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Abstract. Surface waters are under pressure from diffuse
pollution from agricultural activities, and groundwater is
known to be a connection between the agricultural fields and
streams. This paper is one of the first to calculate long-term
in-stream concentrations of tritium, chloride, and nitrate us-
ing dynamic groundwater travel time distributions (TTDs)
derived from a distributed, transient, 3D groundwater flow
model using forward particle tracking. We tested our ap-
proach in the Springendalse Beek catchment, a lowland
stream in the east of the Netherlands, for which we col-
lected a long time series of chloride and nitrate concentra-
tions (1969-2018). The Netherlands experienced a sharp de-
crease in concentrations of solutes leaching to groundwater
in the 1980s due to legislations on the application of nitro-
gen to agricultural fields. Stream measurements of chloride
and nitrate showed that the corresponding trend reversal in
the groundwater-fed stream occurred after a time lag of 5—
10 years. By combining calculated TTDs with the known
history of nitrogen and chloride inputs, we found that the
variable contribution of different groundwater flow paths to
stream water quality reasonably explained the majority of
long-term and seasonal variation in the measured stream ni-
trate concentrations. However, combining only TTDs and in-
puts underestimated the time lag between the peak in nitro-
gen input and the following trend reversal of nitrate in the
stream. This feature was further investigated through an ex-
ploration of the model behaviour under different scenarios.
A time lag of several years, and up to decades, can occur
due to (1) a thick unsaturated zone adding a certain travel

time, (2) persistent organic matter with a slow release of N
in the unsaturated zone, (3) a long mean travel time (MTT)
compared to the rate of the reduction in nitrogen applica-
tion, (4) areas with a high application of nitrogen (agricul-
tural fields) being located further away from the stream or
drainage network, or (5) a higher presence of nitrate attenu-
ating processes close to the stream or drainage network com-
pared to the rest of the catchment. By making the connection
between dynamic groundwater travel time distributions and
in-stream concentration measurements, we provide a method
for validating the travel time approach and make the step to-
wards application in water quality modelling and manage-
ment.

1 Introduction

Diffuse pollution with nutrients is one of the main pres-
sures on Europe’s surface- and groundwaters (EEA, 2018).
Intensive agricultural land use and the accompanying use
of manure and fertilizers have significantly increased the
amount of nitrate in the hydrological system in the period
after 1950 (Aquilina et al., 2012; Broers and van der Grift,
2004; Hansen et al., 2011; Worrall et al., 2015). From 1985,
nitrate concentrations leaching towards the groundwater de-
creased as a result of national and European legislations
(Dutch Manure Law, 1986; EU Nitrates Directive, 1991) that
contain rules for the reduction of N applications in farming.
The following trend reversal in the concentrations of sur-
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face waters has been reported in few countries, including the
Netherlands (e.g. van den Brink et al., 2008; Visser et al.,
2007; Zhang et al., 2013; Rozemeijer et al., 2014) and Den-
mark (Hansen et al., 2011).

Land use determines the timing and quantity of nitrate in-
put and its spatial distribution (Boumans et al., 2008). For
example, the input of nutrients is higher on fertilized agri-
cultural fields than in forested areas. Nitrate leaches to the
groundwater (Boumans et al., 2008; Wang et al., 2012) on
locations with different land uses and distances to the stream,
from where it is transported towards the streams through fast
and slow groundwater flow paths. These flow paths reach cer-
tain depths and cross different geological formations, taking
a certain travel time from infiltration to exfiltration (Broers
and van Geer, 2005; Howden et al., 2011b; van der Velde
et al., 2010). Groundwater flow paths spatially connect in-
filtration areas and in-stream seepage zones (e.g. Ali et al.,
2014; Birkel et al., 2015; McGuire and McDonnell, 2010).
Groundwater flow paths also temporally connect changes in
solute leaching, for example, due to land use changes with a
response in stream water concentrations that may occur many
years later (e.g. Van Meter and Basu, 2017). Both flow paths
and travel times also influence hydrochemical processes, as
they determine which media are passed and the time that
is available for (biogeo)chemical reactions. Nitrate concen-
trations may, for instance, decrease by denitrification when
passing organic or pyrite-rich layers (e.g. Zhang et al., 2013).
Consequently, all water particles may carry different nitrate
concentrations depending on their place and time of infil-
tration, their flow paths, and their travel times along their
flow paths. Because groundwater flow path contributions to
stream discharge are dynamic throughout the year, with acti-
vation or deactivation and changes in outflow locations, the
delivery of nitrate from groundwater to surface waters also
varies in time (Rozemeijer and Broers, 2007). Groundwater
flow paths and travel times are thus an important control on
the mean and variance of nitrate concentrations in ground-
water and streams both in time and space (e.g. Musolff et
al., 2017). Although much research on flow paths and travel
times has been done, the reasons for observed time lags be-
tween a decrease in solute input and the following trend re-
versal in stream concentrations are not yet fully known.

To understand the source of observed and predicted future
stream water quality trends, a model of groundwater flow
paths is essential. Such models can be implicit (e.g. Benet-
tin et al., 2017; Harman, 2015; Hrachowitz et al., 2009;
van der Velde et al., 2010), using the inherent averaging
properties of stream discharge as the sum of all flow paths
within a catchment to justify simplifying a catchment into
a single reservoir, or several reservoirs, with average inputs
and reactions. Many of the spatially implicit approaches for
catchment-scale transport of solutes rely on travel time. De-
spite that stream travel times cannot (yet) be measured di-
rectly, travel times are strongly constrained by the catchment
water balance. Several studies have found strong correla-
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tions between the distribution of travel times in a stream and
the solute concentrations in that stream (Hrachowitz et al.,
2009; van der Velde et al., 2010). The disadvantage of us-
ing implicit, travel-time-based approaches is that spatial fea-
tures, such as organic or pyrite-rich layers (e.g. Lutz et al.,
2020; Zhang et al., 2013) that cause denitrification, or local
sources of high inputs, which can strongly affect stream ni-
trate concentration and dynamics, often remain unnoticed in
the implicit modelling results. Contrary to the implicit mod-
els, explicit models do consider these features. Explicit mod-
els describe all water flows from infiltration to exfiltration
(e.g. Kaandorp et al., 2018a; Yang et al., 2018) and take into
account location-specific source inputs, subsurface hydraulic
properties, and subsurface reactivity.

In a recent paper, Kaandorp et al. (2018a) presented an
explicit modelling approach for lowland catchments in the
Netherlands. Using a groundwater model and particle track-
ing, they calculated dynamic travel time distributions (TTDs)
and showed how groundwater flow path contributions in
these catchments vary in time. From this, they discussed dif-
ferences in mixing processes between young and old ground-
water in the streams with time. In this follow-up paper, we
used these previously calculated dynamic travel time dis-
tributions and the accompanying spatially explicit ground-
water flow paths to explore the potential reasons for time
lags in agricultural contaminants delivery towards a stream.
For this purpose, we added the transport of tritium, chloride,
and nitrate towards the stream and compared simulated with
observed concentrations in the Dutch Springendalse Beek
stream from 1969 until the present. We chose tritium be-
cause it is part of the actual water molecule and thus a good
tracer of water itself, chloride because it is considered to
be a conservative tracer of manure and fertilizers when it
passes through the aquifer, and nitrate because it is a problem
solute that causes eutrophication of downstream waters. In
our study, tritium, chloride, and nitrate were measured. This
work extends on recent advances in research on the ground-
water contribution to streams (e.g. Engdahl et al., 2016; Mc-
Donnell et al., 2010; Morgenstern et al., 2010; Solomon et
al., 2015; van der Velde et al., 2012) and is one of the first
to couple measurement data of water quality and isotopes
to dynamic TTDs and flow path dynamics calculated with
a forward particle tracking model. Even though many re-
cent papers suggest that this method holds a lot of poten-
tial (e.g. Hrachowitz et al., 2016), the papers which have at-
tempted to do so are still scarce due to a lack of long-term
solute input in the range of 5-50 years and discharge con-
centration data. Subsequently, we exploit the strong phys-
ical basis of particle-based flow paths to explore the con-
trols on time lags in the breakthrough of agricultural nitrate,
such as biogeochemical legacy effects, denitrification in soils
and groundwater, management options, and differences in
the spatial input patterns.

Our aims of this study are twofold. First, we aim to cor-
roborate the simulated flow paths with measured tritium and
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chloride concentrations and, second, to explore the effect of
different processes and parameter values and spatial input
patterns on the simulated breakthrough patterns, trend rever-
sals, and time lags between input and stream discharge for
both chloride and nitrate. With this approach, we sketch a
way forward in (a) modelling of groundwater-fed catchments
and (b) management of (ground)watersheds.

2  Methods
2.1 Study area

A lowland stream in the east of the Netherlands, the Sprin-
gendalse Beek (Fig. 1), was selected for this study because of
its high nitrate concentrations and differences in land use and
discharge characteristics between upstream and downstream
parts of the catchment (Kaandorp et al., 2018b). The catch-
ment has a temperate marine climate with a mean temper-
ature of 9.6 °C and mean annual precipitation and evapora-
tion of around 850 and 560 mm respectively. The size of the
catchment is 4km?, and the average discharge downstream
is 0.043 m3 s~!, with a baseflow index of 0.8 (Gustard et al.,
1992).

The catchment is located on the flank of an ice-pushed
ridge that was formed during the Saalian glaciation and
has a maximum elevation of 75ma.s.l. (above sea level).
Recent hydrogeological inventories suggest a complex ice-
pushed structure composed of a series of tilted slabs of Ter-
tiary clays (Breda Formation and older) intercalated with
Pleistocene moderately coarse, organic-poor sands, and some
gravel that was deposited by a braided river (Appelscha For-
mation). These slabs roughly have a N-S strike direction,
perpendicular to the receiving Springendalse Beek stream
(Ronald Harting and Marcel Bakker, TNO Geological Sur-
vey of the Netherlands, personal communication, 2019) and
can hardly be passed by groundwater flow, leading to rela-
tively high groundwater tables compared to more sandy ice-
pushed ridges in the Netherlands. In general, the average
depth of the water table is around 0.5 m below the surface
in the downstream part of the catchment and up to about 3 m
below the surface in the highest parts of the upstream catch-
ment, presumably concentrated at outcrops of the Pleistocene
sands.

The upstream part (2km?) of the Springendalse Beek
catchment has several spring areas and is mostly forested
with some agricultural fields, while farmland is more abun-
dant in the downstream part (2km?) of the catchment. Many
of these farmlands are artificially drained by a system of
tile drains and ditches, especially in the downstream part of
the catchment, due to the flatter topography and more shal-
low groundwater tables compared to the upstream part of the
catchment. Available data indicate that the drainage density
is around 20 %-30 % lower in the upstream part of the catch-
ment than in the downstream part. Due to its constant flow

https://doi.org/10.5194/hess-25-3691-2021

3693

and permanent springs, the stream is known to have a high
ecological value (e.g. Nijboer et al., 2003; Verdonschot et
al., 2002).

2.2 Collecting water quality measurements of surface
water

Surface water quality measurements were collected from var-
ious sources (Table 1), with a focus on the availability of data
on chloride and nitrate. First, historical data, from 1969 on-
wards, of chloride and nitrate concentrations was obtained
from earlier studies (Dam et al., 1993; Higler et al., 1981;
Hoek, 1992; van der Aa et al., 1999; Verdonschot and Loeb,
2008). This data set was complemented with a 1985—present
time series of chloride and nitrate that was collected by
the monitoring programme of the local Water Board Vecht-
stromen. In addition, we started sampling for *H in 2016 be-
cause we anticipated that tritium could give an independent
validation of our transient TTD model. In total, 10 samples
were taken over the period 2016 to 2018. These were stored
in 1L plastic containers and measured at the Bremen mass
spectrometric facility by degassing followed by analysis of
3He with a sector field mass spectrometer (MAP 215-50; Siil-
tenfull et al., 2009).

2.3 Groundwater model and TTDs

Backward travel time distributions (TTDs) describe the dis-
tribution of ages of the water that contributes to discharge
in a catchment. Dynamic TTDs do this in a time-variable
way and show, for instance, seasonality in the contribution
of older and younger water. Dynamic TTDs for the Springen-
dalse Beek catchment were calculated using forward particle
tracking on a high-resolution spatially distributed ground-
water flow model following the method described by Kaan-
dorp et al. (2018a). Groundwater flow was calculated using
an existing finite difference groundwater flow model (MOD-
FLOW; Harbaugh, 2005) created and calibrated on ground-
water heads and validated with both groundwater heads and
river discharge in earlier studies (Hendriks et al., 2014; Kui-
jper et al.,, 2012). Groundwater flow was simulated with
a monthly time step on a regional scale (total modelled
area 58 km by 45km) with cells of 25 x 25m. The top of
the model followed the surface elevation, and the model
consisted of seven layers of variable thickness, based on
the Dutch Geohydrological Information System (REGIS 11,
2005). Figure 1 gives a 2D cross section through the model’s
hydrogeological schematization of the subsurface, which is
a gross simplification typical in regional groundwater flow
models. Mean aquifer thickness in the model was approx-
imately 18 m but varied between 0.5 and 30 m. Transmis-
sivity in the aquifers was approximately 40 m? d~!, poros-
ity was assumed to be 0.3 m> m~3, and some anisotropy was
added in the ice-pushed ridges (Kuijper et al., 2012). The
entire drainage system in the catchment was modelled us-
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Figure 1. Location of the study area (a, b), model conceptualization (c), and the location of agricultural fields in the year 2007 (d). Back-

ground maps and digital elevation model (DEM) are from PDOK
21 March 2019).

(Public Services on the Map; https://www.pdok.nl/datasets, last access:

Table 1. Overview of the collected chloride and nitrate measurements.

Location Parameters Period  Source Total
no. of

samples

Upstream Cl, NO3 1969-1981 Higler et al. (1981) 15
Upstream Cl, NO3 1992 Hoek (1992) 1
Upstream NO3 1980-1990 Dam et al. (1993) 2
Upstream Cl, NO3 1998  van der Aaet al. (1999) 1
Upstream Cl, NO3 2004-2005  Verdonschot and Loeb (2008) 2
Upstream CL NO3 1985-2018  Water Board Vechtstromen 245
Downstream  Cl, NO3 1992  Hoek (1992) 1
Downstream  Cl, NO3 1985-2018  Water Board Vechtstromen 282

ing the Drain (DRN) and River (RIV) MODFLOW pack-
ages (Harbaugh, 2005). Flow through the unsaturated zone
was modelled using the MetaSWAP model for a seasonal
representation of the groundwater recharge (De Lange et
al., 2014; van Walsum and Groenendijk, 2008; van Walsum
and Veldhuizen, 2011). This unsaturated-zone model con-
sists of soil column models and uses soil physical relation-
ships to calculate water content profiles and water balances.
It includes the calculation of actual evaporation and transpi-
ration based on land use and vegetation type and consid-
ers evapo(transpi)ration from groundwater. The groundwater
and particle tracking model was run for the period of 1700-
2017 to allow for the calculation of long groundwater flow
paths, repeating climate data from the period 1965-2017 (see
Kaandorp et al., 2018a).
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Groundwater travel times (TTs), representing the age of
the water that contributes to streamflow (Benettin et al.,
2015; Harman, 2015; van der Velde et al., 2012), were cal-
culated using a combination of forward particle tracking and
volume book keeping (Kaandorp et al., 2018a). Using the
flow velocities calculated by the groundwater flow model,
particle tracking software MODPATH version 3 (Pollock,
1994) was used to calculate transient flow paths and TTs.
Particles were released monthly at the water table at the cen-
tre of each model cell and represented the volume equal to
the total groundwater recharge of that month. Particles were
released for the total model period spanning 317 years, yield-
ing a total of 3804 particle tracking runs with around 14 000
particles each. Particles were stopped at sinks, such as wells,
rivers, or drains (Visser et al., 2009), when the fraction of
discharge to the sink was larger than 50 % of the total in-
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flow to the cell (see also Kaandorp et al., 2018a). To con-
struct monthly TTDs, particles were collected on a monthly
timescale at their end points in an area of interest (whole
catchment or part of catchment).

Using this model approach, Kaandorp et al. (2018a)
showed travel time distributions, with an exponential-like
shape, with a mean travel time of approximately 11 years
and a median travel time of around 4 years. About 20 % of
discharge in the Springendalse Beek is water with a travel
time of less than 1 year, while about 15 % of discharge has a
travel time of more than 25 years (Fig. 2a and b). The dis-
charge in the Springendalse Beek thus consists mainly of
medium-aged water (1-25 years). Based on the land use map
(Fig. 1) and the particle tracking, between 15 % and 25 %
of discharge infiltrated under agricultural fields in the up-
stream part of the catchment (Fig. 2¢). For the total catch-
ment, this is slightly higher, at about 25 % to 35 % (Fig. 2d),
because a slightly larger part of the stream’s capture zone
in the downstream part of the catchment is used for agri-
culture. In the modelling results, the discharge contribution
from agricultural fields shows a seasonal pattern especially
for the total catchment (Fig. 2d), with a higher contribution
to discharge of water that was infiltrated under agricultural
fields during the wet winter. Interestingly, the mean travel
time from agricultural fields is approximately 13 years in the
upstream catchment compared to 11 years for the total catch-
ment (median TT 8 years vs. 4 years).

The modelling assumptions and simplifications that were
made have some drawbacks. As we started the particles at the
water table, we effectively neglected the travel time through
the unsaturated zone (e.g. Green et al., 2018; Sprenger et al.,
2016; Wang et al., 2012), but this layer was generally thin
in the study area (mostly < 1 m) and is partly bypassed by
preferential flow. Because particles were released monthly at
the centre of each model cell, short travel times (< 1 month)
were not included at all, and particles had to travel at least
12.5m before reaching a next cell, causing further uncer-
tainty to short travel times. Several processes were not in-
cluded in the modelling approach, such as overland flow and
re-infiltration of seeped water. Overland flow is not an impor-
tant flow route in the catchment on a yearly basis, and nitrate
concentrations in overland flow are low due to little interac-
tion with the soil. This paper thus focusses on longer ground-
water TTs and timescales (> 1 month). Chemical processes
in the unsaturated zone concerning nitrate were included in
constructing the solute input time series.

2.4 Tritium input time series

In principal, a series of tritium measurements in streams can
be used to derive (ground)water age distributions (Broers and
van Vliet, 2018a; Cartwright and Morgenstern, 2015; Duvert
et al., 2016; Gusyev et al., 2014; Morgenstern et al., 2010;
Solomon et al., 2015; Stewart et al., 2017). Here, we intend
to use >H in an opposite approach by validating our dynamic
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groundwater model TTDs using a short series of “H mea-
surements in the gaining stream (as e.g. Rodriguez et al.,
2020). For the 3H input into our model, we combined the
monthly measurements of tritium in precipitation of the clos-
est measurement stations at Groningen (1970-2010) and Em-
merich (1978-2016; the distance from the catchment to these
stations is 80 to 90km) taken from the Global Network of
Isotopes in Precipitation (GNIP) database of tritium activity
in precipitation (IAEA/WMO, 2018). For months that both
stations had measurements, we used the average concentra-
tion, as our study area is located approximately halfway be-
tween these two measurement stations. For months that mea-
surements from both stations were not available, we adjusted
the available data using a factor based on the average dif-
ference between the stations, following an approach similar
to Meinardi (1994). Because the relation between the values
measured at the two stations changes in time, we use two
factors. Before 1997, we used Emmerich equal to Gronin-
gen x 1.49. From 1997 onwards, we used Emmerich equal to
Groningen x 1.03. For the period before 1970, we used ad-
justed measurements from Vienna and Ottawa, roughly fol-
lowing Meinardi (1994).

2.5 Land use and input time series for N and Cl

We distinguished two types of land use, namely farmlands
and natural vegetation, which include forests and heather
(Fig. 1). Concentrations of solutes reaching the water ta-
ble below natural areas were assumed to be constant in
time, i.e. 15mgL~! for chloride and SmgL~! for nitrate,
which are conservative estimates based on Kros et al. (2004)
and Van Beek et al. (1994). Although these concentrations
of solutes have not been constant during the last decades
(e.g. Boumans et al., 2013), we feel that this assumption is
acceptable as the concentration changes due to atmospheric
deposition are much smaller than those due to agricultural
inputs. For agricultural fields, a solute input time series was
constructed on an annual basis. For the period 2000 to 2017,
we used the data from the Dutch sandy areas of the Dutch
Minerals Policy Monitoring Programme (LMM), which in-
cludes monitored concentrations in the uppermost first metre
below the water table at agricultural fields since 1991 (see
e.g. Boumans et al., 2005; Fraters et al., 2015). For the pe-
riod 1950 to 2000, we used the nitrogen (N) and chloride
surplus that was derived from historical bookkeeping records
of minerals applied to farmlands and corrected for crop up-
take (Broers and van der Grift, 2004; van den Brink et al.,
2008; Visser et al., 2007). We combined this data with the
2000-2017 LMM data by fitting the overlap between 1991—
2000 by adjusting the older data to correspond to a ground-
water recharge of 0.35myr~!, and to represent (part of) the
nitrate transformation processes in the unsaturated zone, we
used a nitrate transformation factor of 0.85. This factor rep-
resents an average nitrate denitrification in the unsaturated
zone and the value used here corresponds with Dutch data

Hydrol. Earth Syst. Sci., 25, 3691-3711, 2021



3696

Upstream catchment

~

(a)

In
ly
w ,)\,\‘ *kawd\\fm/ﬂ\//d\fv»\/v \.'\u v “‘k

OMLMMMAA._

Discharge [mm/d]
N

Contr. Agri. [%]

0

1994
1999
2004
2009
2014
1994

V. P. Kaandorp et al.: Time lags of nitrate, chloride, and tritium in lowland streams

Total catchment

‘W‘\

1999

(b)
. Hl 1T < 1year
l TT 1-25 years

ﬂ S
M N \"\ ‘ M" M\\'\ \\ ‘\N M | W TT > 25 years

0. 00 10203040506070
Tlyr]

2004
2009
2014

Figure 2. The three age classes of the travel time distributions of the discharge in the Springendalse Beek for the upstream part of the
catchment (a) and the total catchment (b). The lower panels show the percentage of discharge originating from agricultural fields for the
upstream part of the catchment (c¢) and the total catchment (d). Panel (e) shows the time-weighted averaged cumulative distribution function
(CDF) of the travel time distributions of the total catchment in summer (red) and winter (blue) and the overall median and mean TTs.

for soils with average water tables around 1 m depth (Steen-
voorden et al., 1997; van den Brink et al., 2008). Land use
change was considered for an agricultural field of approxi-
mately 7.5ha (~ 2 %) that was converted to natural vegeta-
tion in 1998. What was not considered is that small parts of
the catchment changed from nature to agriculture and vice
versa. This does not have a large effect on the downstream
surface water concentrations.

2.6 Water quality modelling

The calculated dynamic TTDs were combined with the in-
put time series of solutes to create a water quality model.
Thus, tritium, chloride, and nitrate inputs were assigned to
the particles based on their starting time and location (nat-
ural or agricultural). Figure 1 shows the areas where the
constructed agricultural input time series was used as input
for the model, and the other parts of the catchments were
given the constant concentration of natural vegetation (see
Sect. 2.5). In a similar way as in the construction of the TTDs
(Kaandorp et al., 2018a), particles that contributed to stream
discharge were combined for each month, and their concen-
trations were weighted based on their volumes to simulate
the concentrations in the stream. The input concentrations of
chloride and nitrate were assumed constant over a specific
year, whereas monthly H measurements were directly as-
signed to the particles in the starting month. The model keeps
track of particles that are lost through evapo(transpi)ration,
thus effectively removing water and 3H in periods of a pre-
cipitation deficit. For chloride and nitrate, the solute input is
constant over the year, and based on concentrations in the up-
permost groundwater, thus there is no need to further account
for evapo(transpi)ration for these solutes.

In the initial water quality model run, no chemical pro-
cesses, such as denitrification, were implemented. Thus, in
this model run the calculated stream solute concentrations are
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only based on the input time series and groundwater travel
time. We did not intend to add further local details to improve
the model performance; instead, we aimed at understanding
the hydrological and hydrochemical processes relevant for
time lags between the application of solutes and discharge in
the stream, which is also useful outside our study catchment.
Thus, we explored the model behaviour under different sce-
narios of chemical and hydrological processes.

2.7 Exploration of the model behaviour under different
scenarios

The initial run of the water quality model was only based
on the constructed solute input time series and the dynamic
TTDs derived from the calibrated groundwater flow model.
In this model run, the spatial distribution of solute input (agri-
cultural fields and natural areas) was based on the land use
map of the year 2007 (Fig. 1). It was not further calibrated
for solute transport, but instead, we explored the model be-
haviour through comparing the effect of some relatively sim-
ple changes in model parameters, input pre-processing, or
output post-processing. These model scenarios enabled us to
compare the effect of the following processes on the break-
through of solutes in the upstream part of the catchment:
(1a) unsaturated zone hydrological delay, (1b) unsaturated
zone N species delay, (2) increased saturated zone travel
times, (3) different temporal input of solutes, (4) spatial dif-
ferences in solute input, and (5) denitrification in the satu-
rated zone (Table 2).

2.7.1 Set 1a — unsaturated zone hydrological delay

The unsaturated zone was considered in a simplified way in
the model by (1) coupling the groundwater model with an
unsaturated zone model (MetaSWAP; see also Kaandorp et
al., 2018a) to provide a realistic groundwater recharge and
by (2) including part of the unsaturated zone processes in
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V. P. Kaandorp et al.: Time lags of nitrate, chloride, and tritium in lowland streams

Table 2. Exploration of the model behaviour under different scenarios.
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Set

Parameter

- Base case — variable input; no denitrification

la  Unsaturated zone hydrological delay
1b  Unsaturated zone N species delay

Travel time
Travel time only part of N

2 Increased saturated zone travel times Mean travel time

3 Different temporal input of solutes Input

4 Spatial differences in solute input Input

5 Denitrification in the saturated zone Travel time and depth

the solute input time series by using a nitrate transformation
factor of 0.85 on the data before 2000 and using the con-
centrations of shallow groundwater from 2000 onwards. Al-
though many unsaturated zone processes were accounted for
in this way, it did not include a potential delaying effect on
the breakthrough of solutes. The hydrological transport time
in the unsaturated zone may create a time delay of the order
of months to multiple years (Green et al., 2018; Sprenger et
al., 2016) and even decades (Wang et al., 2012), depending
on the depth of the water table and soil characteristics. In our
model exploration, we applied a rather simple modification
of a time delay of 5 years for all particles in our model, as-
suming that piston flow occurs through an unsaturated zone
with an equal thickness everywhere in the catchment area.
In reality, flow through the unsaturated zone is much more
complicated due to, for example, macropores, but this was
outside of the scope of the current study. Note that the value
of 5 years is not chosen to represent unsaturated zone travel
times in this catchment as realistically as possible, but this
rather high value only serves to clearly show the effect of
such a process on the time lag between input and stream con-
centration.

2.7.2 Set 1b — unsaturated zone N species delay

N applied on agricultural fields comes partly in the form of
directly available N and partly in the form of persistent or-
ganic N. While the directly available N is rapidly leached
towards the groundwater, persistent N is only slowly trans-
formed into nitrate and leaches towards the groundwater over
a timescale of decades (e.g. Ehrhardt et al., 2019). We ex-
plore the effect of this distinction by creating a time delay
of 10 years in 50 % of the nitrate that is added to the TTD
model.

2.7.3 Set 2 — increased saturated zone travel times

Increasing the ages of groundwater implies an increase in
mean travel time (MTT), which could result from a larger
aquifer thickness or porosity, a smaller amount of groundwa-
ter recharge, or a change in drainage density (Broers, 2004;
Duffty and Lee, 1992; Raats, 1978; van Ommen, 1986). In
scenario 2, we explored the effect of the saturated zone travel
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time in a rather simple way by applying a multiplication fac-
tor of 5 on all the calculated travel times of all flow paths.
Thus, the calculated travel times at the moment of discharge
to the stream of all individual particles was multiplied by this
factor during postprocessing.

2.7.4 Set 3 - different temporal input of solutes

The solute input time series for chloride and nitrate was cre-
ated on a regional scale and has been successfully used at
a local scale in earlier studies (van den Brink et al., 2008;
Visser et al., 2007). We explored the effect of a more de-
layed decrease in the solute input time series after 1985 (sce-
nario 3a), which could, for instance, be caused by different
local farming practices compared to the regional input time
series. Thus, we added a linear decrease in time from the
peak in 1985. In addition, we explored the effect of a sharp
decrease in the input by removing all agricultural applica-
tion of N after the year 1985 (scenario 3b). In both scenar-
ios, the peak of the agricultural input time series for chloride
and nitrate was kept at 1985 as this timing of the peak has
been found all over the Netherlands (e.g. van den Brink et
al., 2008; Visser et al., 2007; Zhang et al., 2013). This input
trend reversal results from the European Union (EU) milk
quota legislations in 1984 and EU and Dutch manure laws
(Dutch Manure Law, 1986; EU Nitrates Directive, 1991).

2.7.5 Set 4 — spatial differences in solute input

We explored the effect of different land use configurations
by moving the agricultural fields either towards the stream
(shorter travel times; scenario 4a) or away from the stream
(towards longer travel times; scenario 4b). A buffer zone of
200 m around the stream was used, and two scenarios were
tested. First, the buffer zone was turned into an agricultural
area, while all fields outside the buffer zone were turned into
natural areas. Second, the reverse was done, where the buffer
zone was turned into natural areas with agricultural fields
outside of the buffer zone. A ratio of 50 % agriculture and
50 % natural vegetation was used for the agricultural areas
in these scenarios to prevent excessive nitrate concentrations
and to keep the total input in the system approximately equal,
based on the present land use maps.
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2.7.6 Set 5 — denitrification in the saturated zone

Denitrification is known to remove nitrate from the ground-
water, partly by the oxidation of organic C (Eq. 1) or pyrite
(Eq. 2) as follows:

5C(s) +4NOj3 +2H,0 — 4HCO3 4+ CO2(g) +2Na(g) (1)
SFeS(s) + 14NO3 +4H" — 5Fe?™ + 10805~ + 7Na(g)
+2H,0. 2

When applied as zero or first order, denitrification does not
change the timing of the peak as the denitrification takes
place equally along all flow paths. When this is not the case,
denitrification does affect the shape and timing of the break-
through of nitrate, for instance when denitrification takes
place only at certain depths. Zhang et al. (2013), and more
recently Kolbe et al. (2019), showed that varying denitrifica-
tion with depth has a major influence on nitrate delivered to
streams via groundwater.

To see the possible effects of different conceptualiza-
tions, denitrification was modelled in two ways. First, it
was simulated as a kinetic zero-order reaction following
NOs[output] = NO3[input]-rate - travel time (scenario 5a).
We used 10mgNO3 L~ yr~! as the rate of denitrification,
which is in the range of values reported by Van Beek et
al. (1994) for the Netherlands. Second, denitrification was
based on the occurrence of a pyrite layer at a certain depth
(scenario 5b), similar to the model of Zhang et al. (2013). Ox-
idation of pyrite has been found to be the main nitrate reduc-
ing process in several studies in the Netherlands (e.g. Broers
and van der Grift, 2004; Postma et al., 1991; Prommer and
Stuyfzand, 2005; Visser et al., 2007; Zhang et al., 2009) and
in some other regions, as reported by Tesoriero et al. (2000).
In this model scenario, all nitrate passing through the deni-
trifying pyrite layers was instantaneously removed.

3 Results
3.1 Input time series of chloride, nitrate, and tritium

Tritium in precipitation increased in the 1950s and 1960s fol-
lowing hydrogen bomb testing and has been returning to nat-
ural values since the 1980s (Fig. 3). The monthly 3H con-
centration in precipitation was fed directly into the mod-
elled groundwater recharge, as tritium is part of the actual
water molecule. The application of chloride and nitrate in-
creased from the 1950s until around 1985 due to intensifica-
tion of agriculture (Fig. 3). From 1985, concentrations leach-
ing from agricultural fields decreased as a result of national
and European legislations (Dutch Manure Law, 1986; EU Ni-
trates Directive, 1991) that contain rules for the reduction of
N applications in farming.
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Figure 3. Input time series for tritium (left axis) and the estimated
concentrations of nitrate and chloride under farmland (right axis).
The tritium input time series is based on precipitation measurements
at stations in Vienna and Ottawa (before 1970) and Groningen and
Emmerich (from 1970). The 1985 peak in chloride and nitrate coin-
cides with the start of the legislations from the Dutch Manure Law
that placed restrictions on the applications of N in agriculture.

3.2 Water quality measurements of surface water

Tritium concentrations measured in the upstream catchment
in 2016 and 2017 were between 4.8 and 6.0 TU, with no clear
seasonality (Fig. 4a). For chloride and nitrate, the measure-
ments show some seasonality, with higher concentrations in
winter than in summer. This variability seems larger for the
total catchment than for the upstream part of the catchment
(Fig. 4).

The long-term chloride concentrations varied between
20 and 40 mg L~!, with slightly lower values in the upstream
than in the downstream catchment. Nitrate concentrations
varied between approximately 25 and 50 mgL~! during the
last few decades. Both the chloride and nitrate measurements
show a clear trend reversal (Fig. 4c—f) that resembles the
trend reversal in the solute input time series (Fig. 3) due to
legislations. Chloride concentrations in the upstream part of
the catchment increase from about 20 mgL~! in the 1970s
to up to 30mg L~! between 1990 and 1994 (Fig. 4c), which
is a time lag of about 5 to 10 years after the peak in the in-
put around 1985 (Fig. 3). Chloride concentrations measured
at the outlet of the total catchment peak at the same mo-
ment at a concentration of about 42mgL~! (Fig. 4d). Af-
ter 1994, the chloride concentrations decrease both up- and
downstream and have been approximately stable between
20 and 25 mg L~ since the year 2000, which is similar to the
trend in the chloride concentrations in the uppermost ground-
water (solute input time series). The measured timing of the
trend reversal of nitrate at the outlet of the catchment (Fig. 4f)
is similar to chloride (Fig. 4d), with an increase up to 1994
when the maximum of 50mgL~! is reached. After that, ni-
trate concentrations have decreased but at a slower rate than
chloride. What is especially noticeable is that, for the up-
stream part of the catchment, the timing of the chloride and
nitrate peaks in the measurements do not coincide. While
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Figure 4. Measurements, agricultural input time series, and initial model results based on the TTDs from Kaandorp et al. (2018a) and the
solute input time series in Fig. 3. On the left, tritium (a), chloride (c¢), and nitrate (e) are shown for the upstream part of the catchment; on the
right, tritium (b), chloride (d), and nitrate (f) are shown for the total catchment (downstream). Note that tritium samples were only available

for the upstream part of the catchment (a).

chloride peaks between 1990 and 1994 and quickly drops
after that, nitrate concentrations only start decreasing after
approximately 1997. Thus, for the upstream catchment there
seems to be a time lag between the peak input and the follow-
ing trend reversal that is several years longer than observed
in the downstream catchment.

3.3 Water quality modelling

The initial combination of the TTD results and solute input
time series was based on the land use and input time series
described in Sect. 2.5 and included no further processes or
changes to the original flow model. The initial model run
showed higher chloride and nitrate concentrations in winter
than in summer, and this seasonal variation was larger for the
total catchment than the upstream catchment. Such a differ-
ence between the up- and downstream part of the catchment
was also found by Kaandorp et al. (2018a), who reported
that discharge and the contribution of different flow paths are
more dynamic in the downstream part of the catchment.

The modelled chloride concentrations confirmed the ob-
served long-term trends (Fig. 4c and d), although the
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modelled concentrations were too low for the period be-
tween 1990 and 1995 (underestimation of 5-15mgL~!),
and the chloride peak was simulated around 1985 instead
of 1990. For tritium, the model overestimates the measured
concentrations by approximately 0.5TU (Fig. 4a), which
could indicate either an underestimation of the mean age of
water in the catchment (allowing for more decay) or an un-
derestimation of the amount of younger or pre-1950s water
(contributing water with low tritium concentrations). While
the measurements showed the nitrate peak around 1994
and 1997 for the total catchment and upstream respectively,
the initial model run showed the nitrate peak around 1987
for both the total and upstream catchment. In this model cal-
culation, the modelled trend reversal for nitrate thus occurs
approximately 3 years after the trend reversal in the input,
which is the same time lag as was modelled for chloride.

3.4 Exploration of model behaviour — effects on the
breakthrough of tritium, chloride, and nitrate

Overall, the simulated tritium, chloride, and nitrate concen-
trations in the stream did not completely match the measure-
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Figure 5. The effect on tritium (a), chloride (b), and nitrate (c) in the upstream part of the catchment of a scenario with a 5-year delay due
to an unsaturated zone, a scenario in which part of the input of N was delayed and a scenario in which all travel times were increased by a

factor of 5.

Table 3. Summarized results of the exploration of the model behaviour.

Peak concentration

Conc. in 2016
change (TU)

Time to peak

change (mg L~ change (yr)

Set Cl NO3 Cl NOj3 Tritium
la  Unsaturated zone; delay 5 years 0 0 +5 +5 —0.29
1b  Unsaturated zone; delay 10 years on 50 % of N 0 —11 +10 0
2 Increased sat. zone travel times; factor 5 =5 -20 +10 410 —0.63
3a  Different temporal input 1 — direct stop N 0 0 0 0 0
3b  Different temporal input 2 — slower reduction N 0 +2 0 +10 0
4a  Spatial differences in solute input 1 +1 +5 —1 —1 0
4b  Spatial differences in solute input 2 0 -1 +7 +4 0
S5a  Denitrification saturated zone zero order 0 —15 0 0 0
5b  Denitrification saturated zone deep layers 0 —15 0 0 0

ments either in concentration or in the arrival in time of the
agricultural peak (Fig. 4). Instead of attempting to further
adapt and calibrate the groundwater flow model, we explored
the model behaviour under different scenarios, exploring the
parameters that might determine the apparent mismatch with
the measured concentrations, thereby increasing our under-
standing of the flow and transport system in catchments in
general.

3.4.1 Set 1a — unsaturated zone hydrological delay

An unsaturated zone was added to the upstream catchment
model, with a travel time of 5 years, as a separate piston
flow component superimposed on the groundwater system
that was modelled. This delay shifted the tritium peak in time
and led to a decrease in the tritium concentrations because
decay takes place while travelling through the unsaturated
zone (Fig. 5a). This scenario lowered the modelled stream
tritium concentrations closer to the observed tritium concen-
trations. Because chloride and nitrate were not reactive, this
unsaturated zone scenario merely added a certain amount of
time to the whole travel time distribution, simply shifting the
chloride and nitrate output by 5 years (Table 3).

Hydrol. Earth Syst. Sci., 25, 3691-3711, 2021

3.4.2 Set 1b — unsaturated zone N species delay

The time lag created in the unsaturated zone by the slower
release of persistent N was simulated by putting a delay of
10 years on 50 % of the nitrate input. Because the input of
nitrate is spread out over a longer period, this resulted in a
peak value that was 11 mgL~! lower but extended the dura-
tion of high nitrate levels (Table 3; Fig. 5c).

3.4.3 Set 2 —increased saturated zone travel times

The multiplication of the calculated mean travel times by a
factor 5 decreased the overall tritium concentrations due to
the extra time for decay (Fig. 5a). The input of solutes to-
wards the stream was distributed more in time, which low-
ered the chloride and nitrate peak and increased the length
and size of the tail of the peak (Fig. 5b and c). This scenario
thus has a similar effect on the shape of the breakthrough of
nitrate as scenario 1b (Fig. 5c). When all travel times were
increased fivefold, the chloride and nitrate peaks shifted by
approximately 10 years (Table 3).

3.4.4 Set 3 - different temporal input of solutes

We modelled two alternative solute input time series of agri-
cultural fields. First, we removed all agricultural input after
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Figure 6. Panels (a) and (b) show the effect of two scenarios with changes in the nitrate input for the upstream of the catchment. Note the
difference in the scale of the y axis between the left and right panels. Panels (c) and (d) show the effect of spatial changes in land use on both
chloride (c¢) and nitrate (d), i.e. only agriculture inside of a 200 m strip around the stream (4a) and only agriculture outside of the same buffer
strip (4b). In both scenarios, agricultural parts have 50 % agriculture and 50 % nature, so that the total fraction of fields is approximately

equal to that in the real catchment.

the 1985 nitrate peak (Fig. 6a; green line). This instantly low-
ered the stream nitrate concentrations from 1986 onwards, as
the stream consists of a large amount of young water and, af-
ter the removal of agriculture, is only affected by nitrate from
older flow paths that started before 1986 (Fig. 6b; green line).
In scenario 3b, we used a solute input time series in which the
rate of the decrease of nitrate after the 1985 peak is lowered
(Fig. 6a; red line). This slower decrease in the agricultural in-
put resulted in an increase of nitrate during a longer period,
remarkably extending also into the period when the input is
already decreasing and creating a time lag of 10 years to the
trend reversal (Table 3), followed by a slower decrease after
that (Fig. 6b; red line).

3.4.5 Set 4 — spatial differences in solute input

The effect of spatial changes of the input was modelled in
two scenarios, i.e. one scenario where only the zone of 200 m
around the stream was used for agriculture (4a), and one sce-
nario where agricultural input only took place outside of the
same 200 m zone (4b). With the agricultural fields directly
around the stream (scenario 4a), the nitrate peak shifted back
in time to 1985 (Fig. 6¢), which is the year of maximum in-
put (Fig. 3). With the agricultural fields in the more upstream
parts of the catchment (scenario 4b), representing, for exam-
ple, a natural buffer strip, the nitrate peak was delayed by
4 years and became flatter with a much slower decrease over
time (Fig. 6d). This results from the fact that the fields further
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away are connected with the stream by longer flow paths with
longer travel times. For the 200 m zone around the stream,
the mean TT towards the stream is approximately 3 years,
and for the area outside this zone, the mean TT is approxi-
mately 15 years (median TT 1 year vs. 12 years). When fields
are further away, the agricultural input to the stream is dis-
tributed more over time, resulting in a lower peak but a longer
tail with higher concentrations.

3.4.6 Set 5 — denitrification in the saturated zone

A total of two denitrification scenarios were modelled, us-
ing different conceptualizations. A zero-order denitrification,
with a rate of 10mgL~! yr~!, resulted in continuously lower
nitrate concentrations without a shift in time (Fig. 7). In sce-
nario 5b, denitrification was modelled based on the depth that
the particles flowed through for which nitrate was removed
from all particles travelling through deeper layers (> model
layer 2; > 0.5-15 m below surface). This resulted in a rather
steady decrease in nitrate concentrations in time, preserv-
ing the shape of the 1980s increase and subsequent decrease
(Fig. 7).

4 Discussion

The aim of this study was to test whether the use of TTDs,
as derived from a groundwater flow model, helps us to un-
derstand the observed breakthrough pattern of solutes in a

Hydrol. Earth Syst. Sci., 25, 3691-3711, 2021



3702

------ Initial run

Denitrification:
—— 5a) Zero order

+ === 5b) In deep layers

1974
1979
1984
1989
1994
1999
2004

Figure 7. Effect of denitrification for the upstream part of the catch-
ment using different conceptualizations, i.e. zero-order denitrifica-
tion (5a) and denitrification in deep layers (5b).

lowland stream. We collected a long time series of chloride
and nitrate, which showed a clear trend reversal in 1990, fol-
lowing national and European legislations restricting the use
of manure and fertilizers. By combining the TTDs with in-
put time series for solutes, we were able to calculate stream
concentrations which we could compare with the long time
series of chloride and nitrate. This base model, which did not
include time delays due to the unsaturated zone or chemi-
cal processes, was able to reasonably capture the long-term
trends of chloride and nitrate. However, this initial model
run underestimated the time lag between the peak in nitro-
gen input and the following trend reversal of nitrate in the
stream. In addition to the trend reversal in the 1990s, both
the measurements and model indicated seasonality in the in-
stream concentrations, with higher concentrations in winter
and lower concentrations in summer (Sect. 3.2).

In the discussion, we will first focus on the effect of dif-
ferent processes on the breakthrough of solutes, based on the
exploration of the model behaviour under different scenar-
ios. We will evaluate how unsaturated zone processes, ad-
vective saturated flow, the spatial source zones and temporal
patterns of solute inputs, and transformation processes such
as denitrification will influence time lags in the receiving wa-
ter body. Using our dynamic TTD model, we will then in-
troduce contributing areas to discuss the spatial and tempo-
ral effects of land use and groundwater flow paths. We will
subsequently discuss the measurements and model results of
the study area and take another look at the observed break-
throughs and time lags of the different solutes. Lastly, we
will discuss the implications of our findings for catchment
management.

4.1 Changes in breakthrough patterns of tritium,
chloride, and nitrate

The model exploration showed that unsaturated zones lead
to a shift in time of the solute breakthrough, as it takes time
for water to percolate from the surface towards the ground-
water (Fig. 5; Table 3). This is purely a hydrological effect
(scenario 1a). Biochemical processes in the unsaturated zone
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can also create time lags in the breakthrough of nitrate (sce-
nario 1b). This not only lowers the height of the nitrate peak
but also leads to a time lag and elevated nitrate levels over a
longer period of time. The scenario in which the TTD of all
flow paths was multiplied by a factor 5 lowered the peak of
nitrate observed in the stream. The reason is that the mean
age of the discharging groundwater was increased and re-
sulted in a larger contribution of pre-1950 water, which has
been less influenced by agricultural activities. In addition, the
solutes applied by agriculture in the 1980s are distributed
over a larger amount of time. In addition to lowering the
peak, this resulted in a shift in the arrival of the trend reversal
and a slower decrease in concentrations afterwards (Fig. 5;
Table 3). The multiplication of the MTT has a clear effect on
the breakthrough, but the factor 5 is a very extreme case. It
would represent a system with an aquifer that is 5 times as
thick (or with an unrealistic porosity 5 times higher) given
the same groundwater recharge rate (van Ommen, 1986; Vo-
gel, 1967).

Obviously, the solute input time series and its uncertainty
have a large effect on the stream concentrations (Howden et
al., 2011a). Changing the solute input time series led to a
change in stream concentrations similar to that applied to
the input. In scenario 3a, in which all agriculture was re-
moved from the year 1986 onwards, nitrate concentrations
in the stream instantly decreased. This follows from the rela-
tively large amount of young water discharges by our catch-
ment and is in line with the quick response observed for other
catchments in the Netherlands (e.g. Rozemeijer et al., 2014).
Van Ommen (1986) used a conceptual case to illustrate the
same fast reaction; in catchments with an exponential TTD
(or, in our case, close to exponential TTD; Kaandorp et al.,
2018a), a change in the input directly affects stream con-
centrations for all MTTs. This is caused by the fact that the
maximum of an exponential distribution is always at the be-
ginning. In scenario 3b, the decrease of input concentrations
after the trend reversal in the 1980s was more gradual. In
this scenario, we did not shift the moment of the peak in
the input because we have strong indications that the peak
in Dutch agriculture occurred during the same year in all of
the Netherlands due to the strict measures taken around 1985
(van den Brink et al., 2008; Visser et al., 2007). Surprisingly,
a time lag occurred between peak input and the trend rever-
sal, suggesting that a direct response to changes in the input
is not always the case.

To further study this observation, we did a conceptual ex-
ercise in which we combined exponential TTDs with varying
MTTs with different conceptual input scenarios. Figure 8 il-
lustrates three input scenarios for a conceptual catchment,
with an exponential TTD, with a MTT of 5 or 10. The three
input scenarios are a direct stop, a slow decrease of the in-
put (decrease of 1% of the maximum per time step), and
a fast decrease of the input (decrease of 5% of the maxi-
mum per time step), all following a block input of 100 be-
tween time equal to 0 and time equal to 10. A direct stop
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Figure 8. Output concentrations for a hypothetical catchment with an exponential TTD and a MTT of 5 or 10, following three input scenarios,
i.e. a direct stop of the input, a slow decrease in the input (decrease of 1 % in the maximum per time step), and a fast decrease in the input

(decrease of 5 % in the maximum per time step).

leads to a direct decrease in output concentrations, showing
an inverse exponential distribution, which represents the new
unpolluted front travelling through the groundwater system.
The other three scenarios, on the contrary, do not show a di-
rect decrease; the scenario with the fast decrease of the input
and a MTT of 5 shows a concentration increase for 1 extra
time step before decreasing, and this decrease is much slower
than the scenario with the direct input stop. When the same
input scenario is used with an MTT of 10, the time lag before
the trend reversal is increased. The scenario with a slowly de-
creasing input shows the same, i.e. an increase in output con-
centration until # = 16, even while the input decreases in that
period. The time lag thus increases with increasing MTTs
and with slower decreasing input. This behaviour is only the
result of the hydrology of the groundwater system and is re-
lated to the net result of mass loading through groundwater
recharge and mass removal at the outflow point. Concentra-
tions at the outflow only start decreasing once the net input
is smaller than the net output (Broers and van Geer, 2005).
In other words, the output will only decrease when the ni-
trate input by recharge reaches a lower concentration than
the convoluted output into the stream, as shown by the in-
tersect of the input and output lines in Fig. 8. The time lag
thus depends on the difference between the input and out-
put concentrations. A longer MTT typically results in lower
peak concentrations (see also scenario 2) and input concen-
trations will exceed those output concentrations for a longer
time given the same reduction rate; it effectively takes longer
for the input to decrease to the level of the output for a system
with a longer MTT. This analysis shows that, in the general
case of a catchment with an exponential groundwater TTD,
the effect of measures on the solute input towards groundwa-
ter can only be expected to show directly when the decreased
solute input is lower than the current concentration of the
discharging water.

We saw that zero-order denitrification removes (part of)
the nitrate and thus lowers concentrations and does not
change the timing of the peak (Table 3), which was expected
as the denitrification takes place equally along all flow paths.
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Moreover, denitrification at larger depths (scenario 5b) did
not shift the peak in the receiving stream either (Fig. 7; Ta-
ble 3). Older flow paths contribute a relatively steady amount
of water and nitrate to the stream and removal of this contri-
bution in this scenario led to a rather steady decrease in ni-
trate concentrations for all moments in time. Our scenarios
were relatively simple, with equal denitrification rates and
depths throughout the catchment. It is, however, known that
there is a large variability in the reactivity of for instance or-
ganic matters (e.g. Hartog et al., 2004; Middelburg, 1989;
Postma et al., 1991), which could lead to spatial or temporal
differences in denitrification and, therefore, a change in the
nitrate breakthrough. If denitrification, for instance, occurs
predominantly in the stream valley close to the stream, where
conditions are wet and organic matter is abundant, denitrifi-
cation removes nitrate mostly from younger flow paths, thus
shifting the nitrate peak due to the delivery of nitrate mostly
by older flow paths, which generally originate from a larger
distance from the stream (e.g. Modica et al., 1998). Such a
spatial effect was also shown by the model scenario in which
a buffer without agriculture was introduced around surface
waters (Fig. 6¢ and d) and is a result of the difference in travel
time of the flow paths from the fields close to the stream and
the fields more upstream (e.g. Musolff et al., 2017).

The location of agricultural fields in relation to the catch-
ments’ drainage network and, more precisely, the location of
high loading is, thus, another important factor that largely
governs the travel times of the agricultural solutes. Both sea-
sonal and long-term concentration—discharge relationships
strongly depend on spatial source patterns (e.g. Musolff et
al., 2017), and spatial differences in reactivity (e.g. Kolbe et
al., 2019) can further cause spatial variability between solute
concentrations of water in different flow paths. It can, there-
fore, be argued that, in modelling, not only the location of
fields must be known but also more information about leach-
ing towards the groundwater at every field, as there can be a
significant difference in the use of manure and fertilizers due
to, for instance, differences in crops. However, for our catch-
ment, national and EU regulations put strong constraints on
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the application of nitrogen, thus levelling differences in in-
puts to farmlands (e.g. Oenema et al., 1998; Schroder et al.,
2007). Effectively, soil properties and groundwater levels de-
termine the areas with the strongest leaching towards the
groundwater, as those factors determine the potential for un-
saturated zone denitrification.

4.2 Contributing area of streams

In the previous paragraph, we have seen that the spatial dis-
tribution of inputs and processes is an important factor in
the breakthrough of agricultural solutes. In our model, par-
ticles have a starting point and ending point for which we in-
troduce the terms groundwater contributing area (GCA) and
runoff contributing area (RCA; Fig. 9). The GCA is defined
as the area in which the water that is actively contributing to
streamflow at a certain moment in time through active flow
paths entered the coupled groundwater—surface water system
as precipitation. This is, thus, not the same as the catchment
of a stream, which is the area in which all discharging wa-
ter finally ends up in the stream, and does not include a
time-variable component. The RCA is defined as the area
in which, at a certain moment in time, water is leaving the
subsurface domain (catchment storage) to become discharge
and, thus, is the area where runoff is generated (Fig. 10).
Within this catchment, areas that are neither groundwater nor
runoff contributing areas do not actively contribute to stream-
flow at that specific moment in time. The concept of con-
tributing areas can thus be used as a different way of describ-
ing the catchment and spatial processes and their effect on
stream chemistry.

Because flow paths change based on wetness conditions
(e.g. Kaandorp et al., 2018a; Rozemeijer and Broers, 2007,
Yang et al., 2018) the groundwater contributing area also
shifts through the seasons. This includes the inactivation
of flow through shallow flow paths towards, for exam-
ple, drainage pipes and ditches in dry periods, which leads
to a non-linear reaction of the dynamic TTD to discharge.
When wetness conditions decrease, groundwater levels de-
crease and drainage units fall dry. Consequently, the water
that was flowing towards these drainage units suddenly stays
in the aquifer and/or flows towards another drainage unit.
When wetness conditions increase again, groundwater lev-
els first have to rise to the point that they can activate these
flow paths again. This also (at least partly) explains why
concentration—discharge relationships vary with the wetness
of catchments. In our results, the discharge originating from
agricultural fields changes in time as a result of this varia-
tion in the GCA (Figs. 2 and 9), and this seasonal variation
in flow paths leads to fluctuations in the concentrations of
nitrate in the stream (e.g. Fig. 4). Figure 10 illustrates how
the groundwater contributing area may shift based on wet-
ness conditions; in the wet period, all flow paths are active,
while during the dry period only the older flow paths are ac-
tive and flow through shallow short flow paths has ceased.
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Therefore, in this example, the groundwater contribution of
the field close to the stream stops in the dry period, and re-
moving this field, thus, only affects stream nitrate concen-
trations during the wet period. This concept extends on the
ideas presented by Rozemeijer and Broers (2007) by adding
the spatial dimension and groundwater contributing area to
their concept of variation in the contribution of flow paths
with depth. Information about the GCA is important for so-
lute transport, as time lags occur if there is a difference be-
tween the forward TTD of the nitrate-contributing areas and
the forward TTD of the entire catchment.

4.3 Understanding nitrate in the Springendalse Beek
catchment

The previous paragraphs discussed the important processes
that affect the breakthrough of agricultural solutes more gen-
erally, which we will use in this paragraph to discuss the
observations from both the measurements and TTD model
in the study area. Overall, the model was able to describe
the trend reversal that was observed in the measurements of
the Springendalse Beek catchment, but the time lag between
the peak in nitrogen input and the following trend reversal
of nitrate in the stream was underestimated. The time se-
ries of discharge and solutes showed that the upstream area
has less seasonal variation in the amount of discharge than
the downstream catchment and less variation in the contribu-
tion from agricultural fields and in the stream concentrations
of chloride and nitrate (Figs. 3 and 4). Our groundwater-
based model was able to simulate this difference between
up- and downstream, which indicates that this variation can
largely be explained by variations in the contribution of dif-
ferent groundwater flow paths originating from different lo-
cations in the catchment, as was also concluded by, for ex-
ample, Martin et al. (2004), Musolff et al. (2016), Rozemei-
jer and Broers (2007), and van der Velde et al. (2010). High
chloride and nitrate concentrations from agricultural activ-
ities are mostly present in the shallower layers (0-5m be-
low surface; e.g. Bohlke and Denver, 1995; Broers and van
der Grift, 2004; Rozemeijer and Broers, 2007; van der Velde
et al., 2009; Zhang et al., 2013) and especially in the down-
stream part of the catchment. The downstream catchment has
a dense drainage network, with agricultural tile drains and
ditches, which promotes a larger contribution of young water
in shallow flow paths in the wet period with high groundwa-
ter tables relative to the dry period (Kaandorp et al., 2018a).
This increase in relative old water contribution during dry
periods has been found in several studies and is called the
inverse storage effect (e.g. Benettin et al., 2017; Harman,
2015). Similar to our model, van der Velde et al. (2010)
and Wriedt et al. (2007) were able to model seasonality of
in-stream nitrate concentrations using only groundwater dy-
namics and concluded it to be an important process that is
further superposed by denitrification and variability in load-
ing. We conclude that the upstream part of the Springen-
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Figure 9. Contributing area in the model for a dry (top; summer 2006) and a wet (bottom; winter 2006-2007) period. Colours represent
the travel time towards the stream with blue TT > 25 year and red TT < 1 year (similar to Fig. 2). Notice the large increase in the runoff
contributing area in the downstream part of the catchment during wet periods which results from the extensive agricultural drainage system.
Background map source: ESRI_StreetMap_World_2D, available at: http://services.arcgisonline.com/ArcGIS/rest/services/ESRI_StreetMap_

World_2D/MapServer (last access: 28 June 2020).
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Figure 10. Contributing areas fluctuate with wetness conditions due
to changing flow paths. GCA is the groundwater contributing area,
which is where discharge was infiltrated, and RCA is the runoff
contributing area, which is where discharge is generated. Areas be-
tween the two different contributing areas are inactive and do not
actively influence stream discharge.

dalse Beek catchment, with its stable year-round discharge,
provides a base level for nitrate concentrations, whereas the
drained downstream part of the catchment causes the greater
part of the seasonal variation in the stream concentrations.
The fact that most of the discharge has travel times larger
than 1 year might explain that no seasonality was observed in
the tritium measurements. The model overestimated all ob-
served tritium concentrations in the initial model run by ap-
proximately 0.5 TU on average (Fig. 4a). This could indicate
the uncertainty in the measured concentrations, but based on
experience in other catchments (Broers and van Vliet, 2018a;
Morgenstern et al., 2010; Stolp et al., 2010), this might be
caused by the model underestimating the mean age of wa-
ter in our catchment, for instance, due to an underestima-
tion of the aquifer volume caused by the complex geology in
the area. On the other hand, an overestimation of the mean
water age by the model could also cause higher modelled
tritium concentrations, if this means that the contribution
of 1960s water is overestimated (Fig. 3). Unfortunately, no
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earlier measurements of tritium are available for the Sprin-
gendalse Beek to draw further conclusions using tritium.

Denitrification does not seem to occur substantially in the
upstream part of the study area, as the modelled nitrate con-
centrations are generally already lower than the measure-
ments. This is confirmed by the oxic nature of the sandy
sediments that the groundwater discharges from (Kaandorp
et al., 2019), the presence of oxygen, and lack of iron in
the discharge water (data not shown). Although the upstream
part of the catchment contains less agriculture than the down-
stream part (Fig. 2), the nitrate concentrations in the stream
are comparable. This may be an indication of denitrification
in the downstream part of the catchment where water levels
are close to the root zone, promoting shallow denitrification,
which could be a reason for the overestimation of nitrate and
the fact that the model overestimates the seasonal variation
in the downstream catchment (Fig. 4f). Another important
aspect is the uptake of nitrate and denitrification within the
surface water system. This is currently not accounted for, and
probably limited in winter (high flow velocities and low tem-
peratures), but may be causing lower nitrate concentrations
in summer.

Measurements of chloride and nitrate showed a time lag
between the trend reversal in the solute input and in the dis-
charge. In the lowland groundwater-driven study catchment,
unsaturated zones are relatively thin in the downstream part
of the catchment (a maximum of a few metres but mostly
< 1 m) and slightly thicker in the upstream part (up to 3 m),
and thus, only a maximum time lag of a few years would be
realistic. Due to the complex hydrogeology of the ice-pushed
ridge, especially in the upstream part of the catchment, there
is some uncertainty regarding the exact depths and volumes
of the aquifers that are present within the ice-pushed ridge.
In the regional groundwater flow model, this complex geol-
ogy was highly simplified, based on the version of the hy-
drogeological model of the Netherlands, REGIS (REGIS II,
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2005), that was available when building the flow model. The
complex geological structure of the ice-pushed ridge makes
it difficult to exactly pinpoint the position of the tilted Pleis-
tocene sand layers that probably form the main pathways to
the stream, as the tilted slabs of Tertiary clays form hydraulic
barriers for groundwater flow (Ronald Harting, TNO Geo-
logical Survey of the Netherlands, personal communication,
2019). Given the approximate N-S strike direction of the
sandy intercalations, this may have an influence on the dis-
tinct farmlands that contribute to the nitrate concentrations in
the stream that may be positioned further away than the mod-
elled schematization might allow in the regional groundwater
flow model. It might also affect the mean travel times in the
groundwater system, as a larger aquifer volume would re-
sult in overall longer travel times (Vogel, 1967; van Ommen,
1986). The observation that the time lag is larger for nitrate
than for chloride, especially in the downstream catchment,
can be explained by processes that only affect nitrate and not
the more conservative chloride, such as a difference in res-
idence time of different N species or spatial differences in
denitrification. The difference could also indicate that the ra-
tio between chloride and nitrate has changed in the fertilizers
used.

Although a time lag was observed, the measurements
showed that legislation in the 1980s and thereafter were ef-
fective at lowering the concentrations of agricultural solutes
in the stream. The model was reasonably able to simulate the
long-term trends but could be improved by adding more de-
tail based on the lessons learnt from the model exploration.
However, these lessons on the breakthrough of solutes are
already applicable in other catchments and will be further
discussed in the next paragraph.

4.4 Management implications

According to scenarios modelled by Tufford et al. (1998) the
management of stream water quality is most effectively done
at riparian and adjacent lands. Our results show that the loca-
tion of agricultural fields indeed has a large effect on stream
concentrations. Not only does the location of the fields affect
the time lag and shape of the breakthrough of stream concen-
trations, longer flow paths from the fields further away from
the stream also have more time for processes such as denitri-
fication. Scenario 4b, with the 200 m agricultural-free zone
around the stream, can be compared with a (natural) riparian
zone on which much research has been done (e.g. Ander-
son et al., 2014; Feld et al., 2018; Hefting and Klein, 1998;
Hill, 1996; Ranalli and Macalady, 2010). These studies show
that riparian zones positively affect stream water quality be-
cause of their high rate of denitrification. Johnes and Heath-
waite (1997) even suggested moving agricultural fields to the
locations with the highest potential for nutrient retention. The
importance of the spatial setting of land use in the landscape
means that a map of forward TTDs combined with the lo-
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cations of high solute input can be used for a vulnerability
assessment of a catchment.

Our results further show that, in addition to the denitrifi-
cation potential of a riparian buffer zone, the longer length
of the groundwater flow paths lags the arrival of and damp-
ens the nitrate peak. In fact, as denitrification rates are highly
variable (e.g. Tesoriero and Puckett, 2011; Van Beek et al.,
1994) and riparian zones can be by-passed by deeper ground-
water flows (Bohlke and Denver, 1995; Flewelling et al.,
2012; Hill, 1996; O’Toole et al., 2018; Ranalli and Macal-
ady, 2010), the longer distance and, thus, the distribution of
solutes in time may be the more important effect of ripar-
ian buffer zones. Therefore, creating a (significant) riparian
buffer zone lags and dampens the effect of agricultural pol-
lution on surface water quality and riparian buffers have a
positive effect, even when it is bypassed or when denitri-
fication is low. Although overall positively affecting water
quality of the stream by decreasing concentrations, the longer
travel times of agricultural solutes will also lead to a longer
tail and, thus, invoke a longer-lasting effect of agricultural
solutes on streams but at lower concentration levels.

The modelling approach, using travel time distributions,
is a valuable approach for water quality management. While
(ground)water models often focus on representing ground-
water heads and discharges, a better representation of travel
times and flow paths is essential to correctly simulate non-
point source solute transport. Using TTDs therefore delivers
more realistic scenarios for predicting future concentration
trends and/or the effects of mitigation options.

5 Conclusions

This study is among the first to couple decades-long time
series of water quality to dynamic travel time distributions
based on a high-resolution spatially distributed groundwater
flow model. We collected a unique data set of solute mea-
surements for the period 1969-2018 for the Springendalse
Beek, a Dutch lowland stream. We then combined calcu-
lated groundwater TTDs with input time series for tritium,
chloride, and nitrate spanning the period 1950 to 2018. In
this way, we calculated solute concentrations in the Sprin-
gendalse Beek between 1969 and 2018. By making this con-
nection between dynamic groundwater travel time distribu-
tions and long-term in-stream concentration measurements,
we were able to show that the seasonal and long-term fluctu-
ations of in-stream solute concentrations were mainly caused
by the dynamic contribution of different groundwater flow
paths.

Both the measurements and model showed a trend rever-
sal in concentrations which followed the legislation to reduce
the leaching of nitrate to groundwater in the 1980s. Because
we observed a time lag of 5-10 years between the time of
the peak in nitrate inputs to groundwater and the peak in
nitrate concentrations in the stream, we ran an exploration
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of the model behaviour under different scenarios to explore
the effect of different processes and parameters on the break-
through patterns and time lags of groundwater-derived so-
lutes. We found that a time lag towards the trend reversal of
nitrate in the stream is caused by (1) longer travel times in
the unsaturated zone, due to slow percolation, and retarda-
tion, due to (bio)chemical processes such as the slow min-
eralization of organic N, (2) the combination of a slow de-
crease in the nitrate input with a relatively long MTT, caus-
ing a prolonged period in which nitrate input concentrations
still exceed the convoluted nitrate output discharging in the
stream, and (3) spatial configurations of solutes input, lo-
cations of (bio)chemical processes, and drainage that pro-
mote older groundwater with higher nitrate loadings to dom-
inate the outflow to the stream. This spatial effect may re-
sult from a higher input on older flow paths further from
the drainage network (e.g. agricultural fields upstream) in
combination with near-stream (bio)chemical attenuating pro-
cesses in shorter flow paths (e.g. shallow denitrification in the
riparian zone). To better describe the spatial effect of pro-
cesses and land use on the breakthrough of solutes, we intro-
duced the term groundwater contributing area, which is the
catchment area where the discharging water infiltrated. This
groundwater contributing area increases and shrinks based on
wetness conditions, which leads to varying solute concentra-
tions in the stream with wetness. Furthermore, we show that
creating riparian buffer zones is a good management option,
due to the importance of the spatial distribution and distance
of agricultural fields and the reactivity of the subsurface on
the breakthrough patterns of diffuse pollutants.

A limited amount of stream tritium measurements proved
to be a valuable indication of the performance of the model.
The method presented in this paper can be used to vali-
date calculated TTDs and provides an opportunity to validate
groundwater models not only on celerities but also on water
velocities. Further research could be aimed at the application
of the same method in other catchments and focus on gather-
ing further knowledge on time lags and dynamic contributing
areas in other hydrogeochemical and topographical settings.
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