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Preface

In the Netherlands, eutrophication is a problem that attracts a lot of public attention. Farmers are often men-
tioned in this public debate, as they are responsible for a not insignificant part of eutrophication. However,
as the second largest agricultural exporter in the world, they are also a very big business. Since studies show
that agricultural land is likely to be an important source of nutrient leaching, it was interesting to study a spe-
cific agricultural area. Especially since the case study was conducted in the Bollenstreek, which focuses on
floriculture, the largest agricultural exporter in the Netherlands with 8.3 billion euros. Higher than the export
of meat (7.7 billion euros). However, this area is also known for high nutrient concentrations on soils with
low retention capacity. As there is a large flora industry with a long history on these fields, it was interesting
to support the Rijnland Water Board and the P-trap1 group in finding effective mitigation measures. During
the work, it was interesting to note how an increase in knowledge in the field and in the literature refined
the aim of this study. At the beginning, a small area was available for experiments with a new particle tracer.
After the first results, it turned out that this new particle tracer experiment would not be possible during my
thesis in this field. A change of PHder was made and various other devices were needed for new measure-
ments. Among them was an autosampler, which had to be installed quickly. It is satisfying to look back on
this process and have the final result, this report, in front of me. To make this study possible, the company
Gebr. Hogervorst allowed us to carry out the measurements on their field. Deltares and TU-delft helped with
the installation and delivery of the necessary equipment. I would like to thank the thesis committee for the
feedback on my thesis. In particular, I would like to thank M.V. Barcala and and dr. T.A. Bogaard as my weekly
supervisors for coaching, fieldwork and discussions on the analysis and interpretation of the results.

M.W. Tiesma
Delft, The Netherlands

June 2022

1P-TRAP – as a H2020 MSCA-ITN European Training Network – is a consortium of 16 international participants and hosting 11 Early-
Stage Researchers (ESRs). A characteristic of these networks is a combined focus not only on science but also on training of a new
generation of creative, entrepreneurial and innovative ESRs.

Scientifically P-TRAP targets two interlinked global problems: I) the flux of phosphate (P) from agricultural areas to surface waters is
wasting a resource which is becoming scarce, and II) on the other hand, an enhanced loading of surface water with P is the main cause
for eutrophication. Both are in conflict with our understanding of circular economy and a key challenge in meeting the objectives of the
EU Water Framework Directive. Within P-TRAP we will develop new methods and approaches to trap P in drained agricultural areas
and in the sediments of eutrophic lakes, aiming on constraining the uncontrolled loss of P in one system and preventing the others
from overloading. [3]
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Abstract

Leaching of phosphorus (P) from agricultural land is an important source of eutrophication in the Bollen-
streek in the Netherlands. This is because floriculture has led to high P concentrations in the sandy soils with
low organic carbon content, which are characterised by a low retention capacity for P. In this study, P con-
centrations in groundwater from three plots in the Bollensteek were found to exceed the water framework
directive (WFD) by a factor of 40. The case study on a single plot showed a phosphate load of 5.5 kg/ha/year
leached through the tile drains, which is an order of magnitude higher than fields outside the Bollensteek. To
understand where phosphate comes from and how hydrological processes influence leaching, hydraulic and
chemical measurements of soil, groundwater and tile drain outflow were taken in a field with regulated tile
drainage, and two hydrological models were created to simulate wet winter and dry summer conditions. The
results showed the flow paths from this plot under wet and dry conditions and illustrated how hydrological
processes can influence phosphate leaching through the soil and tile drains.
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Summary

Phosphorus (P) leaching from agricultural fields is an important source of eutrophication in the Bollenstreek,
the Netherlands. The floriculture in the area resulted in large P concentrations in the sandy soils with low
organic carbon content, which are characterized by a low retention capacity. Hence, leaching of P occurs
extensively. Therefore, the waterboard of Rijnland is very interested in finding effective mitigation measures.
To find out where which measures should be taken, it is important to improve the existing measures and to
understand the hydrological drivers behind P leaching. This study focuses on the second aspect. P can be
leached into the ditch through the soil or via tile drains. The water source that drives P leaching can come
from precipitation, the surface level in the ditches and/or seepage. On the other hand, the ditches and seep-
age can also be a source of P. It is important to assess these sources to understand the role that fertilisation
plays in P leaching from the field. Other studies on this topic have measured discharges and concentrations
leaching from agricultural land or measured the chemical properties of the soil and groundwater on agri-
cultural land. However, no studies were found that measured both on the same field. In order to assess the
influence of the hydrological and chemical properties of the field on P leaching and to explain why certain
concentrations and discharges were found at the outflow this case study focused on both the field and the
runoff at Hogervorst. This allowed a better understanding of the influence of the hydrological system on
P leaching. To do so, high-frequency measurements of the groundwater level, tile drain discharge and wa-
ter quality at the tile drain outlet were carried out. In addition, soil content and groundwater quality was
measured down to a depth of 4 m at several locations in the field. Moreover, two steady-state hydrological
groundwater models were created and calibrated against the measured groundwater levels and discharges,
representing wet winter and dry summer conditions. This model gave a better insight into the groundwater
level distribution of the field and quantified different flow paths (e.g. tile drain, soil transport).

The results showed groundwater concentrations, tile drain outflow concentrations and a P load (5.5 kg/ha/year)
through the tile drains, which were an order of magnitude higher compared to field studies outside the Bol-
lenstreek. At other locations in the Bollenstreek, similar concentrations were found in the field and at the tile
drain outlet. The soil at three measured locations in the Bollenstreek had a relative low amount of P at the top
and a high P concentration at 0.7 m below the surface compared to non-calcareous sandy soils in the Nether-
lands. Since the depth of the tile drain is at 0.8 m below the surface, there is an increased risk of leaching high
P concentrations at Hogervorst. At 1.5 m below the surface a 1.5 m thick layer was found which contained
debris and clay. The clay contained P concentrations ten times higher than the concentrations found in the
sandy soil at the top. Also the iron concentration was much higher which resulted in a similar Phosphorus
saturation degree (PSD) value as the sandy soil. Two groundwater profile measurements before and after a
large precipitation event showed similar P concentrations. Which indicates that the soil can function as a
buffer. The period of time the soil can function as a buffer is unknown.

At Hogervorst, the contribution of seepage to P leaching was low and the two main water sources were ditch
water from the west ditch and precipitation. The models showed that the water source depends on wet or
dry conditions. In dry summers, water from the west ditch is transported east through the soil and tile drains.
This flow was caused by another water level area east of Hogervorst, which has a water level that is 0.5 m
lower. The model showed that transport to the neighbouring field was stopped when the difference in water
level between east and west was reduced to 30 cm by raising the weirs in the neighbouring farm 20 cm. In
wet winter conditions, precipitation raises the groundwater level and, according to the model, 66 % of the
precipitation is transported to the east and 34 % to the west. Of the 34 % flowing towards the west, 70 % was
transported through the drains. The ratio between the discharge of the tile drains and the total precipitation
is 23.8 %, which is very close to the observations of 25 %. This shows that the model agrees well with the
average distribution of flow paths in winter. Due to the regulated tile drains, a faster transport time was de-
termined, which can be less than the measured oxidation time in Hogervorst of 14 to 21 days. Therefore, less
P could precipitate or adsorb the iron hydroxides, which could play a role in the high P concentrations found
at the tile drain outlet. The tracer experiment, field measurements and hydrological modelling showed that
a rise in the water level due to rainfall increases the area that drains to the west via the tile drains. This could
play a role in leaching concentrations from agricultural fields. At Hogervorst, higher P concentrations were
found at the end of the field, which explains the increase in P concentrations measured at the tile drain outlet
during discharge.
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1
Introduction

Phosphate is a nutrient which is considered to decrease biodiversity and cause algae blooms when present
in high concentrations [4–7]. Many agriculture-dominated lowland water systems worldwide suffer from eu-
trophication caused by high nutrient loads in surface waters. In the Netherlands, nutrient surpluses and
leaching are higher than elsewhere in Europe [8] and the world [9], which is due to a highly concentrated and
productive agricultural sector [10]. In the ’bollensteek’ in the west of the Netherlands, floriculture led to high
phosphate concentrations in the sandy soils, which are characterised by a low retention capacity [11]. This
creates a high risk of phosphate leaching from the flower fields into surface waters [12]. Therefore, leaching
of phosphate into surface waters is considered the greatest threat to eutrophication in the area [1]. Since
the measured parcels had a phosphorus concentration 40 times above the WFD 1 norm and a nitrate con-
centration two times above the standard, the Rijnland water board, which manages the Bollenstreek, is very
interested in minimising phosphate losses and establishing a framework to assess which measures are most
effective for specific fields or areas.

Various retention measures are being developed to mitigate phosphate leaching [1, 13]. Two current options
for mitigation are buffer zones (space between the ditch and the agricultural plot) and iron-coated sand (ICS)
Filters at the tile drain outlet or around the drains of an agricultural field. The effectiveness of these methods
depends on the hydrochemical processes in the field. However, the concentration-discharge relation driven
by the hydrochemical processes are poorly understood [14–16]. This relationship is difficult to establish, as
many different factors influence phosphate leaching, e.g. soil type, weather conditions, drain levels, plowing
and crop types [1, 17–19]. In addition, high-frequency data to analyse the hydrological and chemical situation
from the field to the ditch is limited [10, 17]. On two fields in the ’bollenstreek’ various measurements were
carried out to study the effect of iron-coated sand to mitigate phosphate leaching [1, 20]. However, no studies
were found in the Bollenstreek investigating how field conditions affect the relationship between phosphate
concentration and discharge through tile drains. The origin of phosphate in the fields and the contribution
of the different flow paths into the ditch could be useful for understanding the discharge and phosphate con-
centrations leaching from the field and help to implement effective mitigation measures. Other case studies
in various fields took concentration and discharge measurements at the outflow [19, 21] or took measure-
ments of the chemical situation in the field [22, 23] but not measured both the outflow and the condition
in the fields. In a region with intensive agricultural use (Noord-Brabant, the Netherlands), it was found that
the poor chemical status of upper and near-surface groundwater leads to exceedance of quality standards in
receiving surface waters, especially during periods of quick flow [12]. When certain flows were activated and
to what extent it contributed to nutrient leaching was not known, as this depends on the local hydrological
situation. However, in order to take effective mitigation action, it is important to understand these different
drainage pathways. In particular, the hydrological functioning of the regulated drainage [2] (rd), which has
the ability to drain, retain and recharge, is of interest to the Neterlands. Because in recent decades, the drain-
ing of Dutch agricultural land, land consolidation and urbanisation have led to a drop in the groundwater
level. And climate change is causing increasingly extreme conditions that require new water management
systems [24].

In general, there are two known sources of phosphorus in a field: 1) organic matter added to the topsoil, and
2) seepage water in deep seepage polders [1, 25–27]. However, the iron concentration in the field influences
the retention of phosphorus (P) in the subsurface [28]. During oxidation, phosphorus is co-precipitated or

1EU directive which commits European Union member states to achieve good qualitative and quantitative status of all water bodies
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6

adsorbed by iron hydroxides [29]. The precipitation of iron oxides has longer reaction times in the presence of
phosphate and calcium [30]. These oxidation/reduction processes of iron and its interaction with phosphate
are being studied by the P-TRAP consortium. Furthermore, the water transport dynamics of rain infiltration,
seepage, drain transport, and ditch water infiltration affect the phosphate and iron concentrations through
dilution and oxidation/reduction processes [11, 12, 31, 32]. Therefore, to understand phosphate leaching
from agricultural fields, both the chemical and hydrological processes which drive phosphate leaching should
be studied.

The objective of this research is to gain insights into field-scale water transport dynamics in order to deter-
mine the hydrological influence on P leaching and implement effective mitigation measures.
Therefore, a case study was conducted on a tile drained plot (100 by 125 metres) in Noordwijkerhout in the
’bollenstreek’. On this plot, the groundwater levels, drain discharge, soil characteristics, and (ground)water
quality were monitored in space and time using high-frequency measurements. In this way, both the hydro-
logical and chemical situation in the field and tile drain outlet were measured. By analysing the hydraulic
data using a hydrological Modlfow 6 model in combination with the phosphate concentrations in the field
and at the tile drain outlet, a step is taken towards understanding the hydrochemical transport of phosphate
from the field to the ditch.

The hydrological model was constructed to show the difference in groundwater level distribution and mass
balance under wet winter and dry summer conditions in the field. In doing so, the model separated discharge
through the tile drains and the soil. To investigate infiltration, different heads were used at the boundaries
of the field in deeper groundwater layers. In addition, the amount of recharge was changed, simulating pre-
cipitation that provided information about the dynamic behaviour of the system. Together with the tracer
experiment and the hydraulic and chemical measurements, a conceptual model of this system was created.
Based on the mass balance, the transport time was determined to see if oxidation takes place in the soil. The
P-TRAP consortium studied the iron oxidation time in the case study in Noordwijkerhout. Precipitation with
a high oxygen concentration can start the oxidation process. However, if the transport time is much shorter
than the iron oxidation time, the phosphate has no time to precipitate. Iron oxidation is a fast process, but in
the presence of phosphate it is slower. Comparing this time with the reaction times of P-Fe oxides can help
us understand whether oxidation is taking place in the soil.



2
Methodology

This methodology chapter describes the executed field study, field work, lab work and modelling. The field
study at Hogervorst found different water level areas which had an effect on the hydrological situation in
the field which is explained in section 2.1 Management of the drainage system at Hogervorst. The hydraulic
measurements section 2.2 shows how the groundwater level and the tile drain discharge was monitored at a
high frequency (5 to 10 minute interval) and a salt tracer experiment was executed. A hydrological model was
build to analyse the data and calculate a mass balance (see section 2.3). section 2.4 chemical measurements
describes the soil content and water quality measurements in the field and at the tile drain outlet.

2.1. Management of the Drainage System of Hogervorst
The tile drained pilot field is owned by the Gebr. Hogervorst and is located in Noordwijkerhout, a village in
the so-called ’Bollenstreek’. The field is mainly used for the cultivation of daffodils and has a sandy soil with
a high phosphorus concentration, which is characteristic for the Bollenstreek, as explained in chapter 1. The
pilot plot is mainly anthropogenic. According to the owner, the field is built on a 1.5 m thick debris/clay layer
consisting of local remnants of building materials such as bricks and mixed with clay. On top of this is a 1.5
m thick layer of sand. According to the farmer, this was put in place 30 years ago to increase the surface area
of the field, which is currently +0.3 m NAP.

Figure 2.1: Overview of Water management on the farm field from Gebr. Hogervorst in Noordwijkerhout.

An overview of the water management situation in the area is visualised in Figure 2.1. The field boundaries are
marked with orange lines, measuring 125 by 100 metres. The field contains 10 tile drains, which are spaced
10 metres apart, and 80 cm below the surface. The drains are always below the groundwater level and the

7



2.2. Hydraulic Measurements 8

water level of the ditch. Therefore, this system is also called rd. The ditch water can infiltrate into the drain
when the ditch level is above the groundwater level and discharge groundwater when the ditch level is lower.
The drains are 90 metres long and each has an open connection to the western ditch. The water level of the
ditch is regulated with weirs and has a summer and winter level (zomerpeil and winterpeil). The water level
is raised in summer to support the infiltration of the ditch into the field and to prevent a low groundwater
level during the dry summer months. In winter, the water level is lowered so that the field can drain into the
ditch when it gets wet. The tile- drains were installed to infiltrate and drain larger amounts of water so that
the water level is more stable [2]. There are no tile drains on the east side of the field. On the east, the field
ends at a road. On the other side of the road is another field cultivated by another farmer. This field contains
two side ditches on each side of the field, which are in open communication with the eastern ditch in winter.
Note that the water level in the eastern ditch is half a metre lower than in the western ditch. In dry summers,
the small weirs in the two side ditches are often closed to maintain a higher water level.

2.2. Hydraulic Measurements
This section explains the hydraulic measurements at Hogervorst. The discharge of a tile drain was measured
with a single drain storage barrel (see subsection 2.2.1). A second barrel was installed, but it had numerous
malfunctions and was therefore not operational during most of the field measurements (see Appendix D).
The groundwater level was measured at 1 and 60 metres from the ditch. In June it was also possible to take
groundwater measurements at 15 and 30 metres from the western ditch. An overview of the equipment,
measurement locations and measurement time can be found in subsection 2.2.2. subsection 3.1.2 shows the
manual data measurements at the west ditch during the fieldwork and the high frequency measurements
from Waterboard Rijnland at sites 1 and 2 in Figure 2.1. subsection 2.2.3 explains the salt tracer experiment
in which a tile drain response was artificially generated.

2.2.1. Tile Drain Measurements
Figure 2.2 schematically visualized how the temporal single drain-water storage barrel one (B1) collected and
discharged groundwater from the tile drain. Figure 2.3 shows pictures from the outside and inside of B1. B1
is used to measure both the water quality at the drain outflow, and the drain discharge.

The barrel is connected to the drain via an extension tube as shown in Figure 2.3a. Therefore, under infiltra-
tion conditions, the water cannot flow directly from the ditch into the tile drain. However, the ditch water
can still infiltrate into the soil. To maintain natural drainage, the drain extension tube floated above the wa-
ter level in the ditch as shown in Figure 2.3a. When the water level in the field exceeds the level of the ditch
extension tube water starts to flow into the barrel. However, there were undesirable factors that could have
affected the level of the ditch extension tube by 2 to 3 cm (see Appendix A for more details).

Figure 2.2: Temporary single drain water storage tank B1. This schematic overview shows how water enters the barrel from the drain
extension tube connecting tile-drain one (D1) to the barrel. The pump is activated when the float switch reaches the maximum water
level and is deactivated when a minimum water level is reached. The pressure sensor of the CTD multisensor monitors the water level

in B1 to calculate the drain discharge. The automatic sampler takes water samples from the bottom of the barrel at a set interval.
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(a) View of B1 from the outside. The drain is connected to B1 with a drain
extension tube that floats on the water level of the ditch. Therefore D1 has to

overcome the water pressure of the ditch before it can flow into B1. In this
way, the water level in the ditch is simulated to create a natural drain

response.

(b) View inside B1. The stones are installed to push the barrel down. The
black hole shows the exit of the drain extension tube that enters the barrel.
The pump is on the bottom of the barrel. The float switch is attached to the

pump with a cable. The level at which the pump starts is set by the cable ties,
which adjust the length of the cable. The transparent hose at the bottom of

the barrel is connected to the automatic sampler. The small iron cable
connected to the iron rod holds the pressure sensor (CTD multisensor) at the

bottom of the barrel.

Figure 2.3: Outside and inside view of B1.

The discharge was calculated from the volume of water in the barrel divided by the duration between two
pump activations. The activation of the pump is controlled by a float switch that automatically activates the
pump when a certain water level is reached. During installation, this maximum level in the barrel was set be-
low the minimum water level in the ditch. In other words, the water level in the barrel had no influence on the
discharge into the barrel. The difference in the volume of water in the barrel before and after the pump was
activated was estimated by a calibration test. This was done by filling the barrel until the pump was switched
on and reading the pump number (the total volume registered by the pump). After this was done 5 to 8 times,
an average volume difference was determined. As it happened a few times that the set-up had to be adjusted,
a new calibration was made. This calibration data can be found in Appendix D

The duration between two activations of the pump was determined using data from a CTD multisensor (con-
ductivity, water pressure and temperature), which registered the pressure differences in the barrel every five
minutes. The specification of the CTD multisensor can be found at Table A.1. Using the date and time mark-
ing the minimum and maximum water level, the duration between two pump activations was determined.
Using the calibrated volume and the measured time needed to fill the barrel, the discharge was calculated.
To check the discharge calculations, the calculated total discharge volume was compared with the actual
registered pump numbers.
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2.2.2. Monitoring Wells to Monitor the Groundwater Level in the Field

Figure 2.4: Schematic overview of the location of barrels one and
two, drain one and two and monitoring tubes P1 to P12. The exact

locations of the monitoring tubes can be found in appendix A
Table A.2.

To measure the groundwater level and to take wa-
ter samples from the field, 12 monitoring wells
were installed. The wells were constructed us-
ing a PVC-tube with a filter about 50 centime-
tres long. The locations of these monitoring
wells are shown in Figure 2.4 and an overview of
the monitoring dates and sensors can be found
in Table A.1. A more detailed overview of the
locations for P1 to P12 can be found in Ap-
pendix A.

Two different types of measurements were carried
out to measure the groundwater level at the moni-
toring wells. 1) Divers (automatic pressure measur-
ing device) inside the monitoring wells which are
in combination with a baro-meter installed at the
surface of the field. 2) Manual measurements using
a measuring tape with an additional weight during
field visits. By performing levelling, the groundwa-
ter levels were expressed with respect to the aver-
age field surface level and NAP. The calculations can be found in Appendix A.

2.2.3. Tracer Experiments
Five tracer tests were conducted as part of two tracer experiments. The first experiment (test 1 and 2) was
conducted in winter using an infiltration pond with tap/ditch water at 60 m from the western ditch. The
second experiment (test 3, 4 and 5) was conducted in summer using a salt solution at 15 m (test 3 and 5) and
30 m (test 4) from the western ditch. Since the 3th and 4th test gave usable results, they are explained in the
report.
Figure 2.5 provides a visualisation of the salt tracer experiment (test 3, 4 and 5). Since it was difficult to design
an experiment when the groundwater level exceeded the water level in the ditch, the drain extension tube
was lowered to create a drain response. To inject the salt tracer, a PVC injection tube was placed in the shell
bed directly above the drain. To detect the injected salt tracer at the drain outlet, two EC meters (CTD multi-
sensor, Greinsinger GMH343) were installed in the outlet of drain extension tube.

Note that the conditions in this artificial response are somewhat different compared to a natural response,
which could affect the results. First, the level of the ditch was kept the same while the level of the drain was
lowered. Secondly, the groundwater level distribution in the field was different from a drain response caused
by an increased water level due to precipitation.

Table 2.1: Salt tracer test 3 , 4 and 5

test day drain lowered
salt
(g)

EC
(µS/cm)

amount
(L)

injection
duration
after injection
(hr)

Qavg
(L/hr)

volume
(L)

3 9-Sep 12:00 32 4000 10 12:00 4.0 112 451
4 10-Sep 9:54 88 8000 10 11:00 5.2 151 880
5 13-Sep 9:10 88 8000 10 9:22 1.3 64 80
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Figure 2.5: Set-up of the third and fourth tracer test. The dashed lines show the natural situation for the water level and the drain
extension tube. The blue line shows the situation after the drain extension has been lowered. Note that the level of drain D1 has

dropped to the inlet level of B1, which means a drop of 13 cm. A CTD-multisensor and a munual EC sensor were installed in the inlet of
B1 to measure the EC level directly at the outlet of the drain extension tube. At 20 metres from the ditch the groundwater level was

estimated to be equal to the reduced head of D1 based on the monitored groundwater levels.

2.3. Hydraulic Model Build- Up
MODFLOW 6 was used in combination with FloPy to create two steady-state models (wet winter and dry
summer) with a grid size of 1 x 1 metre and 11 layers. To build the wet winter and dry summer model, sev-
eral boundary conditions were set as explained in subsection 2.3.1. These boundary conditions were fixed,
semi-fixed and calibrated. The semi-fixed and calibrated values were studied with a sensitivity analysis as
explained in subsection 2.3.2. With the final boundary conditions, a mass balance was created and used to
estimate the transport times, as explained in subsection 3.2.5.

2.3.1. Boundary Conditions (CHD, GHB and RCH)
The model makes use of three packages whose specifications can be found in Hughes [33]. Figure 2.1 shows
the boundaries of the model (orange rectangle) and the situation outside the model boundaries. The bound-
ary conditions are summarised in Table 2.2.

The boundary condition in the east represents the groundwater level on the neighbouring field. A CHD pack-
age was set for this boundary, which requires a head parameter. This simplification made it easier to study the
effects of changing the head in the east. This is because it depends on a single variable, whereas constructing
a model with side ditches requires the depth of the ditch, the conductivity of the ditch and the levels of the
weirs. The disadvantage of this simplification is that there is no difference in groundwater level between the
middle of the field and the side ditches, which also affects the mass balance. According to the owner, no weirs
were set in winter, therefore the head in the east was set to the actual water level of the eastern ditch in the
wet winter model. In summer, conditions were more complicated. In dry weather, the weirs were adjusted
to increase the (ground)water level. Therefore, three different heads were used in the summer model to in-
vestigate the effects of the weirs. The western ditch is also simulated with a CHD boundary condition. The
head was obtained from the manual ditch water level measurements and high frequency data from Rijnland
as explained in subsection 3.1.2. For the actual head, the average value for summer or winter water level of
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Table 2.2: Modflow 6 packages and parameters used to set the model boundary conditions. 1 the side ditches at the east field contain
weirs which are sometimes set in dry summer conditions to increase the groundwater level. Therefore in the wet winter model the
boundary was set to the east ditch and in the dry summer model three different heads were set to indicate the effect of the weirs. 2

effective rainfall = precipitation - evaporation set over an selected average wet winter or dry summer time frame.

Boundary
condition

Location Package Parameter(s) Parameter values

east ditch
125 meter east from the
west ditch

CHD Head East ditch water level 1

West
ditch

West ditch CHD Head West ditch water level 1

Drains
Perpendicular to West
ditch. Length: 90 m GHB

Head West ditch water level

Number 10, Distance
between drains: 10 m

Conductance Calibration parameter

North,
south

End of the field (width
between North – South
100 meter)

- - impermeable

Bottom 18 meter - - impermeable
Groundwater
recharge

Top of the saturated zone RCH Recharge Effective precipitation 2

Hydraulic
conductivity

Field NPF Kh, Kv see Figure 2.6

the west ditch was used. The north, the south and the bottom were impermeable boundaries in the model.
According to DINOloket (Appendix E), the soil at a depth of 17 metres probably contains a clay layer, which
is why this level was used as an impermeable layer. At the northern and southern impermeable boundary,
the ditches are insignificant because the 10 tile drains on the field regulate the groundwater level. Therefore,
the amount of groundwater percolating into the side ditches was considered insignificant. The groundwater
recharge was modelled using the RCH (recharge package), with the entire surface of the field gaining water
in the wet winter model and losing water in the dry summer model. The values were calculated by taking the
average value over a selected time frame as explained in the subsection subsection 2.3.2. The evaporation
and precipitation data for the calculation of the effective precipitation were obtained from the KNMI at the
weather station in Voorschoten.

The 10 tile drains at Hogervorst are simulated with a GHB that simulates both infiltration and discharge. The
head of the GHB is equal to the water level in the west ditch, as they are in open connection and the drain
is always below the level of the west ditch. The conductance of the tile drain is unknown and is used as a
calibration parameter. Its value was not limited by a range.

The soil profile of the field and the calibration limits for kh and kv are shown in Figure 2.6. For the sand layers,
kv is assumed to be between 0.1 and 3 and kh between 1 and 30 m/d [34]. Around the drains is a shell bed,
which has a greater conductivity than sand [34]. Therefore, a three times larger conductance was applied for
the shell bed than for sand. The clay/debris layer was between NAP -1.2 and -2.7 m. For this layer it was as-
sumed that the kh, kv values were smaller by a factor of 100 compared to the sandy soil. Below the clay/debris
layer, a thick sand layer was found which extents to NAP -17 m. To simplify the calibration, the anisotrophy
of the soil was assumed to be 10. Furthermore, the entire profile was multiplied to increase or decrease the
kh and kv value. Since kh and kv always differ by a factor of 10, they were combined in this study as one cali-
bration parameter to khkv. This parameter was called the permeability coefficient (khkv) in the report.
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Figure 2.6: Soil profile from the top 3.5 meter, including kh and kv calibration boundaries. Note that the bottom of the model is situated
at NAP -18 m.

2.3.2. Calibration and Validation

Figure 2.7: Calibration and Validation wet winter and dry summer
model. Where the measured tile drain discharge and groundwater
level observations were used to calibrate the model with the drain

conductance and the permeability coefficient (khkv).

Figure 2.7 shows the flow diagram for the cal-
ibration and validation of the winter and sum-
mer model. First, the wet winter model was
calibrated to the measured tile drain discharge
and the measured groundwater level 60 me-
tres from the western ditch. The permeabil-
ity coefficient (khkv) and the drain conductance
were used as calibration parameters. The fi-
nal permeability coefficient obtained from the
wet winter calibration was used in the dry
summer model. With the permeability coeffi-
cient set, the drain conductance was used as
the only calibration parameter to fit the mea-
sured groundwater level at 15, 30 and 60 m
from the western ditch in dry summer condi-
tions.

To calibrate the "wet winter" and "dry summer"
conditions, a specific time frame was defined for
each model with measured precipitation, tile drain
discharge, ditch water level and groundwater lev-
els. Since discharge from the tile drains indicates wet conditions, the longest measured period with persis-
tent drainage of the tile drain in winter was used. For the dry summer, a time frame was chosen where the
groundwater level was measured at the three sites, no precipitation was present and the ditch was at summer
level (Zomerpeil).

In order to study the different variables in depth, a sensitivity analysis was performed. The sensitivity analysis
was executed with parameters before the completed calibration (START calibration) and with the completed
calibration (END calibration) for winter and summer conditions.
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2.3.3. Transport Times
An estimate of the transport times from the field to the eastern and western ditches was made from the model
under wet winter conditions using the formula Equation 2.1. Where Q is the discharge determined from the
model under wet winter conditions. And Vmax is the maximum volume before ’new’ water from precipitation
leaves the system.

Vmax

Q
= l ·b ·h ·n

Q
= t (2.1)

Where l is the distance from the point with the highest groundwater level to the western ditch or the eastern boundary. l
was determined using the measured groundwater levels during relative dry conditions in winter. Effective width b is the
expected width to flow to the drain. The height h is the distance between the drain and the groundwater level. For this
distance, the position of the maximum head from the wet winter model was used. n is the porosity.

2.4. Chemical Measurements
Chemical measurements were carried out in the field and in the tile drain outlet. First, in subsection 2.4.1
the laboratory analysis of soil samples and groundwater extraction methods are explained. Second, subsec-
tion 2.4.2 shows the collection of water quality samples with an auto-sampler at the tile drain outlet. Third,
in subsection 2.4.3 the laboratory analysis of the water samples taken in the field and at the tile drain outlet
are explained.

2.4.1. Soil and Groundwater Samples From the Field
In the subsurface of the field, samples were taken from both the soil and the groundwater. Six depth profiles
were established in the field up to 3.8 metres below the surface. The location of these six depth profiles is
shown in Table A.2. For each of these six profiles, the first 60 cm to the groundwater level were analysed using
soil samples. For these six profiles, a sample was taken just below the surface and at the groundwater level
(about 60 cm below the surface). In addition to these six profiles, several additional soil samples were taken
in the field down to the top of the clay/debris layer about 150 cm below the surface.

The soil samples were prepared at TU Delft and measured at the ICP at Deltares. Table 2.3 shows the prepa-
ration for analysing a sample with three different reagents. To limit the total amount of samples for the ICP,
not every extracted soil sample was analysed. And not every sample was analysed with three reagents. The
extractions with HCL and ammonium oxalate were used for all six profiles and for extracted clay at 150 cm
depth. The water extraction reagent was only used for the topsoil in the six profiles.

Table 2.3: Three different soil sample preparations used to measure the chemical soil characteristics.

Reagent Soil (gram) Concentration Volume (ml) Bottle (ml)

HCL 2.5 3 M 25 50

Ammonium Oxalate 2.5
0.2 M ammonium oxalate
acidified to PH = 3
with 0.2 M oxalic acid

50 125

Demi Water 0.5 - 30 50

The soil samples used for the HCL extractions were oven dried and the ammonium oxalate and demi-water
extractions were air dried. The samples were placed in a shaker at 100 rpm at room temperature for different
periods of time.

• HCL: 70 hr

• Ammonium Oxalate: 2 hr in the dark

• Demi Water: 1 hr

After shaking, the samples were collected after being filtered with a 0.45 µm filter. Then the demi-water sam-
ples were acidified with 100 µl of concentrated nitric acid. After preparation, the samples were analysed by
ICP-OES at Deltares in Utrecht.

Groundwater was sampled using two methods: 1) from the observation wells and 2) from the GVP. Water was
collected from six observation wells (P1 to P6) using a vacuum pump. Samples were collected during site
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visits. Eight water samples from P1, P2, P3, P4 and P5 and four from P6 were collected from the same mon-
itoring wells during the period 11-03-2021 to 21-5-2021. The location of these monitoring wells is shown in
Figure 2.4. The disadvantage of monitoring wells is the large filter length of 50 cm. Therefore, the ground-
water can enter the tube in a wide area and mix inside the tube. The second method uses a hollow iron tube
with a retractable tip at the end of the tube. This tip had a filter with a length of about 5 cm from where the
groundwater could enter the tube. A small plastic tube inside the hollow iron tube connected the filter to the
vacuum pump at the surface. Since the length of the filter was only about 5 cm, the groundwater was sam-
pled at a very specific depth. The soil probe was used to create 10 depth profiles, six of which were created
on the field at Hogervorst. The location of the six profiles is shown in Table A.2. The other four profiles were
taken from other fields in the ’bollenstreek’ and are not discussed in this report. With the GVP it was tried to
reach a maximum depth of 3.8 meter and extract a groundwater sample every 30 centimeter. However, due to
sampling problems, measurements could not be taken at some depths. There were several reasons for this:
a clogged filter, a broken filter, a clogged tube, a clay layer or impenetrable debris. Due to these problems,
the creation of the depth profiles was very time-consuming and therefore took 5 days to extract the 10 profiles.

In addition to the extracted samples, which were analysed in the laboratory, the EC, PH and redox values of
the groundwater extracted with the GVP were measured with a manual redox, EC and PH device. To contin-
uously refresh the groundwater samples, the measuring devices were placed in Greiner tubes from which the
GVP continuously pumped fresh groundwater into the tubes (see Figure 2.8).

Figure 2.8: Overview of groundwater sampling with the GVP. The iron tube on the right is the GVP from which the water is taken with
the peristaltic pump. On the left are the Greiner tubes with the EC, Ph and redox devices.

2.4.2. Extracting Water Quality Samples at the Drain Outflow
From 18 March to the third of June, an autosampler was installed in B1 to collect water samples from the tile
drain outflow. The autosampler consists of 24 bottles with a capacity of 1L each. The autosampler collects the
water from B1 at a preset frequency. In Figure H.6b it is shown how a hose has been placed in B1 from which
water can be pumped into a sample of the autosampler. The frequency was normally set to one sample every
eight hours. This way, it takes eight days to collect all 24 samples. If the weather forecast predicted rain, an
attempt was made to record this event and increase the frequency. The exact frequency differs from each of
the three rain events recorded. As the automatic sampler had to be set manually and the samples were taken
to Utrecht, this was labour intensive. During the fieldwork from 8 to 12 May 2021, there were three responses
(period of time when water flows out of the drain) recorded with a lowered drain extension tube. The outflow
extension was lowered from 16 April to 14 May to increase the possibility of a response in summer. For a com-
plete overview of the adjustments to the tile drain extension tube, see Appendix D. In addition, two samples
were taken from the western ditch near the tile drain outlet of D1 on 25.5.2021 and 21.5.2021.
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2.4.3. Lab Analysis Water Samples
For all extracted water samples the following procedures were used to measure phosphorus, iron and man-
ganese concentrations.

Phosphate measurement: The samples were previously acidified with HCl. The samples were filtered with a
0.45 µm filter. Phosphorus was measured photometrically at 880 nm. The sample is incubated for 30 min-
utes and previously reacted with an ammonium heptamolybdate solution acidified with sulphuric acid and
freshly added ascorbic acid. The photometric measurement is compared to the calibration line (R2>0.99).

Iron (II) and total iron measurement: The samples were previously acidified with nitric acid to fix the iron (II)
and avoid precipitation. All samples were filtered with a 0.45 µm filter. Iron was determined photometrically
with a acetate buffered phenanthroline solution at 510 nm. For total iron the samples were previously re-
duced with hydroxylammonium chloride. Both iron (II) and total iron were incubated for 20 minutes before
taking the measurement. The photometric measurement is compared to the calibration line (R2>0.99).

Manganese measurement: The samples were previously acidified with nitric acid to avoid precipitation. All
samples were filtered with a 0.45 µm filter. The sample was made to react with hydroxylamine, formalde-
hyde, and ammonium hydroxide, incubated for 30 minutes and the photometric measurement was taken at
450 nm. The photometric measurement is compared to the calibration line (R2>0.99).

Anions and Cations - Ion Chromatography (Dionex): background anions and cations were measured by ion
chromatography as soon as possible after the samples reached the laboratory. Including: nitrate, nitrate,
bromide, sulfate, phosphate, sodium, ammonium, potassium, magnesium, and calcium. The results are ex-
pressed in mg/L of the molecules (i.e 0.23 mg PO4/L = 2.4 µM/L). The samples were previously filtered at 0.45
µm and they were not acidified because of the Dionex equipment requirements. Not acidifying the samples
may cause precipitation of calcium phosphates or iron oxides and iron phosphates as the samples oxidize.
This is why, although the IC measured phosphate the photometric method is more reliable. Ammonium and
nitrate, and sulfate concentrations can indicate how reducing the conditions of the water are. Differences in
calcium, manganese, chloride, bromide, and potassium can indicate that the water is from a different source.



3
Results

First, in section 2.2 an overview of the hydraulic measurements and the analysis of them is given. Secondly,
in section 3.2 the calibration of the model and its results are presented. Thirdly, the results of the P concen-
trations found are presented in section 2.4.

3.1. Hydraulic Measurements
This chapter shows the results of the measurements of rainfall, tile drain discharge, groundwater levels and
ditch water levels. First, an overview of the data is given in subsection 3.1.1. Then the validation of the
ditch measurements is explained in subsection 3.1.2. These ditch measurements were used to study the
activation of the measured tile drain response as shown in subsection 3.1.3. In subsection 3.1.4 the relative
amount of rainfall transported by the tile drainage is explained. In subsection 3.1.5 the results of the salt
tracer experiment are described.

3.1.1. Effective Rainfall, Tile Drain Discharge, Groundwater Level and Ditch Water Level
Observations Overview

Figure 3.1 shows the precipitation intensity, cumulative precipitation volume (orange line) and the cumu-
lative effective precipitation volume (blue line). The cumulative precipitation volume [m3] is the discharge
area of a single drain 1 multiplied by the measured (effective) precipitation 2 in Voorschoten. The effective
precipitation corresponds to the precipitation in winter. In summer, however, the effective precipitation and
the precipitation differ due to the higher evaporation in summer.

Figure 3.1 shows the drain discharge measured at D1 (blue line) and the cumulative drain discharge (yellow
line). From the graph, it can be seen that there were large fluctuations in tile drain discharge in winter and
summer, ranging from 0 to 0.3 m3/h. Furthermore, the graph showed that there was less drain response in
summer. Between 8-12-2020 and 1-3-2021, nearly 80 m3 water was discharged. From April to August, there
was only about 5 m3 Water flowed out of the drain. Note that from 2021-05-20 to 2021-07-20, no measure-
ments of the discharge were available because the barrel was disconnected. Since there was a large rainstorm
during this period that raised the groundwater level well above the water level of the ditch, the response be-
tween April and August is likely to be higher. However, it is noticeable that the amount of rainfall up to April
was 200 m3, while the amount of rainfall between April and August (excluding the rainfall between 2021-05-
20 and 2021-07-20) was 353 m3. Thus, although the amount of rainfall was higher, less water was transported
by the drain. This relationship between tile drain response and rainfall volumes was further analysed by di-
viding the data into eight parts (see subsection 3.1.4)

The bottom graph shows the water level in the western ditch compared to the groundwater level at P1 and P2
60 metres from the ditch. As the field has a rd system, the tile drain is activated when the groundwater level
in the field exceeds the ditch water level, as explained in section 2.1. To check whether this was the case, the
time of the drain response was compared with the time when the groundwater level in the field exceeds the

1Groundwater from half the length between two drains is assumed to flow to a single drain. Therefore, a total effective width of 10 metres
is used. The length at which the modelled groundwater level was above the western ditch water level during the wet winter is used as
the effective length (60 metres). Therefore, 60*10 = 600m2 is taken as the effective area.

2The KNMI weather station in Voorschoten provides hourly precipitation data and daily evaporation values. The average hourly precip-
itation minus the daily evaporation thus gives the effective precipitation.

17
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water level of the western ditch. The results can be found in subsection 3.1.3 after validating the water level
in the west ditch subsection 3.1.2.

Figure 3.1: Complete data set of measured hydraulic responses. The upper graph shows the precipitation and the (effective) cumulative
rainfall for the effective area between 2 drains (10 * 60 metres). The middle graph shows the measured tile drain discharge and drained

volume at D1. The bottom graph shows the measured western ditch and the groundwater level at P1 and P2 60 metres from the western
ditch. The figure provides an overview of the dynamic behaviour and rapid changes in groundwater level ; discharges over the

measured period from 2020-12-08 to 2021-07-21.

3.1.2. Water Level in the West Ditch
The Rijnland Water Board controls the water level with weirs to a winter and a summer level. These water
levels were measured at an interval of 10 to 30 minutes at two monitoring sites, as shown in Figure 2.1.

Figure 3.2: The monitored water levels of site 1 and 2, as shown in Figure 2.1, have shifted towards the manually measured ditch level at
Hogervorst (red dots).

To check whether these measurements agree with the west ditch at Hogervorst, they were compared with
manual measurements at the bridge given as A in Figure 2.1. The measurements agreed well with the manual
measurements (see Figure 3.2).
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3.1.3. Drain Response After High Groundwater Events
Using the measured groundwater level at 60 metres from the western ditch (P1 and P2), the water level in the
ditch and the measured drain response, the relationship between the drain response and the groundwater
level in the field was further studied. For this purpose, the drain response time was compared to the time
when the water level in the field exceeded the western ditch. For ease of reading, a response is when water
flows out of the tile drain and an event is when the water level in the field is higher than the water level in the
western ditch.

For calculating the response and event time two restrictions were made:

• Response: The duration between two pump activations by the float switch when the maximum water
level in the barrel was reached was greater than 0 and less than 24 hours.

• Event: water level in P1, P1+5 pr P1+10 is larger than the water level in the ditch.

The events and responses to these constraints are visualised in Figure 3.3. The top graph shows the ground-
water level 60 metres from the ditch and the western ditch level. The middle graph shows the responses and
events calculated with a Python script. The bottom graph shows the tile drain discharge from D1. The figure
shows that the calculated event took place when the groundwater level exceeds the ditch. Furthermore, a
calculated drain response is found when there was an outflow. So the calculated events and responses agree
with the measured data.

Figure 3.3: Calculated events (blue) and drain responses (green) as defined in subsection 3.1.3 based on the measurements: West ditch ;
water level at the end of the field (60 metres from the west ditch); tile drain discharge from B1. Note: 2021-05-20 to 2021-07-20 no

response was measured as B1 was disconnected.

Furthermore, the figure shows that the responses are longer than the events (measured at 60 metres from
the western ditch at P1 and P2), whereas it was expected that a response would occur when an event occurs.
However, the events in the figure were calculated with the groundwater level at the end of the field. It was
expected that the event time near the ditch would be longer and correspond to the measured response. This
expectation was based on the measured groundwater levels near the ditch (P6, P7, P8), which had higher
groundwater levels than 60 metres from the ditch (P1 and P2). Therefore, it was expected that the groundwa-
ter level near the ditch would be above the ditch for longer than at the end of the field and would therefore
cause a longer response. However, the groundwater level near the ditch was only measured in June.

To test this expectation, the measured groundwater level at the end of the field was shifted by +5, +10 and
+20 cm and the new events were calculated, the results of which can be found in Table 3.1. As already seen
in Figure 3.3, responses occurred when there was no event at 60 metres from the western ditch. Of the 61
days (1464 hours) where a response was measured, only 12 days occurred during an event 60 metres from
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the western ditch. The upward shift of the groundwater level led to an extension of the event time, which
confirms the expectation. However, after an elevation of 20 cm, there were still 13 days where a response
occurred without an event, while a in % decreased to 23 %. a in % indicates whether there was a response
without an event. If a in % is 100 %, it means that there is never a response when there is no event. a in %
shows that at 60 metres from the western ditch there was always a response when there was an event, which
should be the case. However, when 5, 10 and 20 cm are added, a in% decreases, while there are still responses
when there is no event. Since the drain can only respond when an event occurs, the fluctuation of the water
level must be less near the ditch than at the end of the field. This also corresponds to the modelled water
distribution during a wet winter response Figure 3.5.

Table 3.1: Relation between the measured drain response and the total event time between 2020/12/12 and 2021/9/9, which is 271 days.
Index: additional level in centimetres above the measured water level 60 metres from the ditch.

a = (
∑

(response time during event time) / total event time) *100
b = (total event time / total response time) * 100

Index total Response response when event response when no event Event a in % b in %

+0 61 days 12 days 49 days 12 days 100 20
+5 61 days 28 days 33 days 30 days 95 51
+10 61 days 43 days 19 days 64 days 67 110
+20 61 days 48 days 13 days 204 days 23 332

3.1.4. Rainfall Volume Compared to Drain Response Volume
To study the amount of rainfall compared to the drain response volume the measured data is divided into
8 parts. The rain and tile drain discharge volume for part 1 to 8 were calculated and presented in Table 3.2.
Note that precipitation is used and not effective precipitation so evaporation is not subtracted. An overview
of the data was given in Figure 3.1. However, a detailed graphical overview for all eight parts can be found in
Appendix B. The table shows that during winter the tile drain discharge volume in relation to precipitation
volume was larger compared to summer. It was highly likely that the much higher evaporation values in
summer caused the lower tile drain response. The effective evaporation in part 7 and 8 (Appendix B.) was
negative meaning a larger evaporation than precipitation while part 1 to 6 the effective evaporation was equal
to the actual rainfall. Since, there was almost no evaporation in part 1 to 6 it was found that 32 % of the water
leaching from the entire field was discharged through the tile drains. However, subsection 3.1.3 indicated that
the area close to the ditch was more active causing a smaller drain response area.

Table 3.2: Drain response volume compared to rainfall volume into drain 1.

part date start date stop
tot response
(m3)

tot rain
(m3)

drain / rain ratio
(%)

1 2020-12-08 2020-12-21 2 28 8
2 2020-12-21 2021-01-05 29 67 43
3 2021-01-06 2021-01-15 3 22 17
4 2021-01-18 2021-02-01 7 47 14
5 2021-02-01 2021-03-01 31 37 83
6 2021-03-10 2021-03-16 2 28 6
7 2021-04-10 2021-05-21 4 64 6
8 2021-07-20 2021-08-16 7 59 11
Barrel disconnected 2021-05-20 2021-07-20 - 120 0
Winter (1 to 6) 2020-12-08 2021-03-16 73 229 32
Summer (7 to 8) 2021-04-10 2021-08-16 11 123 9
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3.1.5. Tracer Experiment
During this study, two tracer experiments were conducted consisting of 5 tests as explained in subsection 2.2.3.
The analysis of the first experiment (test 1 and 2) is not covered in this report, but led to improvements for the
second tracer experiment. The results of test 3 and 4 are visualised in Figure 3.4. In test 5, the CTD-multisenor
measuring the EC did not work properly and therefore did not collect reliable information.

Test 3 (5 metres from the ditch) showed an increase in EC at the outflow of the drain extension 35 minutes
after injection. Within this time frame (after injection and before the increase in EC), a total of 65 litres passed
the drain outflow. The drain storage in the first 5 metres should be about 39 litres with an approximate drain
diameter of 10 centimetres. So at least 39 litres of water had to be discharged before salt could be detected
at the outlet of the drain. So 65 - 39 = 26 additional litres were discharged before an increase in the EC value
was detected. Therefore, 26 litres infiltrated the first 5 metres of the drain before the injected saline solution
reached the drain outlet. Furthermore, the EC continued to rise and was still rising when the experiment was
stopped after 3 hours. A mixing calculation showed that 51% of the salt was recovered before the end of test
3. Test 4 (15 metres from the ditch) showed a very slight gradual increase in EC compared to test 3. After six
hours, 880 litres of water had passed the drain, while EC only increased by 20 µS/cm.

Note that tests 3 and 4 show some short peaks in the EC. These peaks occurred when the water in B1 reached
the level of the drain extension tube where the EC device (CTD diver) was located. In test 3, only part of these
peaks were measured because the pump was manually activated before the level of the drain extension tube
was reached.

Figure 3.4: EC measurements at 5 (blue line) and 15 (orange line) metres from the ditch (test 3 and 4 respectively). In test 3, an increase
in EC was measured 35 minutes after injection and 65 litres were discharged from D1, whereupon EC continued to increase. The results

of test 4 showed a slow, gradual increase in EC of 20 µS/cm.

3.2. Hydraulic Steady State MF6 Model
First, the calibration to the final models is shown in subsection 3.2.1. Then the results of a nationwide model
and the effects that tile drainage and head below the clay/debris layer may have on infiltration in Hogervorst
are presented in subsection 3.2.2. Based on the two models, a wet and dry condition in summer and winter
was modeled (see subsection 3.2.3). The mass balances are shown in subsection 3.2.4 and the transport times
in subsection 3.2.5.

3.2.1. Wet Winter and Dry Summer Calibration
An overview of the values used at the start of the calibration and the final values after calibration are shown
in Table 3.3.
The observed (ground)water levels and drain discharge for the wettest month and the 10 wettest winter days
are shown by boxplots in Figure Figure 3.5. It was decided to use 10 days as this was the longest period in the
measured dataset during which tile drainage continued. The modelled groundwater levels and discharges of
the final wet winter model are shown in green, blue, orange and yellow. The green line represents the situa-
tion with the START values and the yellow line the final wet winter model. The continues black line shows the
location of the drain. The head in the tile drain which is equal to the water level in the west ditch (drain head)
is presented with black dotted lines.
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Table 3.3: Overview of the calibration values before and after calibration for the wet winter and dry summer model.

Parameter
Kv

(m/d)
Kh

(m/d)

Drain
conductance
(m2/d)

Effective precipitation
(m/d)

Package
Node Property Flow
(NPF)

General head
boundary
(GHB)

Recharge (RCH)

START
calibra
tion

description
Value as indicated in
figure 2.7

Arbitrary
number

Winter
Avg. eff. prec. in
Jan. 2021

Summer
Avg. eff. evap. in
Jun. 2021

value Kv_SEN Kh_SEN 0.2
Winter 0.0025
Summer -0.465

END
Calibra
tion

Description
Calibrated with the
Winter Model.

Winter and
summer
calibration

Winter
Avg. eff. prec. Dec.
21 to 31

Summer
Avg. evap. Jun.
6 to 17

value Kv_SEN × 2 Kh_SEN × 2
Winter 2 7.8
Summer 0.2 -3.4

The data showed that large rain showers were required to generate a drain response. The distribution of the
groundwater level in January (green boxplot) showed that only the outlines exceeded the drain head (black
dashed line). Even on the 10 wettest days of the winter, from 21 to 31 December (yellow boxplot), groundwa-
ter levels were observed below the ditch level. However, the groundwater level was within the 75 th percentile
of the observed ditch water level. Furthermore, the tile drain response was continuous (see Appendix B). The
wet winter model with START calibration values showed a groundwater level just above the drain head and
a low discharge comparable to the observed discharge. Using the 10 wettest days and a higher drain con-
ductance value increased the groundwater level above the 75th percentile (blue lines). Increasing the kh and
kv values by a factor of 2 decreased the groundwater level and discharge within the 75th and 25th percentile
limits (orange line). Finally, increasing the drain conductance by a factor of 10 instead of a factor of 5, the dis-
charge corresponds to the median of the observed discharge (yellow line). The modelled groundwater level
lies between the 75th and 25th percentile, but above the median. Since an attempt was made to simulate a
wet winter situation, this was considered an acceptable groundwater level corresponding to actual wet con-
ditions.

For summer conditions the average evaporation measurements from 6 to 17 June were used, multiplied by
the crop factor of tubers in June of 0.7 [35]. During this time frame there was no precipitation and the ditch
level was not changed as shown in Figure 3.2. Using the same drain conductance as the final wet winter
model gave a groundwater level exceeding the groundwater level observation (see Figure 3.7. Using the lower
START calibration value of the drain conductance showed a better fit. This value was than used in the final
dry summer model. To understand the possible mitigation measures in the east the groundwater level was
increased by 20 and 40 cm (see Figure 3.7). The effect of increasing the east ditch water level on the water
balance is further explained in subsection 3.2.4.
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Figure 3.5: Final calibration of the steady-state wet winter model. The boxplots represent the (ground)water level and discharge of the
wettest month, January (green boxplot) and the 10 wettest days, 21 to 31 December (yellow boxplots). The green, blue and orange lines
summarise the calibration of the final model (yellow line) based on the sensitivity analysis and the observed (ground)water levels and

discharges. The values of the START calibration can be found in Table 3.3.

Figure 3.6: Final calibration of the steady-state dry summer model. The START value (green line) is used for the final summer model.
Note that a GHB of 2 (used in the wet winter model) exceeds the observed groundwater tables in summer.
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Figure 3.7: Final steady-state dry summer model with groundwater level observations from 6 to 17 June. Khkv, equal to the winter
model. The drain conductance was set to its START value of 0.2. The blue and yellow lines show the effects of raising the eastern ditch

by 0.2 and 0.4 metres, respectively.

3.2.2. Seepage
A first indication of whether the seepage at Hogervorst is significant was found with the LHM 4.1 model. [36].
Figure 3.8 shows the infiltration modelled by LHM4.1 on and around the field of Hogervorst. The outline of
the field has been marked with a black line. Note that the grid size of the LHM 4.1 model was larger than the
field. The LHM 4.1 model shows a low seepage of -0.25 mm/day, indicating that there was little leakage.

Figure 3.8: National Hydrological Model (LHM) 4.1 seepage model in (mm/day) [36]. The flower field at Hogervorst has been marked
with a red dot. The outline of the field is marked with a black box. The LHM 4.1 model shows negligible seepage at Hogervorst.
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The Wet winter model and dry summer model show that the tile drains do not cause a large upward flow (see
Figure 3.9 and Figure 3.10).

(a) Wet winter cross section at D1 (b) Wet winter cross-section at 20 metres from the west ditch.

Figure 3.9: The model for the wet summer shows that the discharge of the tile drains does not cause a large upward flow.

(a) Dry summer cross section at D1 (b) Dry summer cross section at 20 metres from the west ditch

Figure 3.10: The model for the dry summer shows that the irrigation of the tile drains does not cause a large upward flow.

The possible effects of infiltration in wet winter are shown in Figure 3.11. Found by increasing the head below
the clay/debris layer. The green line shows the model output with the END calibration values. The yellow
line shows the situation where the head below the debris/clay layer was increased from -0.22 m NAP in the
west and -0.64 m NAP in the east to 0 m NAP. This raises the groundwater level about 3 cm 60 metres from the
ditch. The discharge from the effective surface area of D1 was also increased from 0.1 to 0.22 m3/hr.

The possible effects of infiltration in summer are shown in Figure 3.7. The figure shows that the groundwater
level in this situation increased by 10 cm 60 metres from the ditch, when the head below the debris/clay layer
was increased from -0.22 m NAP in the west and -0.64 m NAP in the east to 0 m NAP.
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Figure 3.11: Sensitivity analysis of the CHD parameter under the clay/debris layer for seepage in the wet-winter model. The END
calibration parameters are used for the model input. The boxplots represent the (ground)water level and discharge of the wettest

month January (green boxplots) and the 10 wettest days, 21 to 31 December (grey boxplots). The CHD value below the debris layer is
increased from -0.22 m NAP in the west and -0.64 m NAP in the east (green line) to 0 (yellow line).

Figure 3.12: Sensitivity analysis of the CHD parameter under the clay/debris layer for seepage in the dry-summer model. The boxplots
show the (ground)water level from 6 to 17 June. The END calibration values are used for the model input. The CHD value below the

debris layer is increased from -0.2 m NAP in the west and -0.64 m NAP (blue line in the east) to 0 (green line) in two steps.
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3.2.3. Wet and Dry Conditions in Summer and Winter
Figure 3.13 shows two things. It gives an overview of the observations of the ditch, groundwater level and tile
drain discharge during winter and summer. And it gives an overview of the model results for both wet and dry
conditions in summer (dotted lines) and winter (solid lines). The green and yellow lines show the modelled
results with effective precipitation of 3.9 and 7.9 mm/d, respectively, with the solid yellow line representing
the wet winter model. The blue lines show the situation without precipitation. For this situation, where the
ditch water infiltrates into the field, a drain conductance of 0.2 was used. This was the value used for dry
summer conditions. As this represented infiltrating conditions, the same value was used here. The red dotted
line represents the calibrated dry summer model.

The model showed that when the effective precipitation was increased from 3.9 mm/d to 7.8 mm/d, the
groundwater level shifted about 20 m to the east for both the winter and summer models. A larger area thus
discharges groundwater via the tile drains into the western ditch.

In addition, the figure shows the difference in groundwater level between dry and wet conditions in sum-
mer and winter. Without effective precipitation, the summer and winter models are close to the mean ob-
served value, which is below the tile drain head. When summer recharge is further reduced to -3.4 mm/d,
the groundwater level drops further. The observations of the groundwater level show that even lower values
were found in summer. Moreover, the groundwater observations show a larger difference between the mean
groundwater level and the drain head. In summer the difference is 14 cm and in winter 8 cm. This indicates
that the storage capacity is often greater in summer. This seems logical, as evaporation values are higher in
summer.

The figure also shows the dispersion in the ditch level, groundwater level and tile drain discharge during
summer (orange) and winter (light blue). The groundwater level and tile drain discharge show many outliers.
This means that these values were only reached for a short period of time. Figure 3.1 shows how groundwater
levels change rapidly during rain showers. Appendix B shows an overview of eight time spans, showing the
rise and fall of the groundwater level in more detail. Based on the groundwater level observations, it was
also noted that precipitation events exceeded the drain head during summer, although the storage capacity
was higher. The observed tile drain outflow also showed discharge during summer although it was lower
compared to the winter observations.

Figure 3.13: Wet and dry conditions in summer and winter. Orange boxplots = observations during summer (27-03-2021 to 12-9-2021).
light-blue boxplots = observations during winter (30-10-2020 to 27-03-2021).
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3.2.4. Steady State Mass Balance
Using the final wet winter steady-state model, a water balance was created and is shown in Figure 3.15. The
water balance showed that during wet conditions, when the groundwater level exceeds the water level in the
drain, groundwater above the debris/clay layer is transported to the east and west. In this case, 34 m3/day
is transported towards the west and 64 m3/day towards the east. Of the groundwater leaving the field to the
west, 24 m3/day is transported by the drain and 10 m3/day is discharged from the soil into the ditch. The
model thus indicates that a larger part of the groundwater discharges through the tile drain on the west side
of the field. However, looking at the overall water balance, it is clear that the difference in the groundwater
level between east and west has a significant impact and ensures that most of the water leaves the field in the
east. The groundwater below the clay/debris layer is also responsible for much of the groundwater flowing
from west to east. Note, however, that the area above the clay/debris layer is only 1.5 metres and the entire
model is 18 metres deep. Furthermore, the same head is assumed as above the debris/clay layer.

Figure 3.14: Mass balance of the entire field (100 * 125 m) under wet winter conditions. The drain head is the water level of the western
ditch. Note that the drains itself are only 90 metres long. Note that the area above the debris layer is only 1.5 m and the whole model is

18 m deep.

Figure 3.15 shows the modelled situation under dry summer conditions. The three different colours repre-
sent the effects on the groundwater level and the discharge at Hogervorst when the head in the East Field
is increased representing increased weir heights in the east ditch. The exact locations of the weirs and the
simplifications are explained in subsection 2.3.1. The result shows that there is no flow to the west in all 3
situations during dry summer weather. Since the threshold of the (ditch/til drain level) is not exceeded. The
flow to the east is 11 m3/hr when the eastern head boundary is set to summer level. This corresponds to a situ-
ation where the side ditches are in open connection with the main ditch. However, if the CHD head boundary
in the east is raised by 0.2 metres, the inflow to the east boundary stops and all the water flowing into the field
from the west evaporates. Below the debris layer, a larger flow is found, which also decreases when the water
level in the east is raised. Note, however, that the same head is assumed as above the debris/clay layer.
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Figure 3.15: Mass balance of dry summer conditions of the entire field (100 * 125 m). The drain head is the water level of the west ditch.
Note that the drain itself is only 90 metres long. Note that the area below the clay/debris layer is in reality 16.5 m and above the debris

only 1.5 m.

3.2.5. Transport Times
The transport time parameters and the calculated results are displayed in Table 3.4. The discharge (Q) and
length (L) were determined with the wet-winter model. The highest water level in the wet-winter model was
found 60 metres from the western ditch. As explained in subsection 3.2.5, this location was used to determine
the length L. The minimum distance H is the distance between the location of the tile drain and the threshold
(groundwater level of the west ditch). This is because this is the minimum groundwater level required to
create a drain response. Since the tile drain is at NAP - 0.5 m and the level of the western ditch in summer
is NAP - 0.2 m, the minimum height (H) is 0.3 m. To find the shortest transport time, this distance was used
as H for the calculation of the transport time to the west. As there were no drains in the east, the distance
between the groundwater level under dry winter conditions and the clay/debris layer was used, which was
1 metre. A value of 0.3 was determined for the porosity of the sand [34]. The width (B) was calculated using
half the distance between the drains (5 m), giving a total width of 10 metres. The transport time found to
the east exceeds the oxidation time of 14 to 21 days, indicating a lower risk of P leaching. The transport time
to the west also exceeds the oxidation time at 60 metres from the western ditch. Note, however, that the
transport time is less than 14 days when the distance to the ditch (L) and the drain (B) is reduced, indicating
an increased risk of P leaching. Since the tile drain is relatively far below the water level in the west ditch, 0.3
m of water must first be discharged before new water can enter the drain.

Table 3.4: Transport time to the western and eastern ditch, from 60 metres from the western ditch. The transport times ditch east and
ditch west show the maximum transport times. Shorter transport times are found near the drain and ditch, as shown by the West B

ditch, where the width was reduced from 10 m to 2.5 m. *Q is the discharge from the wet winter model.

Transport
Direction

Input Output

(-)
Q*
(m3/day)

H
(m)

B
(m)

L
(m)

n
(-)

Transport time
(days)

Ditch East 6.4 1 10 65 0.3 30
Ditch West A 2.4 0.3 10 60 0.3 23
Ditch West B 2.4 0.3 2.5 30 0.3 3
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3.3. Chemical Measurements
This section shows the observed Phosphate (P) concentrations in the field and tile drain discharge. Addi-
tional measurements of PH, Redox potential, EC, Temperature, Iron, Manganese and Calcium are shown in
Appendix G.

3.3.1. P concentrations in the field
Soil samples and water quality samples were taken from the field and analysed. The ICP at Deltares analysed
the concentration of many different substances. However, to analyse where the phosphorus comes from,
only phosphorus measurements were used, which are shown in this section. Table 3.5 shows the results of
the soil samples and Figure 3.16 shows the water quality data. The other chemical characteristics of the soil
and water quality samples can be found in Appendix G.

Figure 3.16: Total phosphorus profiles in Hogervorst from groundwater samples extracted with the gvp. The legend indicates the order
of sampling (W1 to W6) and the location of sampling (distance to the ditch and D1). The results show (except for the sixth sample) an

increase in concentration with depth, after which the concentration decreases again. The highest values (except for the sixth profile) are
between 100 and 150 cm below the surface. Which is slightly below the drain level at 80 cm. In the horizontal plane, the overall picture

shows a decrease in phosphorus from the end of the field towards the ditch.

Table 3.5 shows the sample number, the distance from the western ditch and the distance from D1 in the
description. The depth of the samples is given in relation to the surface. At a depth of -10 cm, the phospho-
rus concentration in the uppermost layer decreases by a factor of 0.8 towards the ditch, except for the 4th

measurement of soluble phosphorus (Pw). At the groundwater level (-60 cm), the total concentration of P
increases towards the ditch by a factor of 1.8.

The highest groundwater concentrations of phosphate are found in the clay/debris layer between 100 and
150 cm, which is directly below the tile drains at a depth of -80 cm.

The groundwater samples 15 metres from the trench have lower concentrations than the values from 60 and
30 metres from the ditch. However, at -250 cm, a lower phosphorus concentration is found at 30 metres from
the ditch than at 15 metres from the ditch. In addition, the 5th measurement also had higher phosphorus
values. However, this measurement was taken 5 metres away from D1, while the other extractions were taken
close to D1. When comparing the three P measurements at 15 metres from the ditch (yellow lines), the P
concentrations increased with distance from D1.

3.3.2. P response
From 18th of March till the third of June the phosphate concentration at the outflow of the drain was captured
by using an auto-sampler which extracted samples from B1 which collected water from D1. From 8 to 12 May
2021 there were three tile drain responses captured with a lowered drain extension tube. Figure 3.1 visualizes
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Table 3.5: Phosphorus concentrations at the six depth profiles from soil samples in the unsaturated zone. The table presents the results
of two different extraction methods P-tot and P-H2O. Where P-tot used HCL and P-h2O used water as the extraction solution. In the first

column the depth profile number (W1 to W6) and location is given. The depth profile number is in the order of the date the depth
profile was made. The location is marked as Ditch..; D1.. where ditch.. shows the distance from the ditch and D1.. the distance from D1.

The second, third and fourth column show the concentration at the depth at which the samples were extracted with respect to the
surface. At Hogervorst the topsoil is extracted at -10 cm and the subsoil at -60.

Description -10 cm - 60 cm -10 cm
mg P_tot/kg mg P_tot/kg mg P_H2O/kg

W1: Ditch 60 m ; D1 0.02 m 465 118 12
W2: Ditch 60m ; D1 0.2 m 358 143 14
W6: Ditch 30 m ; D1 1.7 m 348 129 10
W3: Ditch 15 m ; D1 0.6 m 369 217 9
W4: Ditch 15 m ;D1 1.45 m 382 268 13
W5: Ditch 15 m ; D1 5 m 361 216 9

the precipitation, drain response, water levels, phosphorus concentrations and phosphorus load during the
three tile drain responses. The full time frame (18 march to 3 June) during the auto-sampler measurements
are presented in Appendix C. The time frames where the extension tube was lowered can be found in Ap-
pendix D.

Six vertical dashed lines indicate the three responses observed over four days, which in total discharged a
volume of 2.8 m3. Since the auto-sampler collects the water samples from B1 it is important that the water is
refreshed regularly. The pump to empty the barrel was started about 100 times between the three responses.
However, there was no discharge at the drain between the responses and the same water was measured in the
barrel. Therefore, no change in concentration was observed between and after the three responses.

The measured Total Phosphorus (TP) concentrations from the monitoring wells (P1 to P6) are shown in the
third graph together with the measurements from the automatic sampler. Note that there are two scales for
the measurements taken with the automatic sampler. The thicker blue line is scaled on the right axis. Before
the first reaction starts on 07.05.2021, the concentration in the barrel is comparable to P6 (green line), the
monitoring well 1 metre from the ditch. During the first, second and third tile drain response the concen-
tration keeps increasing. After the third response an concentration of 5.5 mgPtot/L is reached. This concen-
tration is comparable to the monitoring well P5 (purple line) and the measured concentrations with the GVP
as shown in Figure 3.16. During the third response the P concentration is still climbing and does not show
a decrease in incline. These concentrations are high compared to the dutch standard of 0.15mg/l [37]. To
reduce the concentrations in tile drainage at Hogervorst to the commonly used Dutch standard of 0.15 mg/l,
a high efficiency of 97 % is required when 5 mgPtot/l is used.
The bottom graph shows the phosphate load which was calculated by:

LPm =
n∑

n=1
(Q(∆t ) ∗C(∆t ))∗∆t (3.1)

The P-load was than extrapolated for the entire year:(
Vtm

VPm
∗LPm

)
∗ Pr ec.t

Pr ec.tm
(3.2)

Q = tile drain discharge.
C = total phosphate concentration.
LPm = phosphate load during the measured concentration and discharge of the tile drain
Vtm = total measured volume through the tile drain between December 2020 and August 2021
VPm = measured volume through the tile drain while phosphate was measured (2021-05-07 to 2021-05-15)
Pr ec.t = average yearly precipitation in the Netherlands (850mm)
Pr ec.tm = total precipitation between dec. 2020 to aug. 2021 (500 mm)

∆ t is the time step between a discharge measurement. Since the P concentrations had a lower frequency than
the Q measurements the P measurements joint to the Q measurements with their nearest value.
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Figure 3.17: This figure shows the three drain responses during which the phosphorus concentration was measured at the drain
outflow. The duration of each drain response is indicated by vertical red dashed lines. Five sub-plots are used to interpret the results,
showing the event, drain response, the water level, phosphorus concentration and phosphorus load. Since the observed phosphorus

concentration at the drain outflow is important, an additional y-axis on the right side of the fourth diagram shows the increase in
phosphorus concentration in more detail.



4
Discussion

First, the phosphate concentrations found at Hogervorst are put into perspective based on the literature (see
section 4.1). Secondly, the dynamic behaviour of the system and the connection to C-Q is discussed in sec-
tion 4.2. Third, the mass balance under dry summer and wet winter conditions is discussed in section 4.3.
Fourthly, the transport and oxidation times are discussed in section 4.4. Finally, the limitations of the research
are presented.

4.1. High Phosphate Concentrations and Leaching Loads at Hogervorst
and the ’Bollenstreek’

To put the found results of the phosphate concentration in the soil and at the outflow of the tile drain at
Hogervorst in perspective, the values were compared to other locations. First, the phosphate in the soil, the
soil’s sorption capacity (Fe + Al concentration), and the soil’s phosphate saturation degree (PSD)1, which is a
quantification of the P leaching potential, will be compared to two plots (HUB and JUB) in close proximity to
Hogervorst and in one other plot located in the east of the Netherlands (Huppel). All values can be found in
Table 4.1. The exact locations of HUB and JUB can be found in Appendix I. The data from HUB and JUB were
extracted in this study in the same way as at Hogervorst. Huppel’s data comes from the study Barcala et al.
[22].

Table 4.1: Soil and sediment results: number of samples (n), average TP, oxalate extractions, and Phosposphorus saturation degree
(PSD) in the "Bollenstreek" (two other locations and Hogervorst) and at Huppel.

n
TP
[mg/kg]

Feox+Alox

[mg/kg ]
Molar PSD

Hogervorst
Depth 0 – 10 cm 4 381 (348-465) 395 (282-410) 0.49 (0.45 – 0.54)
Depth 40 – 70 cm 6 192 (118-268) 165 (99-209) 0.33 (0.12 – 0.48)
Depth 150 cm (clay) 2 1355 4239 (3079 – 5400) 0.41 (0.38 – 0.44)
JUB
Depth 0 – 10 cm 1 406 730 0.17
Depth 40 – 70 cm 1 152 320 0.17
Depth 150 – 200 cm (clay) 2 737 (791-683) 4287 (3969-4805) 0.13 (0.13-0.13)
HUB
Depth 0 – 10 cm 1 609 675 0.57
Depth 40– 70 cm 1 257 373 0.29
Huppel
Depth 0 – 10 cm 24 601 400 (251-732) 0.26 (0.19-0.33)
Depth 40– 50 cm 24 165 426 (252 – 943) 0.06 (0.01-0.11)
Depth 70 – 80 cm 4 113 228 (147-320) 0.03 (0.01 – 0.05)

It is evident that the TP content of the sandy soil in the top 10 cm at Hogervorst is lower than of the soil in
HUB and Huppel, but comparable to the TP content in JUB. Moreover, the TP at Hogervorst and JUB was at

1PSD is the molar ratio of P : Fe + Al in soil which quantifies the P leaching potential [38]

33
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the lower end of the found content in non-calcareous sandy soils 2 in the Netherlands, which normally ranges
between 280 and 500 mg/kg [39]. The average TP load in the top 30 cm is 1121 kg/ha/y3 at Hogervorst, which
is lower than 2500 kg/ha/y in the Huppel catchment and the 2050 kg/ha/y in the average agricultural soils
in the Netherlands [22, 40]. On the other hand, the TP content from the two samples taken 150 cm below
the surface at the top of the clay/debris layer had much higher content exceeding the previous references.
In general, it can be seen that the all plots in the Bollenstreek (JUB, HUB and Hogervorst) are characterised
by a decrease in TP content to -150 cm. However, at Hogervorst very high TP concentrations were found at
-150 cm below the surface from extracted clay. At JUB, clay was also found, but it is not known whether these
are just clay patches. The decrease in TP content with depth was also found in the plot in the east of the
Netherlands. More importantly, Mol et al. [23] found a median value of 654 mg P/kg in the topsoil and 44 mg
P/kg in the subsoil (below 60 cm) in the sandy soils throughout the Netherlands. The decrease observed at
Hogervorst was thus at the lower end of the average phosphate decrease in the Netherlands since the concen-
trations in the top (10 cm) are relatively low and at a depth between 40 to 70 cm relatively high. The topsoil
thus contains relatively low phosphate concentrations, the subsoil high values and the extracted clay in the
clay/debris layer very high phosphate concentrations.

Although the sandy topsoil contains relatively low P concentrations compared to other agricultural land with
sandy soils in the Netherlands, the Pw is still classified as high. Since the Dutch Fertilization Grassland and
Plants Commitee’s for sandy soils classifies Pw values above 9.8 mg/kg for sandy soils as high [41]. Groe-
nendijk and Kroes [42] Calculated it would take about 30 years for top soils with Pw of 10 mg/kg to reach low
values (below 4.4 mg/kg). The Pw measured at Hogervost ranged between 9 and 14 (see Table 3.5).

The critical PSD value for non-calcareous sandy soils is 0.25 [43], which is exceeded at all measured sites in
the Bollenstreek and at Huppel. At Hogervorst, the values for the PSD of the clay were the same as in the
overlying sand layer, as both P and Fe+Al were much higher in the clay layer. This also appeared to be the
case at the clay found at JUB around one to three meter below the surface. The HUB measurements did not
include clay measurements. At Huppel, the PSD value at the bottom was much lower than at the top, which
was not the case at Hogervorst, where phosphate concentrations decreased less over depth. Therefore, the
subsoil at Hogervrost is more saturated with P, which increases the potential for P leaching. As the tile drains
causing quick transport are at - 80 cm, this is even more problematic.

Groundwater (GW) concentrations far exceed the value that King et al. [17] often considers problematic for
concentrations in surface waters: 0.02 mg/l. It also exceeds the Dutch standard of 0.15 mg/l, which is often
used [37]. A low P/Fe ratio is important for co-precipitation or adsorption of phosphate on iron hydroxides.
Critical values for P release from sediments during summer anoxia are 0.12 for lakes and 0.4 for lowland rivers
[44], [32]. In groundwater samples from Huppel and fields in the Bollenstreek, the P/Fe ratio is high. Espe-
cially at JUB and Hogervorst very high P/Fe ratios were found (see Figure 4.1b). This means that the iron
concentrations are too low to bind all the phosphate (see Appendix H).

(a) Fetot (b) molair P/Fe ratio at Hogervorst, HUB and JUB

Figure 4.1: TP and Fetot at Hogervorst, HUB and JUB

2At Hogervorst, calcium concentrations between 0.13 and 0.15 % were found in the top 10 cm. Mol et al. [23] has shown that in the
Netherlands the calcium concentration in the top 20 cm of sandy soils is 0.07 % in the 25th percentile (P25) and 0.3 % in the 75 th

percentile (P75). The sandy soil in Hogevorst is therefore not calcium-free, but lies between P25 and P75.
3Assuming: soil 1330 kg/m3 and using the average TP concentration of the measurements at 0-10 and 40-70 cm (281 mg/kg)
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Figure 4.2: PT

At Hogervorst, the TP concentrations in the GW
are an order of magnitude higher than in the
field in Huppel, where concentrations around 0.1
mg/l were found. As the clay layer contains
much higher phosphate concentrations, this could
have an influence. However, high P concentra-
tions in GW were also found in Hub and Jub, al-
though it was not clear whether both sites con-
tained large amounts of clay below the subsoil
(-60 cm). The tile drain concentrations mea-
sured at Voorhout, which was also a field in the
Bollensteek [1], also contained high P concentra-
tions at the outlet, as will be discussed (see Ta-
ble 4.2). Therefore, the high P concentrations
in the subsoil don’t need to be the cause of the
clay.

Figure 4.3: Chloride. The results clearly show a lower chloride
concentration from the second profile made after the rain event. The

other profiles show similar values as the second profile.

The interaction of the clay layer with the subsoil
and topsoil also depends on the amount of seep-
age. The water level area at Hogervorst is main-
tained between NAP - 0.12 cm and -0.27 cm. East
of Hogervorst, the water level is maintained at NAP
-0.61 to -0.64. Since Hogervorst is just below sea
level and the area east of Hogervorst has a water
level half a metre lower, this is the first indication
of low seepage. Secondly, groundwater profiles at
Hogervorst contained low Cl concentrations (see
Figure 4.3). Five of the six measurements were be-
low 70 mg/L (safe for all plants) [45]. Measure-
ment W6 showed concentrations up to 120 to -3.5
m, where a concentration of 40 mg/l was found. It
is not known why the concentrations of W6 were
higher in the top but these measurements show
that CL concentrations are relatively low. So there
does not seem to be much infiltration with high cl
concentrations. However, infiltration with lower cl
concentrations could still occur. But, infiltration often has higher concentrations (600 to 1100 mg/l) [46].
Furthermore, the case study of Rijnland in Coa [47], showed that higher Cl concentrations of 2500 to 5000
mg/l were found in deeper soil layers at 45 metres below the surface at Hogervorst. Thirdly, the LHM model
indicates a leakage of -0.25 mm/day at Hogervorst. However, the LHM model included a large grid size of
250 m and an average infiltration value from 2011 to 2017, so seasonal variations were not considered. The
MF6 wet winter model showed an increase in groundwater level and drain discharge of 3 cm and 0.12 m 3/d,
respectively, in the sensitivity analysis when the maximum head below the clay/debris layer was increased to
NAP 0 m (see Figure 3.11). In the dry summer model, the maximum groundwater level was increased by 10
cm (see Figure 3.7). However, the increase in groundwater level and discharge also depends on the conduc-
tivity of the clay/debris layer, for which a constant conductivity was used. While the actual clay/debris layer
has greater heterogeneity, there could be patches of clay that result in some areas having much higher con-
ductivity in practice. This would result in a greater increase in groundwater level and discharge, if there was
indeed a greater head beneath the clay/debris layer. The tile drains themselves did not cause upward flow in
either dry summer or wet winter (see Figure 3.9, Figure 3.10). Based on the arguments given, it is suspected
that the transport path to the ditches comes from above. However, the P concentrations in the topsoil were
similar to those in Huppel and were on the lower side of the non-calcareous sandy soils in the Netherlands.
It is therefore unclear why the phosphate concentrations in the subsoil were relatively high. It could be that
the soil at Hogervorst is less able to retain phosphate compared to other fields.

Table 4.2 shows a overview of hydrological and chemical data at the tile drain outflow found at Hogervorst
and other studies. The table shows that Hogervorst contained high concentrations compared to Hupsel [19].
This was a tile drained field in the east of the Netherlands, where transport through the tile drain as well
as through the soil was measured. King et al. [17] showed the wide ranges at which phosphate is found.
Hogervost is at the upper end of these findings. The high concentrations at Hogervorst correspond with the



4.2. Dynamic Behaviour of the System and the Link to the C-Q Relation 36

Table 4.2: Data overview of tile drain outflow at Hogervost and other studies. 1 = In the Hupsel catchment area, 3 tile drains captured
0.283 m3. An estimate for 10 tile drains for one Ha like Hogervorst was made by multiplying by 10/3. 2 = Average of 76 measurements,

values range from 0.8 to 0.107 with a 95 % confidence interval. 3 = The samples were not filtered

Study
Location

Ratio drain : soil %
Drained P concentration and load
Mg/l Kg/ha/y

Hogervorst Bollenstreek 70 2 - 6 5.5
King et al. [17] Amerika , EU < 0.01 to > 8 0.4 - 1.6
Huppel [22] Gelderland - - 0.04
Hupsel [19] Gelderland 80 (0-95) 0.091 0.94 1

King et al. [21] Big Walnut Ohio 41 - -
Buijert et al. [1] Bollenstreek - 4 - 10 2 -

high P concentrations in groundwater and subsoil. On another field in the Bollenstreek area, high phosphate
concentrations were also found at the tile drain outflow, between 4 and 10 mg/l [1]. Note, however, that these
samples were not filtered. The P load at Hogervorst is an order of magnitude higher compared to other studies
found by King et al. [17]. The estimated load from Hupple, based on the lower groundwater concentrations,
is also much lower. This indicates that phosphate leaching at Bollenstreek is relatively large. The proportion
of rainwater transported into the drain is comparable to that of Hupsel. Another study in Ohio found that a
lower percentage was transported through the tile drains [21]. There are many different factors that influence
runoff through the drainage. However, at the case study in Ohio, the drainage systems were traditional tile
drained systems that were above the water level, which could mean that the storage capacity for this field was
larger.

4.2. Dynamic Behaviour of the System and the Link to the C-Q Relation
Besides seasonal fluctuations between summer and winter conditions a fastly changing groundwater level
was observed Figure 3.1. The box-plots showing the groundwater level observations 60 m from the ditch in
summer and winter have a large number of outlines (see Figure 3.13). Also the drain discharge in summer
and winter conditions show these outlines. These high groundwater levels and discharges shown as outlines
in the box plots are no measurement faults but were caused by one large or multiple rain showers quickly
after another. When precipitation stopped, the groundwater level decreases to a level below the west ditch.
The speed at which the groundwater level decreases after the rain shower depends on the groundwater level
after the rain shower. The higher the groundwater level the faster it decreases. Especially when the ground-
water level exceeds the west ditch which activated the tile drain a fast decrease of the groundwater level was
observed Appendix B. This could be due to the activated tile drain and the greater difference in water level
between the field and the ditch which causes greater runoff from the field into the ditch. The consequence
of this is that a greater amount of precipitation is required in a shorter period of time to achieve a similar
increase in groundwater level. This indicates that the regulated tile drains played an important role in the
groundwater level management and water-transport during wet conditions where the groundwater level ex-
ceeds the ditch as should be the case [2]. That there was indeed tile drain discharge when the groundwater
level exceeded the west ditch was also confirmed by comparing the difference between ditch and groundwa-
ter level to the drain response (subsection 3.1.3). This calculation showed that 100 percent of the time when
the groundwater level 60 meter from the west ditch was exceeded there was tile drain discharge Table 3.1.
However, this data also showed that there often was a response when the groundwater level 60 meter from
the ditch was not exceeded (b = 20 % Table 3.1). Indicating that the groundwater level close to the ditch ex-
ceeds the ditch water level more often.

Rozemeijer and Broers [12] found that in Noord-Braband (province in the Netherlands) the poor chemical sta-
tus of upper and shallow groundwater leads to exceedance of quality standards in receiving surface waters,
especially during quick flow periods. However, the contribution of the different flow paths was unknown and
depends on the local hydrological situation. This study looked into a local hydrological situation at Hoger-
vorst. Which gave more insights into the activation of various flow paths. Overland flow on flat sandy soils
with a high permeability are unlikely. Therefore, the activation of a flow path in the Bollenstreek depend on
the ditch levels, the type of tile drainage and the groundwater levels. However, the water table itself depends
on storage capacity, ditch levels, tile drain type, effective precipitation and seepage. This dependence on so
many different factors probably explains the large fluctuations in the ratio between drain discharge and rain-
fall. At Hogervorst, this ratio varied between 0 and 83 %. King et al. [21] showed fluctuations between 0 and
100%. Since the tile drain discharge is directly dependent on the groundwater level, it was very effective to
measure the change in groundwater level and tile drain discharge to find a relationship between groundwater
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level and tile drain discharge. The rd tile drain should respond when the groundwater level exceeds the water
level of the ditch [2]. Groundwater measurements are therefore effective in assessing the hydrological system
of a rd tile drained field.

The observations showed a higher percentage transported by tile drains in winter than in summer, which is
probably due to the additional evaporation. Which is also confirmed by the model and the groundwater level
observations which showed a greater storage capacity in summer. However, the large fluctuations during
the season show that this is only part of the explanation and that the system is more complex. It was found
that not only the fluctuations of the groundwater level over time are important, but also the spatial distribu-
tion of the groundwater level. The hydrological model has shown that when the effective rainfall amount is
increased, a larger area exceeds the drain head and discharges into the western ditch via the tile drain (see
Figure 3.13). Furthermore, the tracer experiment showed that under the conditions of the experiment, only
the first 15 metres of the field were connected to the tile drain outlet. The hydrological model (see Figure 3.13)
and the measured groundwater level distribution (see Figure 3.7) also showed a decreasing groundwater table
towards the east during dry conditions. So the distance between the groundwater level and the water level of
the West Ditch is therefore greater in the east before a precipitation event occurs. Therefore, it is also likely
that the area near the West Ditch reacts earlier and more frequently. Furthermore, the hydrological model
showed that at the layer below the clay/debris the field drains to the east in wet winter and dry summer. It
also showed that increasing the water level in the eastern ditch had less effect on the discharge below the
clay/debris than on the upper layer. Therefore, the discharge below the clay/debris layer proved to be more
consistent. Based on the high-frequency measuring data, tracer experiment and two steady-state models
an expectation of the change in groundwater level and flow paths from a dry to wet situation was visualised
in a conceptual model (see Figure 4.4). Which shows the complexity of a local hydrological situation in a
tile drained agricultural field. t0 shows the dry situation and t3 the situation after one large or multiple rain
showers within 1 to 15 days. In the actual field the groundwater level dropped between the rain showers and
t3 is only reached in very wet conditions. The conceptual model visualized this by the yellow (t1), orange(t2)
and red (t3) colors inside the tile drain. In the dry situations where the groundwater table not exceeded the
ditch, ditch water infiltrated the drain which is indicated with the green arrow t0.

Instead of using steady-state models an effort could be made to construct a transient model. However, by
using a steady-state model it was also possible to model a situation which corresponded with the measured
groundwater level and discharge in a wet period. Using a transient model would increase the complexity and
by adding a storage factor the models risk is likely to increase [48]. Furthermore, the porosity can change over
time [49]. However, in the sandy soil in the Bollenstreek this change is probably less compared to bedrock
aquifers. Estimations of the porosity can be based on literature values [50]. However, estimations based on
literature were found to be 50 to 90 % greater than the field calibrated value and is highly dependent on the
chosen model and is best obtained by laboratory or field tracer tests [51]. To gain an idea of the hydrological
situation it was therefore decided that two steady state models combined with a sensitivity analysis and cali-
brated to actual wet and dry conditions was sufficient.

The observed phosphate concentrations at the tile drain outlet increased during the measured response.
This indicates higher phosphate concentrations at the drain outflow after a long wet situation with large
discharged volumes. Based on the studied hydrological system and the phosphate distribution in the field,
it was found that a more active field near the drain and ditch could be an important factor, as indicated in
Figure 4.5. First, the measured concentrations of dissolved P in the field showed higher P concentrations
further away from the tile drain and the western ditch. Second, the model showed that the area contribut-
ing to the tile drain outflow increased with rainfall duration (see Figure 4.4). Third, actual measurements of
groundwater level and discharge indicated that storage capacity increased with distance from the ditch (see
Figure 3.7 and subsection 3.1.3). Fourth, the tracer experiment showed that during the experiment there was
only a connection between the first 5 to 15 metres of the field (see subsection 3.1.5). So, all in all, the argu-
ment is that a small area near the ditch is more active, but leaches relatively low concentrations of P into the
ditch. However, if there is a long wet period with several rain showers, a larger area of the field is activated
and leaches higher P concentrations into the ditch via the drain. For a similar tile drain discharge the same
phosphate concentrations are expected. The results from the groundwater extractions at 60 meter from the
ditch were taken before and after a large rain event (see Appendix G). This data showed that the phosphate
concentration in the groundwater was the same after the precipitation event. Which indicates that phosphate
stored in the soil functions as a phosphate buffer and releases phosphate to the diluted groundwater until the
same concentration as before the rain event is found. Also the PSD showed high values in the top and subsoil
(see Table 4.1). However, how many rain events are required before the P reserves are used is not known [52].
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Figure 4.4: Consistent and dynamic flow of the field during one or more large rain showers in quick succession. t0 shows the situation
before the start of a rain period. t3 shows the situation after a large amount of rain has entered the field. t3 is only reached when the

amount of rain is large enough. When the rainfall decreases, the water table drops until the situation at t0 is reached again, which takes
a few days. Note that in situations t1 and t2, the entire tile drain does not discharge water into the western ditch. Only when t3 is

reached does the entire tile drain discharges into the western ditch.

Figure 4.5: Top view of the conceptual model. Illustration of how the zone of influence is expected to increase with tile drained volume
for one large or multiple tile drain responses in rapid succession. The zone of influence increases as the groundwater level exceeding
the western ditch water level shifts east. The colours represent the t1 (yellow), t2 (orange) and t3 (red) situation as shown inFigure 4.4.
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4.3. Wet Winter and Dry Summer Conditions
The results for the flow paths above the clay/debris from the two final models are shown in Table 4.3. Under
winter conditions, water originates from rainfall and flows into the ditches to the west and east. In the west,
the rainwater flows through the tile drains (25 m3/d) and the soil (11 m3/d). Most of the rainwater flows into
the east Ditch (66 m3/d). In dry summer, the water flows from the west ditch, where 88 % is evaporated and
22 % flows through the Hogervorst field and drains into the East field. This water balance showed that the
largest amounts of water above the clay/debris layer are transported to the east. In dry summer conditions,
this transport could be minimized by raising the weir on the neighboring property to the east of Hogervorst.
According to the model, an elevation of 20 cm was sufficient to stop the transport to the east. Since most of
the rainwater seeps to the west through the tile drains, the ICS filters are an effective measure. However, 29
% is still transported into the ditch via groundwater. Therefore, the construction of a buffer zone in combi-
nation with the ICS filter is the way to reduce most of the phosphate leaching into the western ditch. The
wet winter model was a good representation of the average percentage of effective precipitation transported
through the tile drain. 32 % of the precipitation was discharged via the tile drain during the period 2020-12-08
to 2021-03-16, while the model indicated a percentage of 25 %.

Table 4.3: Wet Winter and Dry summer mass balance. *: Discharge from the entire field(100 * 125 m).

Conditions
Effective
precipitation

East boundary
(No Drain, Soil)

West Ditch
(tile drain)

West Ditch
(soil)

(-)
Discharge*
(m3/day), %

origin
Discharge
(m3/day), %

origin
Discharge
(m3/day), %

origin
Discharge
(m3/day), %

Wet Winter + 97, 100 Rain -64, 66 Rain -24, 25 Rain -10, 10
Dry summer - 42, West Ditch -11, 22 West Ditch +31 West Ditch +21

For the calibration of the winter model, khkv and the drain conductance were used. Where the ratio between
khkv was fixed by an anisotropy ratio of 10. El-Rawy et al. [53] used the same ratio for the model calibration.
The analysed groundwater level measurements showed a 10-day period during the wet winter conditions
with a continuous discharge. This was considered to be a sufficient period to validate the wet winter model.
With the two calibration parameters, a combination was found that matched the tile drain discharge and
groundwater level observations.

The dry summer model used the same khkv values as the wet winter model. This left the drain conductance as
the only calibration parameter for the measured groundwater level at three locations. The usable time frame
for the summer groundwater measurements was a period of 10 days (6 to 17 June 2021), when the western
ditch was set to its summer level and no precipitation fell. The fit for these conditions agreed with the mea-
sured groundwater level at 15 and 30 metres from the West ditch. However, the groundwater level 60 metres
from the western ditch differed from the measured groundwater level by 8 cm. It was not known whether the
neighbouring property had raised its weirs during the used 10 day calibration period (6 to 17 June 2021). In
dry conditions the farmer sometimes raised the weirs to increase the water level in its field, which was not
documented. The model showed that when raising the eastern groundwater level by 20 cm the flow to the
east in the top 1.5 meter of the soil was reduced to almost zero. Furthermore, the modelled groundwater level
with a 20 cm higher eastern head agreed with all three measurement locations (see Figure 3.7). Since, it was
unknown what the actual head in the east ditch was during 6 to 17 June 2021 it increased the uncertainty of
the model during summer. However, in winter the east ditch was always in open connection with the main
ditch. Therefor this uncertainty is not present during winter conditions. In addition, the east CHD boundary
was set at the boundary for the neighbors field. Thereby an assumptions was made that the groundwater
level was the same over the full width. The disadvantage of this simplification is that there was no difference
in groundwater level between the middle of the field and the side ditches, which also affects the mass bal-
ance. However, this simplification made it easier to study the effects of changing the head in the east. This is
because it depends on a single variable, whereas constructing a model with side ditches requires the depth of
the ditch, the conductivity of the ditch and the levels of the weirs.

The boundary condition in the west was set to the average measured water level in the ditch. Which seemed
to be a proper assumption since the water level in the ditch only had small fluctuations compared to the
groundwater levels in the field. The north and south boundary were set as no flow boundaries. Since the
tile drains function as separate ditches the effect of these boundaries is assumed to be limited. A larger as-
sumption was made by constructing CHB for the east and west over the full depth of the model. To limit the
effect of these boundary conditions at the deeper groundwater layers a larger groundwater model could be
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constructed. By increasing the size of the model the boundary conditions have a lower influence on the field.
Ond [54] showed that when using three times the leakage factor the boundary conditions almost have no in-
fluence anymore. At Hogervorst using a resistance (C) of 75 for the clay/debris layer and a 20 meter deep sand
layer showed a area of one by one kilometer is required. However, at Hogervorst the problem stays that the
conductance of the clay/debris layer below the field is unknown. Therefor it is not possible to know to which
extent seepage is blocked. Furthermore, section 4.2 explained why large quantities of seepage are unlikely.
Moreover, there was a lot of information about the distribution of the groundwater level, the water level in
the ditch,tile drain discharge. Therefor it was decided to limit the size of the model and calibrate the model
to the well known groundwater levels and tile drain discharge. The flow paths below the clay and debris layer
are therefor less reliable. However, these were considered of lower importance since the phosphate concen-
trations were almost 10 times lower compared to the top (see Figure 3.16).

The model used pointwater heads and did not take into account the effect of density flow. Figure 4.3 shows the
Cl concentrations in the field. These concentrations are between 50 and 150 mg/l. Calculating the density
from a CL concentration of 150 mg/l gives 1000.2 kg/m3 [55, 56]. Calculating the head difference between
freshwater and groundwater with 150 mgCL/l gives a head difference of 0.02 cm [57]. Since the chloride
concentrations are low, the effect of the density flow was very small.

4.4. Transport vs Oxidation Times
Test 3 with the second tracer experiment showed that the transport times from the shell layer 5 metres from
the ditch are about half an hour when the (ground)water level difference between the ditch and the field is
about 13 cm. However, there are many different transport times and the time from a raindrop through the
unsaturated and saturated zone into the ditch is longer.

Based on the wet winter model, a calculation of the transport time from the maximum groundwater level (60
metres from the western ditch) to the east and west was made. This resulted in a transport time of 30 days to
the eastern ditch and a shorter transport time of 23 days to the western ditch through the tile drains. However,
the calculation was based on the time to discharge the old groundwater which depended on the water levels.
In the west, the distance between the west ditch water level and the location of the tile drain was used. As
the MF6 model showed that mainly groundwater was extracted from above, this seemed to be a reasonable
assumption (see Figure 3.9). In the east, the distance between the surface and the clay/debris layer was used.
Therefore, a stronger horizontal flow to the eastern ditch would result in shorter transport times.

A field study at Hogervorst showed an oxidation time between 14 and 21 days, reducing P by about 30 per
cent (see Appendix H). However, the oxidation rate and maximum precipitation depend on the iron and
phosphate concentrations, which varied greatly in the field. Furthermore, PH and temperature are also not
constant values in the field (see Appendix G). Nevertheless, the calculated transport time to the east and west
at 60 meters from the west ditch exceed the oxidation time, which has a positive effect on P precipitation.
However, at shorter distances the transit time does not exceed the oxidation time, which increases the risk
of P leaching. In rd systems, shorter distances between the location of the tile drain and the water level
in the ditch seem to reduce the transport time. When precipitation enters the field and the water level in
the connected ditch is not exceeded, there is no flow to the ditch and the water is stored. Only when the
groundwater level rises above the threshold can the water flow through the tile drain into the ditch. Therefor
reducing the distance between the water level in the ditch and the location of the tile drain seem to reduce
the transport time. Reducing the distance between the water level in the ditch and the location of the tile
drain therefore seems to reduce the transport time.
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4.5. Limitations
An indication for seepage was found by using the: LHM 4.1 model, Hogervorst model calibrations, observed
(ground)water quality measurements and the debris/clay layer. However the LHM 4.1 model showed average
values from 2011 to 2017 with a coarse 250 m grid while the field is only 100 by 100 meter. Furthermore, these
measurements could not be used to determine the variability between wet winter and dry summer condi-
tions. Actual head measurements below the debris/clay layer were not measured. Observations from the
DINOloket were found at 18 meter deep a few kilometers from Hogervorst which was considered too deep
and far away. Since, DINOloket showed a clay layer at 18 meter deep and the location was situated in a differ-
ent ’peilvak’. Furthermore, the conductivity of the clay/debris layer and its heterogeneity was unknown.

The steady state model simplified the actual situation considerably. Here average input (effective rainfall,west
ditch water level) and calibration (Qdrain, groundwater level) values were used. While in reality these values
largely fluctuate over time, especially during wet winter conditions with heavy rainfall. To get a first indication
on the flow paths in the system when the water level increased above the ditch level the steady state model
is an effective tool. However, to get a deeper understanding of the flow paths including the actual dynamic
behaviour, a transient model might better represent reality. During dry summer conditions the situation is
more constant. Therefore the difference between a steady state and transient model is probably less signifi-
cant.

The boundary condition in the east uses a head across the entire width of the field. In reality, this head is not
consistent. This could affect the mass balance and the modelled water level distribution. However, in wet
winter conditions the side ditches were in open connection with the main ditch to the east, whose level was
known. And the field consists of a sandy soil with a high conductivity, which limits groundwater fluctuations
between the ditch and the field. For the dry summer model, it was not known whether the weirs in the side
ditches were set to raise the ditch level.

The conductance between the sand and debris/clay layer differs by a factor of 100. Little information was
known about the conductance of the clay/debris layer in particular. The heterogeneity of this soil could be
very high due to the combination of clay and debris. This made it difficult to estimate the effects of the
clay/debris layer on infiltration from the deeper layer.

In the dry summer conditions there was no discharge calibration since drain water infiltrates the system
which could not be measured.

The weather station data from KNMI in Voorschoten was used to study the discharge/effective rainfall corre-
lation and recharge values in dry summer and wet winter conditions. However, the station is located 13 km
from Hogervorst and could therefore deviate from the actual weather conditions.

The actual evaporation in the dry summer conditions was estimated by reference evapotranspiration from
KNMI. The model did not include an extensive calculation for the unsaturated zone.
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Conclusions

The purpose of this study is to gain insights into water transport dynamics to support the understanding of
hydrochemical processes involved in phosphate leaching from agricultural fields and to implement effective
mitigation measures. This case study is a step forward in understanding the concentration-discharge rela-
tions that will allow to determine effective mitigation measures to improve the water quality in the region.
For this purpose, high-frequency measurements were extracted and an MF6 model was created for the tile
drained field of Hogervorst. Where the distribution of the groundwater level, drain discharge, soil character-
istics (physical and chemical) and ground water / ditch water characteristics were monitored in space and
time.

An efficiency of 97 % is required to reduce the P concentration by tile drainage to the Dutch standard
The groundwater concentrations, tile drain outflow concentrations and P load (5.5 kg/ha/year) from the tile
drains, were an order of magnitude higher compared to field studies outside the Bollenstreek. At other loca-
tions in the Bollenstreek, similar concentrations were found in the field and at the outflow of the tile drain.
Since this study has shown that 70 % of the total flow to the west at Hogervorst is transported by tile drains,
it becomes clear how important it is to find effective measures to contain phosphate leaching in the Bollen-
streek. However, local hydrological conditions should be taken into account. In this study, the other water
level area to the east was found to play an important role.

Most of the phosphate leaching into the drain is expected to originate from the top soil
Two possible sources of phosphate were found in the field. A high phosphate concentration at the surface
and the clay/debris layer at a depth of 1.5 m below the surface. The soil at three measured sites in the Bol-
lenstreek had a relatively low amount of P at the surface and a high P concentration at 0.7 m depth compared
to non-calcareous sandy soils in the Netherlands. Since the depth of the tile drain at Hogervorst is 0.8 m
below the surface, there is an increased risk of leaching of high P concentrations. To determine the effect
of the clay/debris layer on P leaching, the boundaries of the water level areas, the effect of the tile drains,
groundwater level compared to mean sea level, the LHM4.1 model, CL concentrations and soil properties
were considered. Each of these factors indicates that large amounts of seepage are unlikely. Therefore, the
main source of phosphate is expected to come from above. However, if seepage or upward flow (due to drain
response) is not negligible, the clay/debris layer could be an important source of phosphate.

Longer transport times to the east, but large flows and high phosphate concentrations
The study showed that the water flows towards the east in both dry and wet conditions. In dry summer, a 0.5
metre water level difference between the east and west ditches transports 22 % of the infiltrated water from
the west to the east ditch and the other 88 % evaporates. During wet winter conditions, the groundwater level
increases by precipitation and 66 % of the outflow leaches into the eastern field. Since ditch and rainwater
contain more oxygen than groundwater, iron oxidation can occur if the transport times exceed the oxidation
time, which was the case at 60 meter flow the west ditch. However, as the phosphate concentrations in the
field are high, between 2 and 10 mgPtot/l, only part of the phosphate can be oxidised. The laboratory analysis
showed a maximum phosphate reduction of 28 %. To mitigate leaching the model showed that increasing the
east groundwater level by 10 to 20 centimetre in dry summer conditions is enough to stop leaching to the
neighbour. However, as infiltration exceeds evaporation during drought, the Eastern flow increases the risk
of phosphate leaching.
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Peak flows to the west during rain showers with short transport times through the tile drains.
Leaching into the West ditch only occurs when the groundwater level exceeds the West ditch. In the winter
observations (2020-12-08 to 2021-03-16), 32 % of the rainfall was leached through the tile drains and 68 %
took other flow paths, which is close to the wet winter model where 25 % was transported through the tile
drains. In addition, only 10 % of the precipitation leaches through the soil into the western ditch (the other
65 % to the east). At 60 meter from the west ditch the transport time to the west was shorter compared to the
east. Still the iron oxidation time was exceeded. However, when the distance to the ditch and tile drain was
reduced, these transport times became shorter than the iron oxidation time.

Larger tile drain outflow volumes increase the leaching of phosphate.
Larger discharged volumes caused by heavy rainfall increased the phosphate concentration at the tile drain
outflow. There are two possible hydrological reasons for this. First, the distance perpendicular to the tile
drain contributing to leaching increased. Second, the groundwater level exceeding the western ditch water
level shifts to the east when the field becomes wetter. Therefore, the area which discharges to the west ditch
increases. Only during very wet conditions the entire drain length is discharging into the west ditch. As the
phosphate concentration increased with increasing distance from the drain and ditch, these hydrological
effects play an important role.



6
Recommendations

Further study
By examining the chemical characterises of both the field and the outlet of the tile drain in combination
with the hydrological situation, a clue was found as to why the phosphate concentration at the tile drain
outlet changed. This suggests that studying field and outlet concentrations could help improve knowledge of
the relationships between phosphate concentrations and tile drain discharge. This approach could also be
suitable for studying other concentration-discharge relationships and is therefore recommended.
Study the effect of the hydrological system on the P response on other agricultural land. This study focused
on Hogervorst, where a large difference in groundwater level was found between the east and the west. Addi-
tional research is needed to know how the field would respond if this is not the case. By adjusting the current
MF6 model of Hogervorst, a first indication is obtained. Measuring the P concentration at different locations
of another field in combination with an analysed hydrological situation with a constant water table around
the field would provide additional information. Understanding the water flow is key to understanding phos-
phate leaching. This is important because it would help to understand the C-Q relationship, which in turn
will help to construct effective mitigation measures. For example, adjust the amount of fertiliser applied to
the field. If P concentrations are already high at the end of the field, additional manure application would not
be necessary. In addition, tile drains with ICS at the end of the field would only be effective in very wet con-
ditions or sometimes may never leach to the outflow. We recommend that further studies consider the depth
and distance to the ditch at which groundwater samples are taken. Different from what we first thought,
there was a large heterogeneity in the groundwater concentrations in the field. The water flow determines
the phosphate discharge concentrations; therefore, any further study or evaluation of mitigation measures
should consider the groundwater levels and drain discharge and not only the phosphate concentrations. To
take the groundwater level into account, it is advisable to measure it directly, as the flow paths in sandy soils
are directly connected to the groundwater level.

Investigate the effects of seepage on P leaching. In order to assess whether high P concentrations leaching
from an agricultural field are directly due to the fertilisation of that field or may also originate from deeper
soil layers, it is important to know the seepage rate. At Hogervorst, this proved to be difficult to model, as
there were no measurements of the head below the clay/debris layer and little data on the conductivity of the
clay/debris layer. Since the uncertainty of the clay/debris layer at Hogervorst was very high, there is still the
problem of not knowing to what extent the clay/debris layer blocks seepage when creating a larger model.
However, there was a lot of information about the distribution of the groundwater level, the water level in
the ditch,tile drain discharge. Moreover, the LHM 4.1 model indicated no seepage. It was therefor decided
to minimize the size of the model and focus on the flow paths on top of the clay/debris layer. Due to the
uncertainty of the clay/debris layer, it is recommended to investigate a different field to study the effect of
seepage. To include seepage it is advised to use a model size tree times the leakage factor [54]. Since the head
at deeper ground layers is influenced by a larger area than the boundaries of the field itself. By using three
times the leakage factor the influence of the boundary conditions is low. Which is important since the head
especially at deeper groundwater layers is often unknown. Furthermore is is recommended to measure the
head at various depths in the field to calibrate and or validate the model. A more refined grid size may be re-
quired at the field site. Although this larger model is also subject to many uncertainties, the effects of model
boundary conditions will be smaller and seepage can be better simulated.
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Study which phosphate loads are discharged into surface waters through tile drains and how often they occur
for various wet conditions in the ‘Bollenstreek’. For the design of the ICS filter at the tile drain outflow it is im-
portant to understand which phosphate concentrations and flow rates are to be expected. The measurements
at Hogervorst have shown that phosphate concentrations increase when larger volumes are discharged and
therefor a overflow would not be advisable. However, the measured data set of phosphate leaching at Hoger-
vorst showed a discharge response at a single tile drain. It is therefore recommended to measure phosphate
leaching from tile drains on different fields and to use already available data (e.g. Buijert et al. [1]). With the
field at Hogervorst, adding the chemical transports to the current model is also a quick way to get additional
information.

It is important to know what is happening in the east, and that is something that is missing in this study. We
don’t know if there is a water quality problem in the east or not. This result can help to take the best measures.

Framework to mitigate phosphate leaching
When installing mitigation measures taking into account the managed groundwater tables can be a simple
indication where phosphate leaching risks are high. The head differences at the boundaries of a water level
area cause groundwater to flow to the water level area with lower heads and therefor have an increased risk
in phosphate leaching. The mitigation measures should take into account the peak flows as this is the time
where more phosphate is transported. Mitigation measures with an overflow that are unable to treat peak
flows are not recommended in the bollenstreek. Since Hogervorst and Voorhout showed high P concentra-
tions at the drain outflow and at Hogervorst concentrations increased during the response. The mitigation
measures should include infiltration from the ditch into the field, as this could favour iron precipitation,
which contributes to phosphate storage.

Mitigation at Hogervorst
Since only during very wet conditions the entire drain length at Hogervorst is causing a response it would be
more effective to construct a ICS filter at the end of the drains instead of implementing ICS around the drains.
Furthermore, the ICS filters could filter 70% of the west flow, the other 30% is transported through the soil into
the west ditch. To filter the other 30% a buffer zone could be installed. To mitigate the expected phosphate
leaching to the east, increasing the head of the east weirs in dry summer conditions by 10 to 20 cm would
minimize its transport to zero. Ditch water from the west ditch will than still infiltrate the field, reducing
phosphate concentrations in the groundwater through dilution and oxidation. However, all infiltrating water
can be evaporated, limiting the transport to the east.
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A
Test setup details

Unwanted factors which could have influenced the drain extension tubes surface level:

• Material stiffness: the drain tubes extension caused a small gap of 1 to 2 cm above the ditch level.

• Floating material in the ditch which accumulates on the drain. Aquatic plants sometimes gathered at
the drain. These were removed during fieldwork sessions.

• Weight of water inside the drain extension tube. The weight of the tube increases when water enters
the tube this caused the drain to lower a view cm.

• Siphon effect: This could theoretically occur when there is a very high discharge and the drain extension
tube fully fills itself with water.

Figure A.1: Schematic Overview Measuring c Levels
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Table A.1: Installed monitoring devices. The name column shows the monitoring wells P1 to P12, Baro meter, barrel 1 and 2, the Soil
Moisture Probe (SMP) and the auto-sampler (auto-s). The start and stop column show the installation and removal. The Frequency

column presents the interval of a measuring device. However not all monitoring wells were equiped with a measuring device. The type
and SN show which device was installed. Depending on the device it can measure: pressure (P), temperature (T), electrical conductivity

(EC), water content (WC), relative humidity (RH) and dew point (DewPt).

Name Start Stop Frequency SN. Type Measures Note

P1 12/9/2020 9/13/2021 5 min W6041
Cera-Diver
(DI701)

P, T

P2 12/9/2020 9/13/2021 5 min L8009
Mini-Diver
(DI501)

P, T

P3a 12/9/2020 4/28/2021 5 min S9905
Mini-Diver
(DI501)

P, T
After 4/28
diver moved to P06

P3b 6/3/2021 9/13/2021 5 min K2877
Mini-Diver
(DI501)

P, T

P4 - - -

P05 3/11/2021 3/18/2021 5 min K28777
Mini-Diver
(DI501)

P,T

P06a 4/16/2021 4/28/2021 5 min K2877
Mini-Diver
(DI501)

P,T
After 4/28
diver moved to B2

P06b 4/28/2021 5 min S9905

P07 6/3/2021 7/9/2021 5 min K2877
Mini-Diver
(DI501)

P,T

P08 6/3/2021 7/9/2021 5 min M8878
CTD-Diver
(DI271)

P,T,
EC

P09 6/3/2021 7/9/2021 -
P10 6/3/2021 7/9/2021 -
P11 6/3/2021 7/9/2021 -
P12 6/3/2021 7/9/2021 -

Baro. 10/29/2020 9/13/2021 5 min BH326
TD-Diver
(DI800)

P, T

No measurements
between 6/3 and 6/14
since the barometer
was needed
for an other project

B1 12/9/2020 9/13/2021
11/3/2021
Before: 5min
after: 1 min

M8878
CTD-Diver
(DI271)

P,T,
EC

No measurements
beween 6/3 and 7/9
barrel was disconnected
because of dry conditions.

B2a 3/18/2021 4/9/2021 1 min K7113
Mini-Diver
(DI501)

P,T No response measured

B2b_p 4/28/2021 6/3/2021 1 min K2877
Mini-Diver
(DI501)

P,T

B2b_ctd 4/16/2021 6/3/2021 1 min V5491
CTD-Diver
(DI271)

T,EC Pressure meter is broken

SMP 12/9/2020 9/13/2021 5 min - HOBO
WC, T,
RH,
DewPt

Two water content
measuring depths

Auto-s. 3/18/2021 6/3/2021 Variable -
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Figure A.2: Schematic Overview of Measured (left side of the figure) and calculated Levels(right side of the figure) With Respect To the
Bridge

Figure A.3: monitoring wells depth and drain depth
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Figure A.4: setup detail of P1 to P5

Table A.2: Location of monitoring wells, soil moisture probe (SMP) and depth profiles (W1 to W6). The locations are measured with
respect to the outflow of D1 at the edge of the ditch. Where L is the distance from the ditch and W is the distance from D1 as indicated

in Figure 2.4

Description L W note
P1 59 0.2
P2 59 3.5
P3 59 7.6
P4 2.2
P5 59 1.28
SMP 59.2 0.2 close to P1
P6
P7 14.3 1.7
P8 29 1
P9 59 9
P10 14.3 8.4
P11 29 7.5
P12
W1 59 0.2 close to P1
W2 59 0.2 close to P1
W3 14.3 0.6 close to P7
W4 14.3 1.45 close to P7
W5 14.3 5 close to P7
W6 30 1.7 close to P8



B
Hydraulic and EC response

Figure B.1: part 1
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Figure B.2: part 2
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Figure B.3: part 3
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Figure B.4: part 4
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Figure B.5: part 5
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Figure B.6: part 6
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Figure B.7: part 7
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Figure B.8: part 8



C
P response complete data set

Figure C.1: P response complete data set
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Adjustments to the Test Setup

For this study at two drains (D1 and D2) two barrels (B1 and B2) were installed. However, B2 faced many
problems and was therefor often not operational. The barrel was mounted to four wooden poles which kept
the barrel in place. To prevent the barrel from lifting because of the uplifting water force additional weight
was added to the barrels.

The installation of the two barrels were at different dates. B1 was installed on 2020-12-09 and B2 was installed
somewhat later on 2021-02-24. After the installation of barrel 1 there were no mayor problems and therefor
no adjustments needed till the 5th of May. Since, than the barrel was lifted by the water force and a new
calibration was required. B2 faced problems with malfunctioning pressure sensor, uplifting of the barrel
and a too high maximum water level in the barrel. The malfunctioning pressure sensor (diver) was replaced
which its details can be found in Table A.1. The uplifting was solved by increasing the weight. To reduce
the maximum water level a slightly different system was used to fixate the cable length of the float switch
compared to B1. For B2 the float switch was fixed to a wooden pole as showed in Figure D.1. The functioning
of B1 and B2 was however still the same.

Figure D.1: Temporal single drain-water tank barrel 2. In this barrel the cable tie is not fixated to the pump itself but to the installed
wooden poll in the barrel. This was required to activate the pump before the maximum water level inside the barrel was above the water

level in the ditch.
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Table D.1: Adjustments to the drain extension tube of barrel 1 in 2021

date description
18 - march installation auto-sampler

16 - april 13:00
drain extension
tube lowered

8 to 14 may
drain response with
auto-sampler

14 - may extension tube flows on top of the ditch
21 - may extension tube flows on top of the ditch
3 - june auto - sampler removed

3 - june
extension tube removed
from the drain outflow

9 - july
extension tube connected
to the drain outflow

Table D.2: calibrations barrel 1

b1 start end start pump number (m3) stop pump number (m3)
installation ctd_diver 2020-12-09 14:43 -
calibration 2020-12-09 5.8102 6.1523
drain lowered 2020-12-09 13:50 2020-12-12
autosampler 2021-03-26 2021-06-03
calibration after setup repaired 2021-5-5 13:43 2021-5-5 14:30 92.5694 93.8532
pump kept pumping (vlotter on a brick) - 05-21-10:45 92.4506
disconnect from the drain 2021-06-03 14:00

Table D.3: calibrations barrel 2

b2 start end start number stop number
installation 2021-02-24
calibration 2021-02-24-13:00 24-02 0.4024 0.4885
calibration 03-11-13:34 03-11-16:26 2.006 2.2642
calibration 18-03-13:31 18-03-15:00 4.7269 4.7667
calibration 06-03 13:15 06-03 14:00 19.8561 20.0724
disconnect from the drain 06-03 14:00

Table D.4: Calibration moments barrel 1 and 2

barrel date start time stop m3 pumped
1 9 - december - -
2 11 - march 15:46 15:54
2 18 - march 13:30 13:50
1 25 - may 13:46 13:55 1.3455
2 3 - june 13:15 14:00
start draintest 9 -sep 10:00
1 and 2 removed 13 - sep 11:00



E
Soil profile at Hogervorst from DINOloket

Figure E.1: Location of the soil profile from DINOloket taken at the farm plot of Hogervorst.
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Figure E.2: Legend of the lithoklasse from the soil profile shown in Figure F.7

Figure E.3: Data from the depth profile at Hogervorst from DINOloket. At a depth of 18 meter it is likely that a thin clay layer is situated.



F
Sensitivity Analysis

This appendix shows the sensitivity analysis of Kv, Kh, drain conductance and effective precipitation. Each
graph showing the sensitivity by changing one of the four parameters. The parameter values are shown in
Table F.1. Note that the recharge boundary condition differs from Table 2.2. The CHD boundaries (virtual
east, west ditch) and impermeable boundaries at the bottom, north and south are set as explained in subsec-
tion 2.3.1.

Wet Winter

Table F.1: Values used for the parameters in the sensitivity analysis.

Parameter Kv Kh Drain conductance
Effective
precipitation

Unit m/d m/d m2/d m/d

Package
Node Property
Flow (NPF)

NPF
General head
boundary (GHB)

Recharge (RCH)

Value
description

Value as indicated in
figure 2.7

Value as indicated in
Figure 2.7

Arbitrary number
Average precipitation
in Jan. 2021

value Kv_SEN Kh_SEN 0.2 0.0025
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Figure F.1: Sensitivity of Kv
1 the parameter kv_SEN as shown in Figure 2.6.

Figure F.2: Sensitivity of Kh
1 the parameter kh_SEN as shown in Figure 2.6.
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Figure F.3: Sensitivity of the drain conductance.

Figure F.4: Sensitivity of the effective precipitation.

Dry summer
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Figure F.5: Sensitivity of the effective precipitation.

Figure F.6: Sensitivity analysis of the CHD parameter under the clay/debris layer for seepage in the wet-winter model. The START
calibration parameters are used for the model input. The boxplots represent the head and discharge of the wettest month January

(green boxplots) and the 10 wettest days, 21 to 31 December (grey boxplots). The CHD value below the debris layer is increased in four
steps from -0.22 m NAP in the west and -0.64 m NAP in the east (green lines) to 0 (yellow lines).

Cross-section north south
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Figure F.7: Sensitivity overview of kv, kh, drain conductance, effective precipitation and seepage (increased heads below the clay/debris
layer).



G
Groundwater Quality

Figure G.1: precipitation during the gvp extractions. The dashed vertical lines show the dates at which soil profiles at Hogevervorst
were made. The color indicates the location of the extraction with respect to the ditch. Black: 60 meter from the ditch (profile 1 and 2

respectively). Yellow: 15 meters from the ditch (profile 3,4,5). Blue 30 meter from the ditch (profile 6). These colors match with
Figure 3.16.

Figure G.2: PH
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Figure G.3: redox potential

Figure G.4: EC. The results don’t show a correlation between the distance of the drain and the ditch. However, in the vertical plane a
difference in EC is found. first the EC increases where after is decreases again. Furthermore, a different EC between profile 1 and 2 is

found which could be the result of the rain shower.
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Figure G.5: temperature

Figure G.6: precipitated iron
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Figure G.7: Fetot profiles at Hogervorst from the water samples extracted with the gvp. Higher Fetot concentrations are found at the
debris layer. Below the debris layer the iron concentration is almost zero.

Figure G.8: Mn
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Figure G.9: Calcium

Figure G.10: Bromide



H
Oxidation of groundwater

Oxidation of groundwater from Hogervost field and precipitate formation
The data was produced by Ville Nenonen, Ville.Nenonen@eawag.ch on his secondment to Deltares.

Introduction

The groundwater in the field is reduced. When the groundwater is mixed with ditch water it is oxidized. Oxi-
dation of the groundwater can take place in the field or in the ditch depending on the hydrological conditions.
Upon oxidation iron is oxidized and precipitates. The P/Fe ratio of the iron hydroxyphosphates depends on
the initial P/Fe concentrations in the water. The presence of phosphate delays the formation the iron ox-
ides (Van der Grift et al., 2016). Other ions present in the groundwater as calcium (Ca), manganese (Mn), or
silica (Si) can change the structure and composition of the precipitates. Ca and dissolved phosphate stabi-
lize calcium iron (III) phosphates against transformation into ferrihydrite (Senn et al., 2017). Ca limits the P
concentrations according to the calcium phosphate solubility constant. We want to know: (i) how oxidation
affects P, Fe, and Mn concentrations in the groundwater, (ii) what precipitates are formed, (iii) the time it
takes for precipitates to form.

Method summary

sampling We took 3 batches of groundwater on 14 June 2021:

• P1 at 1 m depth (60 m distance from the ditch)

• P1 at 3.2 m depth (w1.8) (60 m distance from the ditch)

• P7 at 1 m depth (15 m distance from the ditch)

Water chemistry during oxidation For each batch the initial unfiltered total concentrations in the water and
the dissolved concentrations, filtered with 0.2 um, were measured with ICP-MS. The groundwater was oxi-
dized in the lab at room temperature in the dark. Dissolved concentrations were measured after the oxidation
with sampling interval of 1, 6, 14, 21, 24, 42, and 92 days. DOC and TOC was measured at the beginning for
the 3 batches.

Precipitate chemistry After 92 days high resolution images of the precipitates were made with transmission
electron microscopy (TEM) and energy dispersive x-ray spectroscopy (EDX). It was possible to make maps
of the elements in the precipitates and quantify its composition. Fourier-transformed infrared spectroscopy
(FTIR) was used to characterize the precipitates.

Result summary

Water chemistry The results agree with the measurements in P1, P7 and W1.8. ICP-MS is an independent
measurement as we have measured concentrations before by colorimetry. The same pattern as before was
observed. P concentrations in P1 are higher than in P7. The P concentration decreases as we approach the
ditch. Samples from P1 and P7 were taken at 1m depth that is close to the level of highest concentrations.
W1.8 was taken at the same distance from the ditch than P1 but at a deeper layer, below the clay. Below the
clay the P concentrations are lower than above the clay layer. There is a large difference in Br concentrations
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between the samples above and below the clay layer. Br is non-reactive and different Br concentrations can
indicate dilution or a different water source. In the beginning at P1 at 1m depth the total P was 9.5 mg/L, total
Fe was 1.5 mg/L, dissolved P was 9.0 mg/L, dissolved Ca was 90.2 mg/L, dissolved Fe 0.74 mg/L, dissolved
Mn 0.41 mg/L, total Br 3.9 mg/L. The initial dissolved P/Fe molar ratio was 22 and DOC was 20.5 mg/L. On
day 21 Fe and Mn concentrations had almost dropped to cero 0.05 mg/L and 0.04 mg/L respectively. The P
and Ca concentrations were, on day 21, still high but lower than at the beginning, 7.5 mg/L and 84.5 mg/L
respectively. Only 16.7Closer to the ditch at 1m depth, in P7, the initial concentrations were total P 4.2 mg/L,
total Fe 2.2 mg/L, dissolved P 2.6 mg/L, dissolved Ca 113.8 mg/L, dissolved Fe 0.04 mg/L, dissolved Mn 0.42
mg/L, total Br 2.2 mg/L. The initial dissolved molar P/Fe ratio was 108 and DOC was 19.9 mg/L. In P7 there is
almost no dissolved iron, most of the iron was forming precipitates before the oxidation experiment started.
Before starting the oxidation experiment 38W18 is at the same distance from the ditch than P1 but 2m deeper,
below the clay layer. In W18, the initial concentrations were total P 4.2 mg/L, total Fe 0.11 mg/L, dissolved P
was 3.3 mg/L, dissolved Ca was 88.4 mg/L, dissolved Fe 0.05 mg/L, dissolved Mn 0.06 mg/L, total Br 7.6 mg/L.
The initial P/Fe molar ratio was 122 and DOC was 23.9 mg/L. At the end of the experiment the P, Ca, Mn, and
Fe concentrations were roughly the same.

Figure H.1: Dissolved P fraction over the aging period.
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Figure H.2: Dissolved Fe fraction of Fe

Figure H.3: Dissolved fraction of Mn

Precipitate chemistry The precipitates that formed in the water taken from P1 and P7 at 1 m depth look the
same. FTIR results shows peaks for iron hydroxides, amorphous iron (III) phosp
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Figure H.4: FTIR results from precipitates from P1,P2 and W18

Figure H.5 and Figure H.6 show the TEM-EDX images of the precipitates from P1 and P7. The precipitates are
calcium iron phosphates with a “webing” structure and P/Fe molar ratio of 0.86. The atomic fractions are 65
% O, 11.65% P, 7.67% Ca, 11.58% Fe. Mg and Na had a smaller presence with 0.41% and 0.68% atomic fraction
respectively.
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(a) (b)

Figure H.5: TEM images of the precipitates and EDX elemental maps from P7.

(a) (b)

Figure H.6: TEM images of the precipitates and EDX elemental maps from P7.

Discussion

The fact that the DOC in P7 is the same on day 0 and on day 92 indicates that there is no degradation od DOC
and that it is recalcitrant organic matter that is very hard to degrade. Below the clay layer there is almost no
iron and therefore no P removal. The differences in Br and in background elements indicate that the sand
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layer above and below the clay are not connected. The same was observed in the groundwater profiles made
with the GVP. The initial P/Fe dissolved concentrations on this area very high compared to other studies, nev-
ertheless, the P/Fe ratio on the precipitates are in the expected range (Van der Grift et al., 2016). The oxidation
of the groundwater at the beginning of the field, 60 m from the ditch, takes about 3 weeks. This reaction times
should be considered with the water transport times from the field to the ditch. The iron content in P1 is high
but is not enough to remove all the P from the solution. The soil lacks sorption capacity to adsorb the high P
concentrations. In the sandy soil extraction, we obtained that the phosphorus saturation degree was above
0.25, indicating that is possible that the P forms precipitates with the iron instead of being adsorbed. In the
extractions we found more iron in the first 20-30 cm than in the 40-60 cm layer. The manure is not a source
of iron. Probably before the drains were installed the groundwater level reached the top soil and iron was
oxidized and accumulated. The oxidation process of the water in P7 had probably already started when the
samples were taken. This goes in line with the hypothesis that the oxygen rich ditch water penetrates the field
and oxidizes the iron and removes some of the P. The final P contraptions in P7 were similar to the P concen-
trations in the drain outflow during dry weather. The Br concentrations indicate dilution from P1 to P7. After
dilution and oxidation, the P concentration is 2.6 ± 0.2 mg/L for this field in the surface water. This concerta-
tion is very high for natural surface waters , however, concentrations are reduced about 2/3 when compared
with the dissolved P in the groundwater at P1. The water management of the field helps to keep the P as low
as possible. To decrease the P further P retention measures are needed. It is important to know from what
depth is the water draining from, how far into the field is the ditch water infiltrating in winter and in summer,
how much water is transported through the drains, and the transport times. The answer to these questions
can help manage this fields with very high P concentrations and decide on the best mitigation measures.
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I
Location of Voorhout (Buijert et al. [1]),

Noordwijkerhout (JUB and Hogervorst),
Vogelenzang (HUB)

Figure I.1: Overview map of the area. 1 = location Voorhout [1], 2 = location Noordwijkerhout, field Hogervorst and JUB, 3= location
Vogelenzang (HUB)
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