makes up 72%
(329 mm/half-yr) of the total outflow. Discharge to the stream corresponds to 19% (89 mm/halfyr) of the outflow in the summer period and discharge to the drains systems is equal to 5% (25
mm/half-yr). The remaining outflow in the summer period (16 mm/half-yr or 3%) is outflow at the
lower BC and to the mini-wetland.
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Figure 6.5 Total water balance (mm/yr) for the whole calibration period 1/1/2015 to 31/5/2017. The
model has a water balance error between inflow and outflow of 8.1 mm corresponding to 1.0% of the
total inflow.

Figure 6.6 Water balance (mm/half-yr) for the winter period 1/10/2015 to 31/3/2016 (left) and the
summer period 1/4/2016 to 30/9/2016 (right). The model has a water balance error between inflow
and outflow in the winter period of 5.7 mm corresponding to 1.3% of the total inflow and in the summer
period of 1.0 mm corresponding to 0.2%.
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Flow patterns

The flow patterns in the model were investigated by looking at the vertical water fluxes between
model layers in different parts of the model (Fig. 6.7): The tile drained area and the undrained
area on the uphill plateau and also around the main stream on the southern border of the model.

Figure 6.7 Areas in the model where the downward and upward water flux between model layers
are investigated

The vertical water fluxes for the tile drained area and the undrained area are seen in Fig. 6.8 for
the whole calibration period. For both areas a high downward flux is seen in the upper layers.
In the tile drained area, the downward water flux is more or less the same down to 1 m below
ground surface i.e. the drain level, below this level the downward flux decreases significantly. In
the undrained area, the downward flux decreases gradually with increasing depth and at 5
meters below ground surface there is still a relatively high downward flux, compared to the tile
drained area. The upward water flux is also found to gradually decrease with increasing depth
in the undrained area. In the tile drained area, however, the highest upwards fluxes are found
in the two model layers just below the drain level.
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Figure 6.8 Downward and upward flow for the whole calibration period 1/1/2015 to 31/5/2017. The
figures show the vertical flux from a model layer to the model layer below in the tile drained area (left)
and the undrained area (right).

The vertical fluxes for the winter period 1/10/2015 to 31/3/2016 and the summer period 1/4/2016
to 30/9/2016 are seen in Fig. 6.9. The downward fluxes are seen to be much larger in the winter
period than in the summer period. The general patterns seen in the winter period is more or less
similar to what was seen for the whole calibration period (Fig. 6.8). However, for the tile drained
area the downward flux increases with depth until the drain level in the winter period. During
winter the lowest upwards fluxes are found in the upper layers. For the summer period the
downward water fluxes are considerable smaller in both areas, and the fluxes in the tile drained
area are not seen to be affected by the drains in 1 meters depth. During the summer period the
upward fluxes are seen to be higher in the upper model layer, which must be due to high
evapotranspiration in this period.
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Figure 6.9 Downward and upward flow for the winter period 1/10/2015 to 31/3/2016 (upper) and
summer period 1/4/2016 to 30/9/2016 (lower). The figures show the vertical flux from a model layer
to the model layer below in the tile drained area (left) and the undrained area (right).
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The vertical fluxes in a 50 m zone around the main stream is seen in Fig. 6.10 for the whole
calibration period, and for the winter and summer period in Fig. 6.11. This area of the model is
seen to be dominated by very high upward fluxes. The upward flux is highest in model layer 2
and then decreases with increasing depth. The same pattern is seen for both the winter period
and summer period. The only difference between winter and summer is slightly larger upward
fluxes in the winter period in model layer 2 and 3 (11% and 5% larger in winter). For the other
model layers the difference between winter and summer flux is less than 5%.

Figure 6.10 Downward and upward flow for the whole simulation period 1/1/2015 to 31/5/2017. The
figure shows the vertical flux from a model layer to the model layer below in a 50 m buffer zone from
the main stream.
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Figure 6.11 Downward and upward flow for the winter period 1/10/2015 to 31/3/2016 (left) and
summer period 1/4/2016 to 30/9/2016 (right). The figures show the vertical flux from a model layer
to the model layer below in a 50 m buffer zone from the main stream.

6.2

Geochemistry

6.2.1

Modelled processes

Based on the observations it appears that the major part of the nitrate removal takes place by
sulfate reduction and also that this takes place in a zone of varying depth depending on the
specific location in the field. As mentioned, this makes it difficult to do a 1D transport model
fitting the changes over depth as it has been done e.g. in (Postma et al., 2007). Instead, the
modelling uses the inverse modelling capability of PHREEQC and attempts to compile reactions
and amounts of reaction affecting the change in the water composition. This was done for two
sample sets in the M-transect. One sample set represents infiltration below the plow layer to the
bottom of the root zone. The upper sample in this set is made from an average of the water
composition in the suction cups at 0.5 mbg. The lower sample, representing the bottom of the
root zone, was taken as an average of the water composition in the lowermost suction-cups at
2 mbg. The second sample set reused the sample representing the bottom of the root zone as
the upper sample and the lower sample, a sample representing fully reduced water at 5 mbg,
was taken as an average of the water composition in piezometers below 5 m, which also
represents the unweathered till. For the A-E piezometer set it was not possible to obtain models
for the 0.5-2.0 mbg. Interval without setting the uncertainty unrealistically high. So, for the A-E
53

BONUS SOILS2SEA

February 2018

D 3.4 – Part A

piezometers inverse modelling was only done from 2 mbg. to 5 mbg. again based on averages
of samples from near these depths.
The five different composite water samples used in the inverse modelling are listed in Table 6.3.
The best inverse models, in terms of reacted phases are shown in Table 6.4 The phases have
been chosen based on common weathering reactions (Appelo and Postma, 2005) and probable
reactions based on the water chemistry. For example, potassium concentrations decrease
downwards in the upper part indicating transformation of montmorrilonite type clays to illite, and
sulfate concentrations increase at depth indicating pyrite oxidation. Increases in silicium
indicated weathering of primary silicates. These are represented by biotite and plagioclase that
are common and have relatively high weathering rates. A pronounced increase in barium
concentrations are seen so barite was included. This does not necessarily mean that the barium
is released from barite, it could also be a minor component in primary silicates such as
amphiboles. This is presumably also the case for other minor cations, but these were not
included. Pyrite oxidation normally implies that most of the iron in the pyrite is also oxidized so
an Fe(3) mineral, in this case ferrihydrite was included. Because the carbonate dissolving is
almost never pure calcite, but normally a magnesium bearing calcite, magnesite was included
as a phase, however, no models included this phase, because there were other possible
sources of magnesium, such as biotite available. The precise mineralogy is not so important in
this type of modelling, because the inverse modelling routine does not take thermodynamics
into account, it merely does bookkeeping based on the chosen phases. Therefore the results
should only be seen as indicative.
Table 6.3 Solutions used in PHREEQC for calculating inverse models. The solutions are combined
from several solutions taken at several sampling events using the MIX function in PHREEQC

M‐transect
parameter 0.5 mbg 2 mbg
pH
6.87
6.49
mol/l
mol/l
Alkalinity 1.50E‐03 1.17E‐03
F
2.94E‐06 4.19E‐06
Cl
3.61E‐04 5.44E‐04
Nitrate
8.22E‐04 8.88E‐04
Sulfate
2.31E‐04 2.74E‐04
TIC
2.04E‐03 2.18E‐03
Na
4.97E‐04 4.66E‐04
K
8.47E‐05 6.26E‐06
Mg
1.28E‐04 2.47E‐04
Ca
1.15E‐03 1.06E‐03
Ba
6.26E‐07 4.14E‐07
Fe
9.65E‐11 2.07E‐10
Si
1.06E‐04 7.88E‐05
Al
2.97E‐07 2.00E‐07

=

M‐transect
2 mbg
5 mbg
6.49
7.30
mol/l
mol/l
1.17E‐03 5.56E‐03
4.19E‐06 1.45E‐05
5.44E‐04 6.22E‐04
8.88E‐04 0.00E+00
2.74E‐04 7.46E‐04
2.18E‐03 6.25E‐03
4.66E‐04 6.72E‐03
6.26E‐06 3.47E‐05
2.47E‐04 2.78E‐04
1.06E‐03 3.16E‐03
4.14E‐07 3.36E‐07
2.07E‐10 3.36E‐07
7.88E‐05 8.95E‐05
2.00E‐07 5.29E‐07
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A‐E piezometers
2 mbg
5 mbg
7.10
7.42
mol/l
mol/l
4.47E‐03 4.45E‐03
6.58E‐06 5.13E‐06
6.76E‐04 6.22E‐04
2.07E‐03 0.00E+00
5.71E‐04 8.66E‐04
5.69E‐03 4.86E‐03
7.22E‐04 5.51E‐04
3.11E‐05 3.42E‐05
2.57E‐04 1.76E‐04
2.78E‐03 2.84E‐03
4.02E‐07 5.25E‐07
1.96E‐06 1.42E‐05
6.48E‐05 1.59E‐04
2.16E‐06 2.01E‐06
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Table 6.4 Resulting inverse models from PHREEQC. Models without pyrite, calcite, or biotite (if there
were models with biotite), were discarded.

Phase transfers (-) precipitation, (+) dissolution

Modeled dataset
M‐transect 0.5‐2 mbg
Transfers moles/L

O2(g)

Pyrite

Barite

Calcite

Gibbsite

Ca‐Montm.

0.000246

0.0000282

‐2.12E‐07

‐0.00017

8.49E‐05

0.00016

Suction cups

M‐transect 2‐5 mbg
Transfers moles/L

Fluorite

Fe(OH)3(a)

Illite

OrgC

Biotite

6.24E‐07

‐2.82E‐05

‐0.000224

0.00031

5.58E‐05

N2(g)

Pyrite

Barite

Calcite

Gibbsite

Kaolinite

‐0.000442

0.000236

‐7.816E‐08

0.00384

‐0.01537

0.0212

Ca‐Montm.

Fluorite

Fe(OH)3(a)

OrgC

Biotite

Plagioclase

‐0.01181

5.1614E‐06

‐0.000236

0.00022

2.81E‐05

0.00033

N2(g)

Pyrite

Barite

Calcite

Gibbsite

Fluorite

‐0.000897

0.000226

1.2E‐07

‐0.00069

0.00046

‐7.2E‐07

Fe(OH)3(a)

Illite

OrgC

CO2(g)

‐0.000214

‐0.000494

0.00147

‐0.00231

Suction cups| deep piez.

A‐E piez 2‐5 mbg
Transfers moles/L
Shallow piez | deep piez.

PHREEQC found several models for each set of samples. The number of models found was
first limited by setting the uncertainties of the elements as low as possible, to the point where
further reduction resulted in not obtaining any models. Subsequently models that did not seem
reasonable based on observations were discarded. This meant that models that did not involve
oxidation of pyrite or had no calcite or dissolution of biotite (some primary silicate weathering
must occur) were discarded. This sorting actually led to a single model for each set, the models
shown in Table 6.4. The model results show that the limited number of phases chosen can
explain the development in water chemistry as the water descends into the aquifer. The upper
part from 0.5-2.0 mbg does not have formation of N2(g) but shows a consumption of O2(g)
presumably coupled to oxidation of organic carbon (OrgC) which also comes out higher than for
the two 2-5 mbg datasets. According to the calculations there could be a minor oxidation of
organic matter going on from 2-5 mbg, if it is there, it is quite small, in line with the difficulties of
observing it directly as an increase in the TIC-(Ca+Mg) data shown earlier. It is perhaps a
coincidence, but the 0.2 mmoles/l found in the two 2-5 mbg models corresponds to the amount
calculated from the amount af ammonium released assuming a C/N ratio of 20 for wheat roots,
as described above. Both datasets lead to models showing a production of N2(g) relating to the
reduction of nitrate. For pyrite, the 0.5-2.0 dataset results in a very minor amount of pyrite
consumption, which in principle could take place locally in microniches, perhaps seasonally and
perhaps the pyrite (or another Fe-sulfide) is formed during the wet season and reoxidized in the
dry season. For the two datasets representing 2-5 mbg, ~0.2 mmoles of pyrite is oxidized, which
is very similar to the amount of organic carbon (OrgC). However, in terms of number of electrons
transferred, the oxidation of pyrite release 15 electrons pr. mole compared to 4 pr. mole for
organic carbon, meaning that pyrite is also, according to these models by far the most important
electron donor. However, if part of the pyrite oxidation is seasonal this pyrite is presumably
formed by the oxidation of organic carbon.
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Key findings and discussion

The horizontal groundwater flow direction at the field site is from northeast to southwest for both
the shallow and deep piezometers. This is to a large extent coherent with the slope of the fields.
In the M-transect the groundwater flow is found to be primarily horizontal in the upper part of the
transect, turning to a more vertical direction in the deeper part.
The hydraulic head varies with up to nearly 3 meters in the M-piezometers between summer
and winter. The decrease in head starts in March/April and occurs over a period of 5 to 5.5
months until August/September. The increase in head in the fall happens much more rapidly
and most of the increase happens within 5-6 days. When the head increase is at its highest the
head increases by almost 1 m in one day. When comparing the timing of the head increase in
the fall between piezometers at three different depths (1.7 m, 3.0 m and 5.9 m), it turns out that
the head increase happens at the same time in all three depths.
The hydraulic head variation in the deep T-well is found to be very similar in the upper four
screens The hydraulic head in the lowest filter T1.1 is however around 30 meters below the
head in the upper filters. This implies a rather small vertical gradient between the upper four
screens, but a considerable vertical gradient between the two lower screens (1.3- 1.4 m/m).
Furthermore, there is much more variation in the hydraulic head for the upper four screens than
for the lowest screen. These observations strongly indicate that there must be very little flow
between the two lowest screens at 21.8 m and 43.3 m depth. This fits with the finding of thick
layers of very pure clay in the lower part of the well above the underlying sand.
The hydrological model fits the observed hydraulic heads and drain discharge reasonable well.
The model overestimated the drain discharge volumen by 19% for the whole calibration period
and 15% after day 1375. The reason for the improved model performance after day 1375 is that
the model greatly overestimates the drain flow at day 1334 (26/12/2015). The model was
validated against stream discharge, which the model also captured satisfactorily. The stream
flow volume was underestimated by -11% for the whole calibration period, but when considering
the period after day 1375 the stream flow volume was overestimated by only 1%.
There are a number of possible reasons why the model overestimates the drain flow. The
hydraulic heads are in general well estimated, but for some piezometers and for some periods
the head is overestimated which can results in too much drain flow in the model. Another reason
can be that the extent of the tile drain system defined in the model is still too large compared to
reality. We did try to map the location of the drain system using the geophysical method termed
GPR (Ground Penetrating Radar), but the results were not good enough and could not be used
to locate the tile drains. A third reason for the overestimation can be that the tile drains in reality
are not fully effective. The way the tile drains are included in our model, we assume that there
is full contact between the porous medium and the tile drains and thereby assume that they are
fully effective.
Even though the drain flow is overestimated, we find that the total discharge to the stream is
underestimated when considering the whole calibration period. This could indicate that the
discharge to the stream from the nonsimulated part of the sub-catchment between the two
stream systems is higher than in the model area. A reason for this could be, that there in this
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part pf the sub-catchment is a connection between the stream and the underlying Miocene sand
aquifer and thereby an inflow from the aquifer.
Based on the model results, the outflow from the area in the winter period is dominated by
discharge to the tile drains, corresponding to 38% of the total outflow, and discharge to the
stream, corresponding to 37%. In the summer period, however, the outflow is dominated by
evapotranspiration, which makes up 72% of the total outflow. Discharge to the stream
corresponds to 19% of the outflow and discharge to the drain systems is only 5%.
The flow patterns are found to differ significantly in the winter period between the tile drained
area and the undrained area on the uphill plateau. For both areas there is a high downward flux
in the upper layers. In the undrained area, the downward flux decreases gradually with
increasing depth and at 5 meters below ground surface there is still a relatively high downward
flux, compared to the tile drained area. In the tile drained area, however, the downward water
flux decreases significantly below the drain level at 1 meters depth. In the tile drained area the
highest upwards fluxes are found in the two model layers just below the drain level. Thus, the
model results suggest, that in the tile drained areas a considerable smaller water flux is
transported below the redox interface, on average, located at 3.4 meters depth. The implications
of this is that if areas are excessively drained, which appears to have been the plan for the top
of the hill, the result is a higher than necessary flux of water in the drains to the surface water
bodies. Because the water samples show that there is always nitrate at the level of the drains
the omission of drains in part of the field leads to a significantly lower nitrate flux from this part
of the field to the stream.
The geochemical data indicate that the concentration of nitrate at the bottom of the root zone in
the suction cups around 2 m below ground surface is close to constant ~60 mg/l (1 mM) at the
two sites where piezometers were installed and also in the piezometers with screens around
this level. The nitrate disappears as it crosses, what appears to be a redox zone rather than a
sharp redox front, and the major part of the nitrate removal appears to take place by pyrite
oxidation. Inverse model calculations as well as the increase in ammonium indicate that
oxidation of organic matter contributes with around 20% of the donated electrons.
The 2D data show that there are significant local variations in terms of at which depth the nitrate
is completely removed. However, the variations are not that large, from 3-5 mbg and it appears
that it is reasonable to use an average depth for larger areas when modelling nitrate removal in
aquifer systems. Furthermore, the modelled variation in the downward vertical water flux is
rather small below 3 mbg, implying that it is less important exactly where the redox front is placed
in regional scale models if the vertical flux is modelled correctly.
The geochemical data can be combined with the hydraulic model data to give an indication of
the amount of nitrate that is reduced, based on the amount of water that passes below a level
of e.g. 5 mbg where all of the nitrate has been reduced. Assuming an application of 200 kg N/ha
on the fields, and a removal of 150 kg N/ha by harvesting the crops (Styczen and Abrahamsen,
2017) it turns out, that in the drained area only 2% of the applied N or 8% of the surplus N will
be reduced in the sediment, because so little water goes below 4.5 mbg. In the undrained area
the model results indicate that due to the much higher amount of the infiltration that passes
below 4.5 mbg, as much as 10% of the 200 kg N/ha applied or 40% of the surplus N will be
reduced. This analysis is based on a comparison between the drained and the undrained area,
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which are not the same, so numbers can only be taken as an indication. It does, however,
appear that draining of areas where the need is not really there may imply nitrate fluxes to the
surface water bodies receiving the drain water that could be avoided.
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Appendix A1 – A9

Observed and simulated hydraulic heads

In the following appendices are seen the observed (black) and simulated hydraulic heads (red) for the shallow
piezometers and the deep well T1 for the calibration period 1/1/2015 (day 975) to 31/5/2017 (day 1856). The
observed heads originates both from manual measurements (Obs_m) and from continuous logging using
pressure transducers (Obs_t). The location of the piezometers and the deep well T1 can be seen in Fig. 3.1.
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1. Introduction - the conceptual model of
groundwater flow at the Kocinka hillslope site
The hillslope site covers approximately 25 km2 (length: 6.4 km, elevation difference: 38.5 m). It
comprises three nests of observation wells located: (i) at the foot of the intensively fertilized field,
(ii) in the valley of the tributary to the Kocinka and (iii) adjacent to the Kocinka channel. The
wells reach down to 20 m below ground surface in the shallow Quarternary part of the aquifer
built of layers of sand and clay, which overlay the deeper Jurassic limestone aquifer. Detailed
description of the site is presented in Deliverable 3.1.
A cross-section of the site (Fig. 1.1) shows groundwater flow directions derived from the
numerical model (detailed description of the model in Deliverable 3.6 - Proposal for differentiated
regulations for Kocinka catchment). Groundwater flow in the areas of all well nests is vertical;
descending for the A1 nest and ascending for the other two nests (A2 and A3). Tritium results
confirm this picture as tritium concentrations in the uphill nest correspond to current atmospheric
precipitation, while the concentrations measured in two other nests show an increasing
contribution of older groundwater towards the bottom of the hillslope. Under such flow conditions
the vertical profiles of groundwater properties in the uppermost nest might reflect
transformations of nitrate related to denitrification or other nitrate cycling processes
(assimilation, nitrification) in the recharge area. The downhill nests, located in the discharge
area, receive mixtures of groundwater upwelling from both the shallow and deeper parts of the
aquifer. As such, these nests are appropriate for identification of denitrification signals in the
bulk of the Jurassic aquifer. Observations supplementing the hillslope wells were performed in
the Rybna groundwater pumping well (reaching down to around 180 m) and in two natural
springs fed by the Jurassic aquifer (Bożkowe and Radostków springs). The hillslope site is
nested in the regional flow system and within the respective numerical model with the general
S-N flow direction towards the Warta river valley.
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Methods

Hill slope installations are described in D3.1 “Field site installations for groundwater studies in
Norsminde and Kocinka.” (Jakobsen et al., 2016). Physicochemical analyses of groundwater
samples were performed following procedures described by Witczak et al. (2013).

2.1

Excess of dissolved nitrogen

The final product of denitrification is nitrogen. Measurements of the excess nitrogen dissolved
in water, assuming that it comes from the denitrification of nitrates, relative to nitrate
concentration in water equilibrated with atmospheric nitrogen in the recharge area, gives
information on the amount of nitrate that has been denitrified. Since some of the excess nitrogen
could have been removed via degassing of water along flow lines (phreatic system), this amount
of denitrified nitrate is a lower-end estimate. To determine the denitrification potential at hillslope
scale we measured the excess of dissolved nitrogen at the three deepest observation wells:
A1c, A2b and A3b. The amount of excess nitrogen was determined by a combination of static
headspace and GC technique. The sampling campaign was conducted in October 2016. The
excess nitrogen was measured at Department of Physicochemistry of Ecosystems, Institute of
Nuclear Physics Polish Academy of Sciences in Krakow.

2.2

Stable isotopes

Stable isotopes of nitrogen and oxygen in nitrate (δ15N and δ18O) are widely used to determine
the source of nitrate in groundwater. Additionally, δ17O was measured to quantify the
contribution of atmospheric nitrate to the total amount of nitrate in system. To assess the
seasonal variation of denitrification at hillslope scale, two sampling campaigns were performed
in 2016. The first campaign in March 2016 and the second in October 2016. The collected
samples were analyzed at LGGE in Grenoble (France) using the bacterial denitrifier method
(Sigman et al., 2001, Kaiser et al.,2007, Savarino et al.,2013).
Boron isotope ratios (11B/10B) are widely used as a tracer of anthropogenic sources of nitrate in
groundwater. The combined approach linking 15N-NO3 and 11B can distinguish between
sewage, manure and fertiliser as a source of nitrate. Sewage and wastewater introduce very
high concentrations of boron. Boron is considered a conservative marker of nitrogen pollution.
Fertilizer can introduce both high and low load of boron into groundwater. Literature data indicate
that boron concentrations in water close to the source of nitrate can be characterised by a wide
range of values 20-14000 μg/L, the lowest ratio of boron/N-NO3 is seen in ammonium nitrate
(Tirez et al., 2010). Manure usually has a high boron/N-NO3 ratio compared to mineral fertilizers.
Boron isotope analyses were performed in Istituto di Geoscienze e Georisorse, CNR, Pisa, Italy.
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Fig. 1.1 Hillslope cross-section showing positions of well nests relative to the dominant groundwater flow directions. Numbers in boxes denote tritium
concentrations in groundwater.
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Results of observations

Observations performed during eight sampling campaigns spanning two full annual cycles
(autumn 2015 – summer 2017) comprised chemical properties (major cations and anions, pH,
Eh, electric conductivity) and environmental tracers (tritium, 18O and 2H of water, 18O and
15N of nitrate, 11B of boric acid and borates dissolved in water).

Fig. 3.1 Piper diagram for hillslope groundwater samples (excluding springs and the deep well in
Rybna)

3.1

Overall chemistry

The Piper diagram (Fig. 3.1) identifies two groups of groundwater samples with respect to their
anionic compositions. These two groups correspond to the recharge and discharge areas, the
former characterized by higher nitrate, sulfate and chloride concentrations, while the latter have
higher bicarbonate concentrations and smaller ranges of nitrate, sulfate and chloride variations.
Mixing with the calcium-bicarbonate groundwaters from the Jurassic strata in the discharge
areas lowers sulfate and nitrate concentrations and smooths out their fluctuations (Fig. 3.2).
However, the chemical data do not exclude the occurrence of denitrification between the
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recharge and discharge areas of the hillslope. Fig. 3.3 shows that weakly oxidizing conditions
prevail in the bulk of the aquifer. Nevertheless, denitrifying conditions may develop locally as
discussed below.
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Fig. 3.2 Relationships between nitrate concentrations and (a) sulfate, (b) chloride concentrations for
all hillslope samples and deep wells and springs of the hillslope.
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Fig. 3.3 Classification of hillslope groundwater samples according to redox conditions.

3.2

Nitrate contents

The averaged (for all sampling campaigns) nitrate concentrations for all wells of each nest are
shown on Fig. 3.4. Nitrate concentrations showed small seasonal variability which was
pronounced only in A1 wells of the recharge area. Similarly, only A1 revealed the vertical
changes in nitrate concentrations, with groundwater samples from the level A-1b being depleted
in nitrates in comparison to A-1a and A-1c. Indeed, the colour of sandy clays taken from this
level is dark gray (m. 2,5Y 4/1 on Munsell’s scale) indicating the occurrence of reducing
conditions.
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Fig. 3.4 Hillslope cross-section showing for the deepest wells of the nests the averaged nitrate concentrations. Numbers in boxes denote nitrate
concentrations in groundwater
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Excess of dissolved nitrogen

The measured excess of dissolved nitrogen was converted to concentration of nitrate that was
denitrified. Figure 3.5 shows the initial and measured concentrations of nitrate in deepest wells
in the three nests located on the hillslope. The reconstructed and measured nitrate contents
suggest that approximately 30% (range from 24.6 to 35.7%) of the initial nitrate content has
been removed from the system via denitrification route.

3.4

Isotopes

3.4.1 15N-NO3, 18O-NO3, 17O-NO3
Figure 3.6 shows 15N and 18O isotopic composition of nitrate in the analysed samples. Except
for A1b and A1c locations the measured isotopic composition of nitrate was roughly constant
for both campaigns. This implies that most of the monitoring wells are in a steady-state as far
as nitrate isotopic composition is concerned. Large differences in the isotopic signatures are
seen between different levels of the A1 nest of the observation wells. The isotopic data shown
in Fig. 3.6 indicate that the main nitrate source for this location on the hillslope is sewage and
manure. However, when one takes into account partial denitrification in the system (cf. Fig 3.5)
one cannot exclude significant contribution from ammonium fertilizers (see discussion below).
Although the data points in Fig. 3.6 apparently cluster along a single denitrification line, such an
interpretation would be wrong as they do not represent one system (see discussion below). The
measurements of δ17O did not reveal any discernible contribution of nitrate originating from
atmospheric deposition (see Fig. 3.7).
The evolution of 15N isotope composition of nitrate during the denitrification process can be
described by the following formula (Chmura, 2008, Kendall et al., 2000):
δ 15N ≈ δ15No + ε ⋅ ln( C/Co),
(1)
where:
δ 15No, 15N - initial and actual isotopic composition of nitrate, respectively
Co, C - initial and actual concentration of nitrate in the system
 - effective fractionation factor associated with the denitrification process
Usually neither δ15No nor Co are known. Therefore, it is more convenient to transform eq. (1) into
the following relationship:
δ15N = δ15No - ε ⋅ ln(Co) + ε ⋅ ln(C)

(2)
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Fig. 3.5 Measured and reconstructed nitrate concentration in three deepest observation wells along the studied hillslope (see text for details). Shown is also the
position of a deep groundwater production well in the Jurassic aquifer. Numbers in red circles indicate the percentage of nitrate which was removed from the
system via denitrification process.
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Fig. 3.6 Relationship between δ15N and δ18O of nitrate in the samples collected during two campaigns
(March and October 2016) in the observation wells located on the hillslope. Rectangles mark different
potential sources of nitrate (modified from Kendall et al., 2000)

3.7 Isotopic composition of nitrate (δ17O, δ18O) for groundwater samples collected during two
campaigns (March and October 2016) in the observation wells located on the hillslope, plotted in the
δ17O - δ18O space. Position of the samples on the plot confirms terrestrial origin of nitrate, without
discernible contribution from atmospheric nitrate reservoir (modified from Kendall et al., 2000).

.Fig.
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Figure 3.8 shows the relationship between the concentration and δ15N of nitrate for groundwater
samples collected during two sampling campaigns (March and October 2016) in the observation
wells located on the hillslope. Two lines in Fig. 3.8 show the evolution of the δ15N and nitrate
contents measured at the denitrification plant located in the study area. The plant reduces nitrate
content in groundwater pumped from the Jurrasic aquifer for drinking water purposes making
use of bacteria present in groundwater. Bacteria are stimulated by addition of ethyl alcohol to
the water being treated.

Fig. 3.8 Relationship between δ15N of nitrate and nitrate content for groundwater samples collected
during two campaigns (March and October 2016) in the observation wells located on the hillslope.
Two lines indicate evolution of δ15N of nitrate and nitrate content in the water treatment plant (see
text for details).

In contrast to the situation observed in the denitrification plant, there is no distinct evolution of
δ15N of nitrate and the nitrate content within the given nest and between the nests on the
hillslope. The results shown in Fig. 3.8 strongly suggest that the nests operate independently
and do not sample a single flowline (cf. Fig. 1.1). An evolution of δ15N of nitrate and the nitrate
content resembling that observed in the denitrification plant can only be seen between horizons
A1a and A1b of the nest A1. Horizon A1c does not follow this trend.
Figure 3.9 shows δ15N of nitrate obtained in the two sampling campaigns, plotted as a function
of the reciprocal of nitrate concentration. The data for A1 nest are located on a straight line
indicating a two-component mixing. It is now clear from Fig. 3.9 that water sampled from horizon
A1c is a mixture of water originating from horizon A1a and A1b.
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Fig. 3.9 Relationship between δ15N of nitrate and reciprocal of nitrate content for groundwater
samples collected during two campaigns (March and October 2016) in the observation wells located
on the hillslope.

Information about excess of nitrogen and the results from the denitrification plant allow the
reconstruction of the original isotopic signature of nitrate. The data available from the
denitrification plant define the relationship between denitrification extent and the isotopic
signature of nitrate, and measurements of nitrogen excess in the groundwater enable the
determination of the amount of denitrified nitrate. Fig. 3.10 shows the isotopic composition of
nitrate measured in three deepest observation wells along the studied hillslope, compared with
the reconstructed values based on excess of nitrogen and the data available from the
denitrification plant. As seen in Figure 3.10, the back-calculated isotopic composition of nitrates
prior to the denitrification process strongly indicates that the main source of nitrate in the hillslope
area is ammonium fertilizer. According to the reconstructed history of fertilization at the uphill
part of the area before 1990 large amounts of manure were applied, while later fertilization levels
were lower and mineral fertilizers prevailed.
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Fig. 3.10 Isotopic composition of nitrate measured in three deepest observation wells along the
studied hillslope, compared with the reconstructed values based on excess of nitrogen and the data
available from the denitrification plant (modified from Kendall et al., 2000).

3.4.2

11B

As shown in Fig. 2.11, δ11B alone can distinguish different sources of nitrate in a very limited
way. However, with additional information on 15N-NO3, sources of nitrate can be differentiated.
During the second sampling campaign (October 2016) samples of water were collected also for
δ11B analyses. Concentration of boron in the analyzed samples were respectively 22 μg/L (A1c),
35 μg/L (A2b) and 10 μg/L (A3b).
Uncorrected data points in Fig. 3.11 suggest that major source of nitrate is manure and/or
sewage. However, back-calculated 15N-NO3 values corrected for excess of nitrogen move the
data points to the area occupied by fertilizers (green rectangle). This provides additional support
for the conclusions reached through analysis of back-calculated 15N-NO3 and 18O-NO3 values
(cf. Fig. 3.10). The back-calculated value falls for sample A2b outside the area indicated for
fertilizers due to possible admixture of 11B enriched boron of marine origin derived from the
limestone bedrock.
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Figure 4.11 The relationship between 11B and 15N-NO3 for water samples collected in October
2016 in three deepest observation wells along the studied hillslope.
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Key findings

D3.4 presents results of hydrochemical and isotopic observations conducted in order to assess
groundwater denitrification potential. Due to the generally oxidizing conditions in the subsurface
the denitrification potential is not related to any distinct geochemical front and is probably
restricted to localized zones that might be related to the occurrence of clay strata in the
predominantly sandy Quaternary covers. Localized sites of denitrification may be distributed
within the whole aquifer. The measured values of nitrogen excess in groundwater in the
discharge areas indicate the removal of nitrates at the 30% level. Identification of areas most
suitable for agriculture from the viewpoint of the reduction of nitrate loads to the Baltic should
also include results of a detailed surveying of denitrification potential.
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