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Editor: Christian Herrera Historical use of fertilizer and manure on farmlands is known to have a lasting impact on ecosystems and water
resources, but few studies assess the legacy of nitrate pollution on groundwater and surface water after farming
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applications in agriculture realized since the mid-1980s. We assessed the travel time distribution of groundwater
based on a time series of tritium measurements for 90 springs and small brooks that drain a dual porosity chalk
Time lag aquifer. The travel time distributions were constrained using the tritium data in combination with time series of
Nitrate legacy nitrate concentrations, applying a shape-free travel time distribution model. A clear trend reversal of nitrate
Young water fraction concentrations was observed and simulated for springs with a large fraction of young water (< 30 years old)
whereas the nitrate response in springs with relatively older water was attenuated and delayed. We conclude that
obtaining a time series of tritium data helps to constrain age distributions of water that is discharged from dual
permeability aquifers. The fraction of water aged <30 years was a meaningful parameter to distinguish between
different types of springs. Nitrate trends in springs that drain large fractions of young water (> 0.6) show higher
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peak concentrations, shorter lag-time between leaching and outflow peaks and steeper declines after trend
reversal, relative to trends in springs which are dominantly fed by older groundwater. The study thus shows that
the nitrate legacy of groundwater systems is strongly determined by the range of their travel time distributions,
and trend reversal in receiving springs and surface waters may appear within 10 to 15 years after measures to
reduce nitrate losses from farming.

Secondary keywords

Tritium, Trends, Reaction time, Natural springs, Chalk, Dual
permeability, Nitrogen leaching, Water quality standards, Compliance

1. Introduction

Historical use of fertilizer and manure on farmlands is known to have
a lasting impact on ecosystems and water resources, but few studies
quantify the legacy of nitrate pollution on groundwater and surface
water after farming applications were reduced (Visser et al., 2007, 2009;
Hansen et al., 2010; Van der Velde et al., 2010; Kaandorp et al., 2021). It
is generally recognized that past farming practices may have left a leg-
acy of nitrate pollution in the environment, even if current fertilizer
applications are reduced (e.g., Bohlke, 2002; Visser et al., 2007; Van
Meter et al., 2016; Kaandorp et al., 2021; Sarrazin et al., 2022; Dessirier
et al., 2023; Golden et al., 2023). Most existing studies rely on modeling
approaches at the scale of large river catchments and often lack suffi-
cient and adequate monitoring data to assess biogeochemical and hy-
drological nitrogen legacies. With the exception of Kaandorp et al.
(2021), few studies utilize age tracers to quantify travel time distribu-
tions (TTD) in the subsurface which determine the hydrological legacy,
thus making it one of the most uncertain variables in assessing surface
water nitrogen legacies (e.g., Sarrazin et al., 2022). However, ground-
water age dating has successfully been applied in unraveling nitrate
trends and legacies for groundwater abstractions, providing indepen-
dent information about the hydrological regimes in addition to the
measured nitrate data (e.g., Visser et al., 2013; Alikhani et al., 2016;
Visser et al., 2016; Tesoriero et al., 2019). We investigated the response
of nitrate in spring water to a reduction in the use of nitrogen fertilizers
in agriculture in the south of the Netherlands realized since the mid-
1980s and assessed the travel time distribution of groundwater based
on a time series of tritium measurements for 90 springs and small brooks
that drain a dual porosity aquifer, which consists of soft limestones
known as ‘chalk’ in western Europe.

The Netherlands serves as an ideal testing ground, because of its
intensive farming systems with increasing inputs of nitrogen fertilizers
after the Second World War in combination with national and EU reg-
ulations that led to a strong reduction in nitrogen use since around 1985
(e.g., Van Grinsven et al., 2012). The Netherlands holds one of the most
intensive farming systems worldwide, which has significantly impacted
groundwater resources (e.g., Boumans et al., 2008; Visser et al., 2007;
Post et al., 2020; Mendizabal and Stuyfzand, 2011; Mendizabal et al.,
2012; Broers et al., 2021; Spijker et al., 2021). Leaching of fertilizers,
manure, pesticides and veterinary antibiotics has affected the quality of
groundwater (Tiktak et al., 2002; Visser et al., 2007; Schipper et al.,
2008; Sjerps et al., 2019; Kivits et al., 2018). Awareness of the negative
consequences of excess nitrogen, leaching as nitrate into groundwater,
began in the early 1980's (e.g., Duijvenbooden and Waegeningh, 1987)
and resulted in the Netherlands Manure and Fertilizer Act in 1985 which
implemented regulations to reduce the environmental impact of live-
stock farming by preventing the growth of livestock production and by
reducing manure production and use. Excessive use of animal manure
has since been regulated by application standards. Additional regula-
tions were included after the EU Nitrates Directive 91/676/EC came into
force in 1991 (EU Commission, 1991), which sets a standard of 50 mg/1
nitrate in groundwater. The Nitrates Directive obliges all Member States
to implement Nitrate Action Programmes, restricting the application of

fertilizer and manure, and to evaluate these programmes every four
years (e.g., Oenema et al., 1998; Van Grinsven et al., 2012). To monitor
the effectiveness of these action programmes, management at a selection
of about 450 farms is registered and the quality of water leaching from
the rootzone of their fields is determined in the uppermost groundwater
one to four times per year (Fraters et al., 1998, 2021; Van Duijnen et al.,
2021).

In the southernmost part of the Netherlands, Zuid-Limburg (Fig. 1),
the groundwater level at elevated loess plateaus occurs at relatively
large depth (tens of meters). In these areas, soil moisture was extracted
from below-rootzone soil samples to monitor the quality of the rootzone
leachate in this region (Fraters et al., 2017, 2023). The monitoring re-
sults showed that nitrate concentrations in rootzone leachate decreased
since the mid-nineties till 2011 and, thereafter, varied on average
around 75 mg/1 (Fraters et al., 2021; see Section 2.3.2 for details). Thus,
the nitrate concentration in the leachate exceeded the Nitrates Directive
threshold of 50 mg/1; however, this threshold applies to groundwater
and not to soil moisture.

In addition, the water of springs that drain the loess plateaus was
sampled every six to eight years to study the long-term effect of the
minerals policy on groundwater and surface water in this region. These
springs naturally drain the groundwater systems in this region and
function as the outlets of the aquifer system. The nitrate concentrations
at the springs are tested against the compliance regime of the EU Ni-
trates Directive (91/676/EC) and the EU Groundwater Directive (2006/
118/EC), which both set a groundwater quality standard of 50 mg/1.
Moreover, water that discharges at the springs feeds the regional system
of brooks for which surface water quality standards and ecological ob-
jectives apply, following the EU Water Framework Directive (2000,/60/
EC). Thus, measurements in spring water were meant to assess whether
the concentrations in the rootzone leachate threatens groundwater
quality or may result in exceedance of thresholds for ecological objec-
tives of the receiving surface waters and associated terrestrial and
aquatic ecosystems (e.g., De Mars et al., 2024). As such, the combined
measured nitrate concentrations at both the inlet of the groundwater
system (below-rootzone soil moisture concentrations at the loess pla-
teaus) and the outlets of the system (the springs) provide information on
the effectiveness of Dutch manure policy in this region. Compared to
studies focusing on large catchments and incorporating complex
modeling frameworks that consider root zone denitrification, accumu-
lation processes, surface water retention, and additional anthropogenic
point sources in receiving surface waters (e.g., Sarrazin et al., 2022;
Dessirier et al., 2023), our study offers the advantage of directly
examining spring water at the immediate outlets of the groundwater
system. This is achieved through a measured time series of nitrate
leached below the root zone of the farmlands, thereby circumventing the
need to incorporate the aforementioned processes in the evaluation.

Based on previous work by Osenbriick et al. (2006), Van der Velde
etal. (2010) and Kaandorp et al. (2018, 2021), we hypothesized that the
travel time distribution (TTD) is a prime factor determining the nitrate
response of the groundwater system we studied. The TTD summarizes
the transit times for a mixture of groundwater flow paths, each with a
respective travel time, and is evaluated at the point of groundwater
discharge, which in our case corresponds to the springs that drain the
loess plateaus (e.g., Solder et al., 2016; Osenbriick et al., 2006). A travel
time distribution is typically derived using a set of multiple age tracers
measured at a specific sampling time (e.g., Osenbriick et al., 2006; Katz
et al., 2001; Eberts et al., 2012; Visser et al., 2013; Massoudieh et al.,
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2014; McCallum et al., 2017; Broers et al., 2021) and is typically eval-
uated with a lumped parameter model assuming a specific form of dis-
tribution which integrates dispersion, diffusion and mixing along and
between discrete groundwater flow paths (e.g., Maloszewski and Zuber,
1982, 1993, 1998; Jurgens et al., 2012, 2016; Osenbriick et al., 2006;
Suckow, 2012). Alternatively, shape-free models may be applied, which
enable free forms of travel time distribution without specifying a pre-
defined distribution (e.g., Visser et al., 2013; Alikhani et al., 2016;
McCallum et al., 2017; Broers et al., 2021; Radle et al., 2022). The
advantage of the latter type of models is that they allow for multi-modal
travel time distributions, which seemed appropriate for our ground-
water system that is supposedly determined by dual porosity flow
including diffuse matrix flow and conduit-controlled flow (Van Rooijen,
1993; Quinlan and Ewers, 1985; Mull et al., 1988; Kuniansky et al.,
2023). Instead of sampling multiple tracers at one specific moment in
time, we sampled one specific tracer (tritium) at different moments in
time, following previous examples by Stolp et al. (2010) and Suckow
et al. (2013) for the Fischa-Dagnitz spring system in Austria. This
approach was more feasible because initial tests in 2008 showed that
degassing just before or during sampling affected the gas samples that
were collected at the spring outlets. Low-frequency tritium sampling
was therefore considered to be more robust, with the disadvantage of
collecting a low-resolution time series over a period of about 18 years
(2001-2018) to find a meaningful decrease of tritium concentrations
over time to be tested against the convoluted tracer concentration of the
TTD models.

Thus, for our aim to improve the understanding of the nitrate evo-
lution and forecast future developments, we used the time series of
tritium and nitrate to quantify the travel time distributions (TTD) of the
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springs, acknowledging the dual permeability characteristics of the
chalk aquifer. Here, we hypothesized that the nitrate response to mea-
sures aimed at reducing the leaching of nitrate to groundwater depends
strongly on the travel times of water and contaminants towards the
springs that drain the loess plateaus in the south of the Netherlands. The
studied system is particularly relevant for studying the legacy of nitrate,
because the groundwater system was loaded with nitrate over a time
span of about 50 years, with a sharp decline of nitrogen use in agricul-
ture since 1985, that resulted from the robust measures taken to reduce
nitrogen loss from agricultural fields, following the implementation of
Dutch and EU legislation.

2. Material and methods
2.1. Study area and hydrogeological setting

2.1.1. Topography and climate

Zuid-Limburg, in the south of the Dutch province of Limburg, is part
of the Meuse River catchment (Fig. 1). The area features hilly terrain
with elevations from 45 to 50 m + MSL near the Meuse River to 320 m +
MSL in the southeast, and shallow presence of soft limestones. It consists
of “loess plateaus” with altitudes between 100 and 250 m, and brook
valleys below 100 m + MSL. Fertile loess soils support arable and dairy
farming, as well as fruit growing. The region's brooks are fed by small
springs which often have concentrations above the 50 mg/1 threshold of
the EU Nitrate and Groundwater Directives (Fig. 1). High nitrate levels
are also found in groundwater, affecting water supplies and nature re-
serves (Van Lanen et al., 1993; Hendrix and Meinardi, 2004; Van Maa-
nen et al., 2001; van Loon and Fraters, 2016; De Mars et al., 2024). The
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Fig. 1. Elevation map of the study area and the locations of the springs, with their nitrate concentrations in 2009. Hydrogeological cross-sections over 3 selected
springs indicate the hydrogeological buildup. The Gulpen and Maastricht formations form the most important chalk aquifers (see main text for details).
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climate has mild winters, cool summers, with average temperatures
around 11 °C, annual precipitation of 800 mm, and annual evaporation
of 600 mm (KNMI, 2020).

2.1.2. Geology

Zuid-Limburg lies on the northern flank of the Rhenish Slate moun-
tains, a chain of low mountains across Germany, Belgium and
Luxembourg and the southern Netherlands, composed mainly of
Palaeozoic rocks. To the north, it is bounded by the Roer Valley Graben,
an active rift zone spanning the southern Netherlands, northeastern
Belgium, and North Rhine-Westphalia in Germany (Broers et al., 2021).
The Palaeozoic basement dips northwest and is overlain by marine
Upper-Cretaceous rocks, and further north, by marine Paleogene and
Neogene deposits (Fig. 1). The lowermost Upper-Cretaceous deposits
include partly consolidated sands, silts, and clays (Aken and Vaals For-
mations). The upper part consists of soft limestone (Gulpen, Maastricht
and Houthem Formations), similar to chalk deposits in the UK and
France (Van Rooijen, 1993; Vernes et al., 2018). The Gulpen Formation
contains 50-90 % CaCO3 and glauconite in the lower part, and 80-95 %
CaCO3 with flint nodules in the upper part (TNO-GSN, 2020a, 2020b).
The Maastricht Formation features soft, fine- to coarse-grained yellow
chalky limestones with glauconitic intercalations in the southwest, and
alternating hard and soft light gray limestones in the southeast. Younger
Paleogene and Neogene deposits are fine to medium sands and clays
(Landen, Tongeren, Rupel, and Breda Formations), covered by Quater-
nary coarse sands and gravels from the former Meuse River (Beegden
Formation) and thick loess (Boxtel Formation) on plateaus and
hillslopes.

2.1.3. Hydrogeology

The chalk aquifer, comprising the soft limestones of the Gulpen,
Maastricht, and Houthem formations, is the main aquifer in Zuid-
Limburg and feeds many of the springs (Fig. 1). A subdivision can be
made in the area north of the Geul river, where the aquifer is overlain by
Paleogene and Neogene deposits (cross-sections A-A' in Fig. 1), and in
the area in the south where these deposits are absent (cross-sections B-B'
and C-C). The springs in the southern region drain the chalk aquifer
itself, whereas the northern springs mainly drain the shallower Qua-
ternary, Neogene and Paleogene aquifers above the chalk (see Table S1).

The chalk aquifer of the Gulpen and Maastricht formations in the
southern region has a saturated thickness of 70 m on average, but locally
reaches thicknesses over 150 m (e.g., Fig. 1: cross section B-B'). The
thickness of the unsaturated zone of the aquifer varies from around
20-50 m at the centers of the plateaus to 0 m in the valleys of the rivers
and brooks where the aquifer is fully saturated. According to Van
Rooijen (1993) a mature karst system is not present in the chalk aquifer,
although typical karst features are present in the landscape. For
example, the southern plateaus exhibit clear sink holes or dolines in the
terrain, and narrow and vertical solution pipes, and at the top of the
chalk there is evidence for calcite dissolution; residuals of flint-bearing
clay and sandy loam are found at the top of the chalk in the south-
eastern part of the region. Furthermore, dry valleys with a SW-NE
orientation are widespread in areas where the chalk aquifer is close to
the surface of the plateaus. As in the more famous UK chalks, more
pronounced karst features such as caves and subsurface rivers do not
occur in our study area, and groundwater flow is presumably a combi-
nation of diffuse matrix flow and conduit-controlled flow, with conduits
with apertures ranging from millimeters up to a few centimeters (e.g.,
Worthington and Ford, 2009; Van Rooijen, 1993). Water works in the
area indeed show evidence for conduit flow, based on borehole imaging
and flow measurements. However, relative to other karst springs in
Europe, including ones from the UK chalk, the recession behaviour of the
main chalk spring in our study shows a smoothed discharge time series
and slow reactions to precipitation events, which are indicative for
poorly developed karst (Maréchal et al., 2021; Bailly-Comte et al.,
2023). The springs that drain the chalk aquifer are typically located
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halfway up the dry valleys (St. Brigida spring, z.001, cross-section C-C),
or close to the main river valleys (Wijlre spring, z.039, cross-section B-B’
in Fig. 1), and are often related to contacts between the chalk and less
permeable geological formations below, such as the Vaals and Aken
formations. Van Lanen et al. (1993) and Teuling (2001) argue that
permeable parts of fractured sand- and siltstones in those underlying
formations contribute to groundwater flow feeding the springs in the
southern region. A few of the chalk springs, including z.028 (Landeus,
see Fig. 1) were used for centralized drinking water production but were
closed due to increasing nitrate trends.

In the northern part of the region, known as the Central Plateau, the
chalk aquifer is covered by a second stratified aquifer of Neogene,
Paleogene, and Quaternary deposits with distinct clay layers that act as
local aquitards. Hendrix (1985, 1990) showed that the springs in this
area generally occur on the slopes of the valleys, at the contacts between
permeable layers and aquitards within those Paleogene, Neogene, and
Quaternary deposits. Typically, springs at lower elevations drain deeper
permeable layers of the Tongeren, Rupel and Breda formations, whereas
springs with higher elevations drain the fluvial Beegden Formation
(cross section A-A' in Fig. 1). The spring at Elsloo (n.002) mainly drains
the Beegden and Breda formations and the permeable upper part of the
Rupel Formation.

2.2. Sampling and measurements

A first inventory of nitrate, sulfate and tritium concentrations in 90
springs was conducted in 2001 (Hendrix and Meinardi, 2004) as a
follow-up to a more limited nitrate survey in 1984 by Hendrix (1985).
The 90 springs were subsequently sampled at eight-year intervals (2009,
2018), generating a time series of tritium, nitrate and sulfate to improve
the understanding of the nitrate evolution and forecast future de-
velopments based on age distributions (Table S1). For 19 of the 90
springs complementary data were available because they are part of the
monitoring network of the province of Limburg, which runs a higher
frequency sampling scheme with quarterly nitrate and sulfate data since
2007 (see locations in Fig. S1). Detailed information about field and
laboratory methods is provided in Section S1. Tritium concentrations
from the 2001 sampling campaign were measured at the Centre for
Isotope Research (CIO) of the University of Groningen using gas pro-
portional counting. Tritium samples from 2008 to 2018 were measured
at the Bremen Mass Spectrometric facility using the Helium-3 ingrowth
method, which involves measuring the accumulated decay product *He
in degassed samples using mass spectrometry after at least 3-months of
storage in He-free glass bulbs (Siiltenful} et al., 2009). For 13 springs
which are part of the provincial monitoring network of the province of
Limburg, additional tritium measurements were performed at three-
monthly intervals in 2017 and 2018 to test the range of seasonal vari-
ations. Details about the sampling and laboratory methods and the
tritium results are provided in Section S1 and Table S2.

2.3. Tritium and nitrate input signals

2.3.1. Tritium in precipitation

A time series of tritium concentrations in precipitation was based on
monthly measurements from the closest measurement stations Gronin-
gen (1970-1977), Emmerich (1978-2017), and Koblenz (1975-2018)
(IAEA/WMO, 2018). The distances from the center of the study area to
the Emmerich and Koblenz stations are 110 and 135 km, respectively.
The Koblenz station represents a stronger continental effect on tritium
concentrations in precipitation than Emmerich; a linear regression be-
tween the concentrations at the two stations points to 1.3 times higher
tritium concentrations in precipitation in Koblenz and a strong corre-
lation between the two stations (R? = 0.97). We assumed an interme-
diate position between the Koblenz and Emmerich stations for our base
case age distribution model and used the two individual stations series
for evaluation of model sensitivity (see Section 2.6). For the period
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before 1970, which lacks regional data, we used data from the Global
Network of Isotopes in Precipitation (GNIP; IAEA/WMO, 2018) from
Vienna and Ottawa, roughly following Meinardi (1994). The resulting
tritium input series is shown in Fig. 2A.

2.3.2. History of nitrate leaching from farmlands

A time series of nitrate concentrations leaching to groundwater was
based on results from the monitoring programs that were designed to
measure the effects of national and EU legislation (Fig. 2B). Dutch
manure policy was implemented since 1984, restricting the use of nu-
trients in agriculture and restricting the volume of animal manure pro-
duced (Henkens and van Keulen, 2001). The EU Nitrates Directive (EU
Commission, 1991), aiming to reduce water pollution caused by nitrates
from agricultural sources, further tightened regulations, implemented
through associated national Nitrate Action Programs. These programs
include a system of soil and crop specific application standards for N and
P, limits on manure production, and additional measures such as the
stimulation of manure exports and the processing of manure, which
collectively reduced the nitrogen surplus (see further details in Van
Grinsven et al., 2016).

The reconstructed history of nitrate inputs in Zuid-Limburg (Fig. 2B)
was based on monitoring data from the National Minerals Policy
Network (in Dutch: LMM), which aims to assess the effectiveness of
Dutch agricultural mineral policies (Fraters et al., 1998, 2021), and data
from the provincial Soil Moisture Network Limburg (SMN; Mak et al.,
1999; Ros, 2014), which supports agricultural policies at the regional
scale of Zuid-Limburg. Because water levels in the specific Zuid-Limburg
region are too deep for sampling the uppermost groundwater, soil
moisture is sampled instead from depths between 1.3 and 3.0 m below
the surface level (Fraters et al., 2017, 2023). Monitoring data over the
period 1996-2021 indicate average concentrations of nitrate leaching to
groundwater between 50 and 110 mg/1 for arable lands and 50 and 160
mg/1 for grassland and silage maize, with an initial decrease over time
and stabilization of concentrations since around 2008 (CBS STATLINE,
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2023; see Supplementary Info, Section S2 and Table S3 for details). For
reconstructing the input history before 1996, we used the nitrogen (N)
surplus derived from historical bookkeeping records of minerals applied
to farmlands, corrected for crop uptake (Broers and Van der Grift, 2004;
Van den Brink et al., 2008; Visser et al., 2007). We performed a linear
regression for the period of overlap (1997-2005) between this book-
keeping data series and the soil moisture data, yielding a regression R? of
0.98. Based on the regression slope we corrected the bookkeeping data
with a factor of 0.73, representing approximately 1.3 times lower N
inputs for the Zuid-Limburg plateaus relative to the sandy regions of the
adjacent province of Noord-Brabant. Given the strong effect of the
introduction of national manure policies since 1984, the peak of N-in-
puts likely occurred throughout the country at the same time (e.g.,
Kaandorp et al., 2021). Based on the combination of bookkeeping and
soil moisture monitoring data, the resulting N-input series is given in
Fig. 2B, showing how nitrate concentrations decreased from around 180
mg/1 around 1990 to approximately 60-70 mg/1 since 2010. The fluc-
tuations since 1996 represent the actual measured soil moisture data as
the best estimate of the nitrogen leaching under the loess plateaus of
Zuid-Limburg. Based on the stabilization of measured nitrate inputs and
manure production figures, we assumed a constant input of 50 mg/1 of
nitrate from 2027 onward.

2.4. Assessing age distributions using the shape-free model

To assess age distributions, we applied the shape-free groundwater
age model, or age histogram method, previously applied to mixed water
in Holten (Visser et al., 2013; Massoudieh et al., 2014) and Noord-
Brabant (Broers et al., 2021). An advantage of a shape-free model
concept is that it can handle different types of mixing regimes, including
mixing waters from two or more separated aquifers and/or dual
permeability aquifers, which may, in some cases, lead to bimodal age
distributions (Visser et al., 2013; McCallum et al., 2017). Because water
in a dual permeability aquifer may include a mix of waters transported

B
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Fig. 2. Time series of tritium concentrations in the GNIP stations Emmerich and Koblenz and time series of the base case variant of the DTTDM model (A; note that
the Y-axis is on log-scale.) and reconstructed history of nitrogen inputs to groundwater for the period 1925-2050 (B). The graph shows a clear trend reversal around
the year 1985 which can be linked to Dutch and EU legislation to reduce nitrogen leaching from agricultural fields.
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by conduit flow and diffuse matrix flow, we did not consider more
generic lumped models that make assumptions about the a priori dis-
tributions, such as the Exponential model (Vogel, 1967; Maloszewski
and Zuber, 1993, 1998), the Dispersion model which assumes mixing
along flow paths (Maloszewski and Zuber, 1982; Suckow, 2012; Jurgens
et al.,, 2012, 2016), or the Piston flow model (Eberts et al., 2012;
Suckow, 2014). We hypothesize that an age histogram approach such as
our Discrete Travel Time Distribution Model (DTTDM) can effectively
constrain the age distributions of waters that are mixed at the outflow
points of the springs, allowing for a comparison between different
springs discharging water from differing hydrogeological and transport
settings.

In choosing a shape-free age distribution model, we opted to limit the
number of age classes (7) to the limited number of tritium measurements
(3 or 4 over the period 2001 tot 2018) and the number of nitrate con-
centrations (at least 3 to around 25 annual data points over the period
1991 to 2018) to overcome problems of over-parameterization (e.g.,
Visser et al., 2013; Leray et al., 2016; McCallum et al., 2017). We defined
the following 7 age classes to be evaluated using the DTTDM: < 5 years,
5-10 years, 10-15 years, 15-30 years, 30-50 years, 50-80 years, and >
80 years. These age classes reflect the expected range of ages based on
the observed tritium concentrations in the springs, which vary between
8 and 25 TU in 2001 and 2.1 and 6.7 TU in 2018, and allow for multi-
modal distributions while also enabling a young-fraction dominated,
near-exponential or piston-flow type shape of the younger part of the
age distribution. Moreover, the age classes sufficiently cover the known
input history of tritium and nitrate (see Fig. 2) to utilize the differences
between tritium-free pre-1950 water, the bomb peak, and the post-1970
decline while convoluting the input series over each TTD. The DTTDM
thus consists of a discrete number of 7 bins that were filled with com-
binations of the 7 age classes using 10 % increments. This leads to a total
of 8008 unique mixes, representing all possible TTDs (Visser et al.,
2013). The distributions (100 %, 0 %, 0 %, 0 %, 0 %, 0 %, 0 %) and (0 %,
0 %, 0 %, 0 %, 0 %, 0 %, 100 %) form the youngest and oldest possible
age distributions, respectively.

Next, we convoluted the nitrate and tritium input series with those
8008 possible distributions, yielding average tritium and nitrate con-
centrations for each of the 8008 distributions for all monitoring years
between 1984 and 2018 by linearly mixing the concentrations in each of
the 7 bins, weighing the proportion of the age classes in each of the bins.
For example: one of the 8008 distributions might have 10 % water
younger than 5 years (1st bin), 10 % between 5 and 10 years (2nd bin),
20 % between 10 and 15 years (3rd bin), 20 % between 15 and 30 years
(4th bin), 20 % between 30 and 50 years (5th bin), 20 % between 50 and
80 years (6th bin), and 0 % > 80 years (7th bin). For this hypothetical
age distribution, we find the following computed tracer concentrations
in the year 2009: 11.8 TU tritium and 94.4 mg/] nitrate.

Subsequently, we compared the computed series of tritium and ni-
trate outcomes of the 8008 possible distributions with the measured
tritium and nitrate series at the springs, optimizing for the best fit be-
tween measurements and models. The best-fit models were identified
based on the deviations between modelled and measured time series
using a least-squares approach, which weighs the measurement uncer-
tainty of the measured tritium and nitrate concentrations for the years in
which measurements were available:

- - 2
tritium, —tritiumgp,;
( DTTDM sprlng)ycar
2

n
Zyear:l (tritiumunccnaimy)

Xﬁin’um = n (1)

. i 2
(mtrateDmM —nitratespring ) year

n
Eyear:l (ni(rateuncenainty ) :

Xﬁitrate = n (2)

where n is the number of years for which ®H or nitrate measurements are
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available. Weighing the number of measurement years results in equal
weights for nitrate and tritium information when summing the two re-
sults in the base case scenario. We chose the average of the 50 best-fit
models (lowest y&, to determine the average age distribution and
used the 50 best-fit TTD models to calculate a standard deviation for the
proportions of the 7 age classes for each of the individual springs.

2.5. Age distribution metrics

In discussing the results, we used the following summarizing metrics
of the age distribution: Mean Travel Time (MTT), fraction of young
water and fraction of old water. Here, we define young water as water
with an age smaller than 30 years, and old water as water with an age
over 80 years. The fraction of young water thus includes the fractions of
the first four age bins. The MTT was calculated by summing products of
the mean ages in the seven age bins of the TTD and the corresponding
fractions f;, assuming a uniform age distribution in each bin:

MTT =" age x f; )

For the example distribution discussed in Section 2.4 this yields an
MTT of 29 years.

2.6. Reconstructing and forecasting nitrate evolution

For each specific spring, the 50 best-fit TTD models were convoluted
with the tritium and nitrate input series to obtain a modelled time series
of tritium and nitrate concentrations, which includes a forecast for the
average concentration and an indication of the uncertainty based on the
50 best-fit TTD models.

We tested the robustness of the DTTDM approach using a simple
sensitivity analysis, comparing the results of the base case model runs
with a number of alternative setups (Table 1). The aim of the sensitivity
analysis was to test whether the DTTDM approach is robust and whether
uncertainties are sufficiently small to evaluate the past and future spring
nitrate time series on the basis of their age distributions. Alternative
model runs 1 and 2 assessed the uncertainties involved in applying
either the Emmerich or the Koblenz tritium time series in precipitation
(see section S3 in the Supplementary Information). Alternative model
runs 3 to 6 tested the effects of different weight factors (3,10) for the
nitrate and tritium least-squares evaluation. In model runs 7 and 8, we
tested the effects of respectively 15 % increased or decreased nitrate
leaching relative to the base case model nitrate input of Fig. 2B. In model
run 9, we tested whether high temporal sampling of nitrate, as done in
the springs which are part of the monitoring network of Limburg
(Fig. S1), would change the general outcomes. Finally, in model runs 10
and 11 we tested whether the assumption of conservative transport is
valid for the springs which have a supposed contribution of flow through
the Vaals Formation, assuming nitrate reduction in the older water
fraction (Table 1 and section S5).

3. Results and discussion
3.1. Nitrate, tritium and the fraction of young water

Fig. 3 shows the resulting fits of the nitrate and tritium concentration
data for three of the springs marked in Fig. 1. Here, red dots indicate
measurements done for the National Monitoring Network, and purple
dots represent measurements from the provincial monitoring network of
Limburg. The three springs showed noticeable differences in their
measured tritium concentrations over time and their nitrate response, as
well as their modelled fit. Spring n.002 (Elsloo) presents relatively high
initial nitrate and tritium concentrations in 2001 and a relatively rapid
decline in nitrate and tritium concentrations between 2001 and 2018
(Fig. 3A). The age histogram derived from the 50 best-fit DTTDM models
indicates that almost all of the discharging groundwater has infiltrated
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Table 1
Summary of the sensitivity analysis runs for the base case model and alternative setups.
Nr Run Tritium input Nitrate input Tritium weight Nitrate weight Sampling Denitrification
frequency

0 Base case Emm/Kobl Fig. 2B 1 1 no none
1 Emmerich series Emmerich Fig. 2B 1 1 no none
2 Koblenz series Koblenz Fig. 2B 1 1 no none
3 Tritium weight 3 x Emm/Kobl Fig. 2B 3 1 no none
4 Tritium weight 10 x Emm/Kobl Fig. 2B 10 1 no none
5 Nitrate weight 3 x Emm/Kobl Fig. 2B 1 3 no none
6 Nitrate weight 10 x Emm/Kobl Fig. 2B 1 10 no none
7 Higher nitrate input Emm/Kobl Fig. 2B * 1.15 1 1 no none
8 Lower nitrate input Emm/Kobl Fig. 2B / 1.15 1 1 no none
9 Sampling frequency Emm/Kobl Fig. 2B 1 1 yes none
10 Some denitrification Emm/Kobl Fig. 2B 1 1 no 90 % reduction after 50 years
11 Stringent denitrification Emm/Kobl Fig. 2B 1 1 no Run 10 + 50 % reduction after 30 years

Emm/Kobl = combined GNIP series of Emmerich and Koblenz stations (see text).

less than 30 years ago. Following our definition of the fraction of young
water including all water < 30 years old, this fraction is 0.96 for spring
n.002. Spring z.039 (Wijlre) is on the other side of the age spectrum with
a young fraction of 0.22 (Fig. 3C). Its tritium time series shows lower
tritium levels in 2001 and a more gradual decrease over time. Please
note that seasonal variations in tritium are very limited for all these
springs, for which quarterly measurements were available over 2017
and part of 2018 (see Supplementary Information, Table S2). The nitrate
concentrations in spring z.039 range between 30 and 45 mg/1 and do not
show a convincing downward trend or a nitrate peak in a specific year.
Spring z.001 (St. Brigida) takes an intermediate position between the
two forementioned springs (Fig. 3B): its tritium decline is substantial; it
shows a clear nitrate peak around the year 2000, but its nitrate con-
centrations are substantially lower and the decline more gradual relative
to spring n.002. The average histogram of the DTTDM model suggests a
multimodal age distribution with a moderate fraction of young water
(0.50) and a substantial old fraction (defined as >80 years old, 0.33).

As highlighted in Fig. 1, the springs drain different parts of the
subsurface of Zuid-Limburg. Spring n.002 (Elsloo) drains Paleogene,
Neogene and Quaternary sands and gravels at the Central Plateau,
whereas springs z.039 (Wijlre) and z.001 (St. Brigida) drain the chalk
aquifer of the Gulpen Formation. Spring z.039 presents an outlet in one
of the main brook valleys, whereas spring z.001 discharges at a sub-
stantially more elevated position, halfway up a dry valley with SW-NE
orientation. For spring z.001 the flow contribution from the chalk is
presumably complemented by a contribution from the underlying frac-
tured sandstones of the Vaals Formation (see also Section 3.3). Fig. 4
confirms the difference between the springs draining the Paleogene,
Neogene and Quaternary formations in the north and the chalk springs
in the south; large fractions of young water are dominant in the north,
whereas moderate and low fractions dominate the south of the study
area.

Fig. 4A demonstrates that the fraction of young water is correlated
with the concentration of nitrate, whereas the Mean Travel Time (MTT)
is inversely correlated with nitrate (Fig. 4B). Moreover, the decline in
nitrate concentrations between 2001 and 2008 is more pronounced in
the springs with high fractions of young water (arrows in Fig. 4A). Most
of these springs with initially high but rapidly declining nitrate con-
centrations are centered around the northerly Central Plateau, at the
outcrops of permeable sands and gravels from the Paleogene, Neogene,
and Quaternary formations. The low to moderate thickness and associ-
ated volume of those aquifers and low volume over (precipitation) flux
ratios are suggested to be the main drivers of the short MTTs (e.g., Vogel,
1967; Van Ommen, 1986). In such thin aquifers, this results in a
groundwater system that becomes fully saturated with nitrate, leading
to high nitrate concentrations in the outflow and a quicker response to
decreasing inputs.

On the contrary, springs in the main river valleys show relatively
small fractions of young water, moderate to low nitrate, and a more

gradual decrease in concentrations. The models point towards multi-
modal or bimodal age distributions for the springs that drain the chalk
plateaus, suggesting the mixing of young and old water components near
the system outlets. Specifically, spring z.039 (Wijlre) drains a relatively
thick sequence of chalk, which explains its relatively high volume-to-
flux ratio and the associated long Mean Transit Times (MTTs) (see
Fig. 1, cross-section B-B'). This implies that these aquifers contain a
depth-stratified nitrate profile, with nitrate-free waters in the deeper
parts. Consequently, this leads to the dilution of nitrate concentrations
at the spring outflow. Spring z.001 (St. Brigida) drains the chalk aquifer
halfway up a dry valley and has an intermediate position with a clear
trend reversal in nitrate, but at lower concentrations than the northerly
springs. These differences in nitrate concentrations cannot easily be
explained by land use differences between the northern and southern
plateaus (see Supplementary Information, section S2). Nitrate concen-
trations in springs on the northern plateau decrease faster than nitrate
concentrations on the southerly plateaus, showing how measures to
reduce N applications in farming affect nitrate concentrations in
different springs differently, depending on the age distribution of the
outflowing water. Overall, the results reveal that the concentration
levels of nitrate and the trend evolution are strongly correlated with
both the fraction of water aged <30 years and the mean travel time. This
conclusion is largely in line with Solder et al. (2016), who argue that
groundwater flow systems with a larger proportion of old water are less
variable and less sensitive to hydrologic variability than groundwater
flow systems with a smaller proportion of old water, because the
magnitude and timing of groundwater discharge, driven by variation in
climate and water use, is expected to be dampened and attenuated for
systems with larger dynamic storage volumes and longer MTTs.

Both the fraction of young water (<30 years) and the MTT are fairly
insensitive to the use of alternative tritium input series, the weight
factors for the nitrate and tritium least-squares evaluation, and the level
of nitrate leaching (see Supplementary Information, section S3 for de-
tails on the sensitivity analysis). For example, the sensitivity analysis
revealed that varying the input curves of nitrate and tritium or the
aforementioned weight factors do not fundamentally alter the ordering
of springs by the fraction of young water or the MTT, nor impose large
deviations between the fractions or MTT of the base case model and the
alternative models for the large majority of the springs. Only increasing
the weight of tritium over nitrate in the least-squares evaluation 10-fold
yielded a meaningful perturbation with a compressing effect on the
range of MTTs: short MTTs tended to increase while long MTTs generally
decreased. From the sensitivity assessment, we concluded that the
DTTDM approach is robust for determining the young fractions and the
MTT when both tritium and nitrate time series are included, which is in
line with earlier conclusions from Alikhani et al. (2016) for a number of
nitrate-contaminated public supply wells in California. Therefore, we
determined that the differences between the alternatives and the base
model are sufficiently small to assess and order the springs based on
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Fig. 3. Age histogram (pink boxes), cumulative age distribution (red line, center panel), and fits of the tritium (left panels) and nitrate (right panels) time series for 3
springs: A. n.002 (Elsloo), B. z.001 (St. Brigida), and C. z.039 (Wijlre) for the base model. The red line indicates the average of the 50 best fits, and gray lines indicate
the individual 50 best fits. Red dots indicate measurements done for the National Monitoring Network (LMM). Purple dots represent measurements from the pro-

vincial monitoring network of Limburg. See Fig. 1 for the location of the sprin,

their young fractions and MTT and use the results for evaluating the
nitrate trend reversal and the long-term tail of the nitrate evolution.

3.2. Nitrate trend reversal in relation to MTT

We further evaluated how the age distributions affect the timing and
height of the nitrate peak and the probable future evolution of nitrate
concentrations, assuming a stabilization of leached nitrate in line with
current agricultural practices and trends (see Supplementary Informa-
tion, section S2). Therefore, we classified the springs into classes with

gs.

comparable MTT (Fig. 5) and evaluated the measured concentrations
between 1984, 2001, 2009, and 2018 (boxplots), and the modelled ni-
trate concentrations over the period 1925 to 2050, using the results of
the base case model. A clear trend reversal of measured nitrate con-
centrations is indicated by the boxplots in Fig. 5A-D, with generally
lower concentrations in 1984, peak concentrations in 2001, and a
decline afterwards. The model fits generally follow this measured trend
reversal, as reflected in the shape of the gray lines in Fig. 5. The
Figure also shows that the nitrate response after the 1985 peak in ni-
trogen application differs clearly between springs with short and long
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Fig. 4. Relations between the evolution of nitrate concentrations over the years 2001 to 2018 and the fraction of young water (A) and the Mean Travel Time (B).
Arrows denote the concentration decline between 2001 and 2018. High initial nitrate concentrations and fast declines are associated with a large fraction of young
water and short MTT. The maps show the spatial patterns of the young fraction and MTT, with shorter MTT at the northern plateaus. Colored lines represent the
LOWESS smooths for 2001, 2009, and 2018, summarizing the local median of the data scatter (Cleveland and Devlin, 1988).
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Fig. 5. Trend reversal of nitrate in spring water as a function of Mean Travel Time for the conservative base case model (panels A-E). Boxplots summarize the
measured concentration distribution for springs that fall within the specified MTT class (numbers indicate the number of samples for each boxplot), and gray lines
represent the best-fit models for each of the springs within that MTT class. The 50 mg/1 threshold of the EU Nitrates and Groundwater Directives is shown for
reference (orange). Panel F shows the result of alternative model run 11, in which stringent denitrification was assumed, which might explain the observed con-

centration decline in springs with high MTT (see Section 3.3 of the main text).

MTTs (Fig. 5 and Table 2).

Table 2 summarizes the findings for the measured average nitrate
concentration in 2001, the modelled nitrate peak concentrations, the lag
time between the peak in nitrogen applications in 1985 and the peak of
nitrate concentrations in the spring, and the steepness of the nitrate
decline between 2001 and 2018. In the table, we chose the 2001
measured data as a reference for the modelled peak because 2001 re-
sembles the peak moment for most of the springs. Evidently, measures to
reduce N in farming affect the nitrate evolution at different springs
differently, depending on the distribution of ages in the discharging

10

spring water. The springs with an MTT below 20 years show high nitrate
concentrations in 2001 (141 mg/1), a high modelled nitrate peak (146
mg/1), a steep decline (2.9 mg/1 per year), and a short lag time between
the leaching peak in 1985 and the peak at the spring (10 years on
average, see Table 2). For springs with longer MTTs the peak concen-
trations and the steepness of the decline decrease, whereas the lag time
increases (Table 2, Fig. 5). Both the age fraction < 30 years and the MTT
have large explanatory power for the peak nitrate concentration and the
steepness of the decline in nitrate concentrations between 2001 and
2018 (Fig. 6; see also Supporting Information, section S4 and Fig. S5).
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Table 2

Average level of the modelled nitrate peak, the time to peak and the speed of
nitrate decline from 2001 to 2018, averaged for the five MTT classes distin-
guished in Fig. 5. The upper part of the table refers to the conservative base case
model. The lower part of the table refers to an alternative model setup with
denitrification (see Section 3.3 for details).

Monitoring DTTDM results (averaged over the MTT age
class)
Age class Average nitrate Average Lag time Nitrate decline
2001 (mg/1) nitrate peak to peak 2001-2018
(mg/1) (years (mg/1yr™1)
after
1985)
Base case
MTT < 20 141 148 + 14 10+5 2.9
years
20 < MTT 116 121 + 14 14 +7 1.6
<30
years
30 < MTT 89 94 + 14 16 +8 0.8
< 45
years
45 < MTT 65 72+7 21 +18 0.4
< 60
years
MTT > 60 37 52+ 6 46 £ 16 -0.1
years
Stringent denitrification case
MTT < 20 141 148 + 14 10+5 3.0
years
20 < MTT 116 121 + 14 14+ 6 2.0
<30
years
30 < MTT 89 89 + 14 16 +5 1.2
< 45
years
45 < MTT 65 60 + 13 12+ 4 0.8
< 60
years
MTT > 60 37 42 +8 11+3 0.5
years

However, for the lag time between the peak in nitrate leaching in
1985 and the peak of nitrate concentrations in the spring, the largest
explanatory power comes from the age fraction < 15 years (Fig. 6). We
interpret the importance of the very young water fraction (< 15 years) as
an effect of unsaturated zone delay (e.g., Ascott et al., 2017). Infiltrating
water in areas with deep unsaturated zones will only start contributing
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to saturated zone flow towards the spring once the water has drained
from the unsaturated zone. As many of the springs at the northerly
Central Plateau drain the more elevated parts of the aquifer system and
vertical flow is limited by the presence of aquitards, their unsaturated
zones are shallower, and a larger fraction of water aged <15 years will
reach the springs. Conversely, for the springs draining the chalk aquifer
with more developed unsaturated zones at the southern plateaus, only a
limited fraction of infiltrating water reaches the saturated zone in the
first 15 years, which extends the lag times.

These results resemble those of Van der Velde et al. (2010) and
Kaandorp et al. (2021), who studied the determining factors for lag
times for two brook valleys in the east of the Netherlands. Based on
limited time series of tritium measurements and long-term nitrate time
series, Kaandorp et al. (2021) argued that groundwater age distribution
is a key factor for the lag time between nitrate leaching and spring
outflow. They identified several variables that may determine the lag
time, including the unsaturated zone delay and the distance between
agricultural fields and the outflow points of the groundwater system (see
also Wang et al., 2013). Relative to this earlier work, our current benefits
from the large number of springs for which long-term tritium and nitrate
time series are available, the diverging hydrogeological settings of the
springs, and local measurements of root zone nitrate leaching (see
Supporting Information, section S2). In our case, the distance from
farmlands to the springs is less of a factor, because the loess plateaus are
entirely in agricultural use and because differences in nitrogen leaching
between the plateaus are limited (Supporting Information, text S2). Our
results show that positive nitrate trends can be reversed within a time
frame of 10 to 25 years after measures to reduce leaching from the root
zone are employed, even in areas with relatively deep unsaturated
zones, such as the loess and chalk plateaus in Zuid-Limburg. Since the
fraction of young water and the MTT are quite insensitive to alternative
model setups, we assume that the same holds for the peak nitrate con-
centrations and the slope of nitrate decline afterwards, which are well
explained by these age distribution variables. Likely, the same holds for
the prolonged tailing of the nitrate concentrations, which is discussed in
the next section.

3.3. The prolonged tail of the nitrate evolution: nitrate legacy

Monitoring results of the root zone leachate at the loess plateaus
showed that soil moisture nitrate concentrations have stabilized since
around 2010 and have little tendency to decrease because large further
reductions in manure and fertilizer applications are not foreseen (Van
Boekel et al., 2021; see section S2 of the Supporting Information).
Therefore,

we assumed that nitrate leaching stabilized at a
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Fig. 6. Explanatory power of the fraction <30 years for the modelled nitrate peak (A) and the modelled decline from 2011 to 2018 (B) and for the fraction <15 years
for the lag time between the leaching peak and the peak concentration at the spring (C). Lines represent the LOWESS smooth, summarizing the local median of the

data scatter (Cleveland and Devlin, 1988).
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concentration level of 50 mg/] from 2027 onward and used that as a
model constraint. As a result of this model assumption, and the
assumption of conservative transport, nitrate concentrations in all the
springs will eventually equilibrate at this concentration level, although
at different moments in time, depending on their age distributions.

We modelled the nitrate concentration as a function of the fraction of
young water and the MTT for the years 2001 and 2018, along with the
simulated forecasts for 2027 and 2035 (Fig. 7). The year 2027 serves as
an evaluation milestone in the EU Water Framework and Groundwater
Directives, when water quality should comply with the goals set in 2000.
The conservative base case model results suggest that only springs with a
small fraction of young water (< 25 %) or a mean travel time > 60 years
will meet the EU groundwater quality standard of 50 mg/l in 2027
(Fig. 7A and C). A relatively fast decrease towards the equilibration level
of 50 mg/1 occurs at the springs with a large fraction of young water, and
the slowest decrease towards this level appears around an MTT of
approximately 30 to 40 years.

Both the 2027 and 2035 forecasts are fairly insensitive to the use of
alternative tritium input series and to the weight factors for the nitrate
and tritium least-squares evaluation (see Supplementary Information,
section S3 for details). Logically, the forecasts are sensitive to the input
concentrations of nitrate leaching, especially affecting springs with large
fractions of young water. However, the largest uncertainty in the fore-
casted concentrations for 2027 and 2035 is related to the possibility that
reactive processes may attenuate nitrate concentrations in springs that
are partly fed from the Vaals Formation. Indications for such processes
arise from increasing sulfate concentrations in several chalk springs in
the southern region, combined with a stronger decrease in nitrate
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concentrations than simulated by the conservative base case model. This
is visible in Fig. 5E, where the measured nitrate concentrations are
below the modelled concentrations and show a declining trend and an
earlier trend reversal which are not supported by the 50-best-fit con-
servative base case models (for more details, see also Supplementary
Information, section S4). Therefore, we tested two alternative models in
which denitrification coupled to pyrite oxidation (e.g., Zhang et al.,
2009, 2012) could remove nitrate from part of the outflowing ground-
water while mobilizing sulfate. The first model assumed a 90 % reduc-
tion after 50 years of travel time. The second model was more stringent
and assumed a 50 % nitrate reduction after 30 years and 90 % after 50
years of travel time. Only the second model was able to mimic the nitrate
decline and earlier trend reversal in the springs with MTTs >60 years, as
illustrated in Fig. 5F (see Section S5 and Figs. S6, S7, and S8 for details).

This denitrification model is better suited for replicating the 2001
measured concentrations for springs with longer MTTs (Table 2) and
capturing the observed earlier trend reversal and subsequent decline in
concentrations between 2001 and 2018 in those springs. Clearly, the
application of this denitrification model to the southern chalk springs
has substantial implications for the 2027 and 2035 forecasts, particu-
larly impacting springs with smaller young water fractions and higher
MTTs (Fig. 7B and D). This adjustment results in a larger proportion of
southern springs being forecasted to fall below the 50 mg/1 EU
groundwater quality standard in 2027. Notably, the integration of
reactive processes also diminishes the lag times between the leaching
peak and the nitrate peak in the outflowing water. This reduction is
primarily dictated by the younger fraction of water, which remains
unaffected by the denitrification process (see section S5 of the

2000 B
year
2001
150 — 2018
— 2027
2035
100

0
0.00 0.25 0.50 0.75 1.00
fraction young water (< 30 year)
2000 D
year
150 2001
— 2018
— 2027
2035
100

0 20

40
Mean Travel Time (years)

60

Fig. 7. Modelled nitrate concentrations as a function of the fraction of young water (A and B) and MTT (C and D) for 2001, 2018, 2027 and 2035 for the base case
model assuming conservative transport (A and C) and a model with stringent denitrification in the southern springs (B and D). Lines and dashed areas represent the
LOWESS smooth and its uncertainty, summarizing the local median of the data scatter for each of the modelled years (Cleveland and Devlin, 1988).
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Supporting Information). Consequently, lag times vary between 10 and
16 years for all the examined springs after incorporating potential
denitrification processes in the southern springs (Table 2). This un-
derscores the efficacy of trend reversal achieved by measures aimed at
reducing contaminant leaching, even in regions characterized by thick
unsaturated zones.

The tailing of nitrate concentrations in springs with longer MTTs
aligns with the hypotheses put forward by Ascott et al. (2017), reflecting
the slow release of nitrate stored in the vadose and saturated zones.
However, as shown in Fig. 7C and D, the tailing towards the stabilization
level of 50 mg/1 is most prominent around an MTT of approximately 30
to 40 years, whereas springs with longer MTTs exhibited lower nitrate
peaks due to substantial dilution by nitrate-free old water components,
resulting in a delayed and attenuated response. This delayed and
attenuated response is also evident from the strong hysteresis of spring
outflow concentrations relative to leachate inputs, as illustrated for
selected contrasting springs in Section S6 and Fig. S9 of the Supple-
mentary Information. Overall, the hysteresis plots elucidate the loading
of the groundwater system with nitrate, showing an initial slow increase
in spring concentrations attributed to the contribution of nitrate-free,
pre-1960 water, followed by a delayed reaction after the input load
began to decrease post-1985. Assuming conservative transport, the
hysteresis patterns are entirely determined by the age distribution of the
discharged water at the spring, while subsurface denitrification in-
fluences the shape in reactive cases. These conclusions corroborate
earlier findings by Sarrazin et al. (2022), whose sensitivity analysis
highlighted the travel time and denitrification rate in the subsurface as
important determinants of nitrogen legacies in receiving surface waters.

In conclusion, the N legacy is more prominently reflected in the
prolonged tail of elevated nitrate concentrations post-2020 than in the
lag time of the concentration peak. The study demonstrates that farmers
have successfully reduced soil N surpluses, resulting in evident trend
reversals at all springs within a time lag of 10-15 years. The persistent
tailing after the trend reversal is primarily attributed to the ongoing
leaching of nitrogen from agricultural fields and the associated nitrate
loading of the groundwater system since 1985 that persists to the pre-
sent day, which aligns with previous work by Kaandorp et al. (2021).
Under conservative transport assumptions, the springs, regardless of
their MTTs, ultimately reach equilibrium with input nitrate concentra-
tions influenced by prolonged agricultural practices. However, this
alignment occurs at various chronological points corresponding to their
age distribution. Areas featuring thick unsaturated zones and/or high-
volume aquifers with prolonged MTTs tend to exhibit lower nitrate
concentrations than springs with shorter MTTs. This distinction arises
from the contribution of nitrate-free old water, originating from the era
preceding the agricultural nitrate peak. Despite popular references to a
“legacy nitrate time bomb” (Wang et al., 2013), our study reveals that
this metaphorical time bomb undergoes significant dilution during
outflow, predominantly influencing the enduring tail of nitrate
contamination rather than the peak concentrations at the outlets.

3.4. Implications for nature reserves, ecological objectives and public
water supply

The study underscores the necessity for further reductions in agri-
cultural nitrate leaching to achieve lower nitrate concentrations in the
springs. This is particularly relevant for meeting nutrient threshold
values, such as the proposed 18 mg NO3/1 for endangered bryophyte-
dominated Natura2000 habitats (De Mars et al., 2024), based on a
subset of the springs in this study. Additionally, water discharged at the
springs feeds the regional brook system, which must meet surface water
quality standards and ecological objectives under the EU Water
Framework Directive (2000/60/EC). This includes a 2.3 mg N/1 stan-
dard for total nitrogen (Provincie Limburg, 2021), equivalent to
approximately 10 mg NOs/1. Despite subsurface denitrification reducing
concentrations at some spring outlets, meeting these standards and the

13

Science of the Total Environment 951 (2024) 175250

proposed Natura2000 levels seems unlikely in the foreseeable future.

The enduring influence of nitrate pollution in the region is closely
linked to the sustained, continuous groundwater loading. This loading is
expected to persist due to a lack of progress in reducing N inputs over the
past decade (Kros et al., 2024), with reports of increasing N emissions in
some instances (CBS, 2023). Climatic effects have also led to temporarily
higher nitrate concentrations in soil moisture following the 2018
drought (see the upward impulse in Fig. 2B in 2019 and 2020). Conse-
quently, a 50 mg/I input concentration was used as a conservative es-
timate in our forecast models for the period after 2027 (see Section 3.3).
Results indicate that nitrate concentrations across all studied springs
will eventually stabilize at this average leachate input concentration,
though at different times depending on their travel time distribution.
Springs with intermediate MTTs (30-40 years) showed slower stabili-
zation than those with short MTTs, leading to higher concentrations in
the 2027 and 2035 forecasts (Fig. 7). This holds practical significance
from a management perspective, as exemplified by the nitrate concen-
tration trends at spring z.028 (Landeus, Fig. 1 and Fig. S7), a source
tapped for public water supply. The facility's closure in 1988 due to
rising nitrate concentrations ironically saw concentrations drop below
the EU drinking water standard of 50 mg/l around 2000. This trend
reversal was due to denitrification in the fractured sandstones of the
Vaals Formation, affecting peak concentrations and lag time between
leachate and outflow peaks (see Section 3.3). This example highlights
the importance of timely assessments of contaminant evolution in
relation to travel time distributions and reactive processes, providing
crucial insights for informed management decisions.

4. Conclusions

Examining 90 springs and groundwater-fed brooks in the southern
Netherlands, we assessed their response to historical nitrate pollution
and the impact of measures from the Dutch manure legislation and the
EU Nitrates Directive. Nitrate concentrations from farmland leaching,
derived from soil moisture monitoring programs and historical farm
bookkeeping records, peaked in 1985, declined until 2010, and then
stabilized. Nitrate levels at the springs, combined with tritium mea-
surements every eight years, helped constrain the age distributions of
the spring waters. An age histogram approach was applied to derive
distribution-free groundwater age distributions, by convoluting precip-
itation inputs of tritium and historical nitrate concentrations of leachate
water under farmlands for 8008 possible age distributions, finding the
50 distributions which best fitted the measured tritium and nitrate
concentrations at each spring. This approach accommodated multi-
modal travel time distributions, particularly relevant for springs drain-
ing the dual permeability chalk aquifers in the southern region.

The study shows that farmers have reduced soil nitrogen surpluses,
resulting in trend reversals at all springs, with peak concentrations and
response times varying by the age distribution of outflowing water. The
young fraction (water aged <30 years) and Mean Travel Time (MTT)
were key variables in distinguishing spring responses, with values
ranging from 0.18 to 1.0 and 11 to 70 years, respectively. Springs
draining predominantly young water (fraction >0.6) had higher peak
concentrations, shorter lag times, and steeper declines after trend
reversal, relative to trends in springs that are dominantly fed by older
groundwater. The lag between leaching and outflow peaks was best
explained by the fraction of water aged <15 years, with longer lag times
associated with smaller or absent fractions of this very young water,
attributed to unsaturated zone flow delaying the onset of saturated flow
contributing to spring outflow.

Despite the common notion that delayed flow through a thick un-
saturated zone contributes considerably to the enduring impact of his-
torical nitrate use, often referred to as a “nitrate time bomb” (Wang
et al.,, 2013), our findings suggest limitations on the legacy effects
regarding nitrate peak concentrations. Springs with long MTTs and less
young water exhibited lower nitrate peaks, a more diluted response, and
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generally prolonged lag times, in contrast to springs with short MTTs.
Assuming conservative transport, nitrate concentrations in all springs
eventually stabilize at average leachate input levels. The sustained,
continuous loading of the groundwater system leads to a long stabili-
zation process towards the long-term average leachate inputs for those
springs with delayed flows, whereas high nitrate peaks and faster sta-
bilization occur in springs with short MTTs. In our study, springs with
intermediate MTTs (30-40 years) showed slower stabilization than
springs with short MTTs, yielding higher concentrations in the 2027 and
2035 forecasts.

In conclusion, by integrating measured nitrate concentrations from
farmland leachate and time series data of nitrate and tritium concen-
trations at the springs, we modelled the age distribution and traced the
evolution of tritium and nitrate over time. Our findings underscore that
the nitrate legacy within groundwater systems is strongly determined by
travel time distributions and thus by conservative, non-reactive sub-
surface transport. Trend reversals in the springs and groundwater-fed
brooks appeared within 10 to 15 years post-implementation of nitrate
reduction measures, even in areas with thick unsaturated zones. How-
ever, many springs draining the Zuid-Limburg loess plateaus are not
expected to meet the EU Groundwater Directive's nitrate standard of 50
mg/l by 2027 due to continuous nitrate loading from high leachate
concentrations between 1985 and 2020. Our study suggests that the
southern chalk springs might benefit from saturated zone denitrification
in part of the outflowing water, yielding potential compliance with the
EU Nitrate Directive standard of 50 mg/1, but are unlikely to meet the EU
Water Framework Directive or Natura2000 thresholds of respectively 10
and 18 mg NOs/1 soon, given the prolonged loading of the system at
concentrations above these thresholds. The methodology employed in
this study, combining nitrate and tritium time series, is promising for
evaluating nitrate trends in springs and groundwater abstractions across
diverse regions, aiding compliance assessments for the EU Water
Framework Directive by 2027.
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