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Abstract Knowing the age distribution of water abstracted from public water supply wells helps to
ensure customer trust in drinking water sources and underpin predictions of water quality evolution. We
sampled the mixed water of 39 large public supply well fields for major ion chemistry, *H, *He, '*0, *H,
YCpic, PChic and noble gases and determined the Noble Gas Temperature (NGT). We used a discrete travel
time distribution model to quantify the age distributions using *H, “He, '*C apparent age and NGT as the

4 distinctive tracers. Helium-4 and NGT provided information on the older part of the age distributions
and showed that the **C apparent ages are often the result of mixing of waters ranging between 2,000

and 35,000 years old, instead of being discrete ages with a limited variance as previously assumed. The
results reveal a large range of age distributions, comprising vulnerable well fields with >60% young water
(<100 years) and well fields with >30% paleo groundwater (>25,000 years) and all forms of intermediate
distributions. The age distributions match the hydrogeological setting; well fields with age distributions
skewed towards older ages appear in the Roer Valley Graben structure, where fluvial and marine aquitards
and sealed faults provide protection from recent recharge. Waters from this graben exhibit paleoclimate
signals, with a clear relation between NGT (range 3.2-9.3 °C), “He (up to 3.3 X 10~® ccSTP/g) and §'*0
(range —8.5%o to —5.9%ovsmow). Moreover, *He/*He ratios of these graben waters suggest a certain influx of
He from mantle origin.

1. Introduction

Worldwide, groundwater is one of the most important sources for fresh water supply. Approximately 70%
of the Dutch population relies on groundwater for their drinking water, especially in the southern and
eastern parts of the Netherlands where unconsolidated sandy deposits provide the best aquifers. Global-
ly, groundwater resources are under pressure from overexploitation (Aeschbach-Hertig & Gleeson, 2012;
Gleeson et al., 2012) and point and diffuse sources of pollution, especially by pesticides and nutrients from
intensive use of agricultural lands. (Hansen et al., 2010; Nolan et al., 1997; Visser et al., 2007). The Neth-
erlands is one of the most densely populated countries with an economy that is partly based on its agricul-
tural sector. These two factors lead to high water demands and pressures on the groundwater system. The
strong increase of intensive livestock farming in the Netherlands has created an increasing pressure on the
groundwater pumped for drinking water supply (Mendizabal & Stuyfzand, 2011, Mendizabal et al., 2012).
Although European legislation (EU, 2006) aims at reducing the leaching of agricultural contaminants to
groundwater and surface water resources, many well fields for public water supply are still under threat.
This resulted in the systematic closure of shallow well fields during the past 3 decades. Blending of water
from different aquifers and different locations is often required to satisfy drinking water standards (e.g.,
Visser et al., 2013). Moreover, new developments put pressure on the available groundwater resources,
such as the exponential increase of aquifer thermal energy systems in urbanized areas (Bonte et al., 2011)
and the increased demands for irrigation from groundwater due to water scarcity during dry summers in
agricultural areas.
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Therefore, drinking water supply companies need to assess the vulnerability of their well fields and the
projected water quality evolution with time in order to make decisions on expansion or replacement of
well fields. The vulnerability of well fields strongly depends on the travel times of water and contaminants
towards the pumping wells. The age distribution or travel time distribution is one of the key aspects to be
addressed (Broers & Van Geer, 2005; Broers et al., 2004; Duffy & Lee, 1992; Etcheverry & Perrochet, 2000;
Kaandorp et al., 2018; Laier, 2014; Manning et al., 2005; Osenbriick et al., 2006; Eberts et al., 2012; Visser
et al., 2013). Other factors that determine the vulnerability of a well field are the history of leaching of
contaminants into the groundwater (Bohlke, 2002; Broers & Van der Grift, 2004; Visser, Dubus et al., 2009;
Visser et al., 2013) and the geochemical reactivity of the subsurface sediments to attenuate or adsorb nutri-
ents and pesticides (Green et al., 2010; Landon et al., 2011; Zhang et al., 2009).

Production wells typically draw water horizontally from the aquifer layer where the filter screens are situ-
ated, but also from the aquifers and aquitards above and below, depending on the hydrogeological structure
and on the amount of flow generated by pumping relative to the aquifer thickness, transmissivities and
recharge rates (e.g., Bakker & Hemker, 2002; Eberts et al., 2012; Zinn & Konikow, 2007; Visser et al., 2013).
Production wells therefore mix water from different depths and ages, which implies that the ages typically
follow a distribution which is determined by these mixing processes. Broers and Van Geer (2005) showed
that the groundwater age distribution corresponds to an exponential groundwater age distribution model
for a simple case of a homogeneous unconfined aquifer with a fully penetrating pumping well, but even for
a partially penetrating well with sufficient flow to capture water from the entire thickness of the aquifer. For
such a simple case, the age distribution is completely determined by the logarithmic age stratification ac-
cording to Vogel (1967). For our complex case, where water is potentially drawn from a number of aquifers
and a range of depths in a complicated study area, such a simple model is poorly suited and the statistical
model of Visser et al. (2013) is preferably used as it does not make a priori assumptions on the shape of
the distributions. Visser et al. tested different types of age distributions for the large production well field
Holten that is configured with multiple wells at multiple depths. Their results showed that the total Holten
well field acts as a single pumped production well for which the age distribution can be described by an
exponential distribution that is consistent with the logarithmic age profile in the aquifer. However, they dis-
covered that individual pumping wells within the well field influenced each other by competing for capture
area. As a result, individual well-specific age distributions are not identical to one another. Typically, deeper
wells tend to rather draw the older water and shallower wells the younger water, especially if deep and
shallow wells are located in close proximity (Visser et al., 2013). Visser et al. showed that it is in principle
possible to derive age distributions for a pumped well with mixed water, using a suite of tracers that in total
cover the complete distribution of ages, following the conceptual approaches suggested by Corcho Alvarado
et al. (2007), Plummer et al., (2001) and Siiltenfuf} et al. (2011). In this paper, we expand the multi-tracer
approach towards mixtures of water from complete well fields by analyzing multi-tracer concentrations
from mixed water collected from a number of pumping wells at large water supply well fields before it is
treated to become tap water. Conceptually, the method tested here is similar to analyzing multiple tracers
from a single well with mixed water from different depths and ages as done for Holten (Visser et al., 2013).
‘We hypothesize that the flow velocities generated by the pumping wells of the public supply well fields are
large enough to draw water from the complete aquifer in which the wells are situated and probably also
large enough to draw water from aquifers and leaky aquitards above and below the pumped aquifer. This
hypothesis seems reasonable, given that the Netherlands has a centralized drinking water supply system
and tap water is derived from a limited number of larger well fields, typically pumping 2 x 10° to 8 x 10° m®/
yr. These well fields typically have been operating for decades; thus we assume that a stable stationary age
distribution has been reached (Zinn & Konikow, 2007).

In this study we aim to characterize and compare the tracer patterns of stable and radioactive isotopes and
noble gas concentrations of all branches of the main 39 public supply well fields (a) to identify supra-re-
gional spatial and depth patterns of waters with different recharge history that are abstracted, (b) to derive
the age distributions of the 39 well fields as these are constrained by the measured tracers, (c) to assess
patterns of major groundwater chemistry in relation to the age distribution of the water, and (d) to interpret
the observed patterns and age distributions according to the hydrogeological setup of the area, including
the faults and aquitard structures that may have defined paleo groundwater flow. We hypothesize that an
age histogram approach such as the Discrete Travel Time Distribution Model (DTTDM, Visser et al., 2013)
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can effectively constrain the age distributions of waters that are mixed due to the pumping itself. We aim to
compare the age distributions between different well fields in order to optimize a strategy for the sustainable
use of groundwater at the supra-regional scale. Eventually, this allows us to evaluate the vulnerability of
these fields in relation to contaminants recharging at the surface, to assess how well protected they are and
to find out whether further protection of catchment areas would be sensible and cost-effective.

2. Material and Methods
2.1. Study Area and Hydrogeological Setting

We analyzed a selection of 39 water branches of 34 public water supply well fields in the province of
Noord-Brabant in the southern part of the Netherlands. The province of Noord-Brabant covers about
5,000 km* and is home to approximately 2.5 million inhabitants, 5.0 million pigs, 27 million poultry and
650,000 cattle. These figures show that Noord-Brabant is one of the areas in Europe with substantial en-
vironmental impacts from intensive livestock farming and urban living. As a result, leaching of diffuse
pollutants to the shallow groundwater is common, although the increasing trend in leaching of agricultural
inputs has been reversed due to national and Europe-wide legislation (Broers & Van der Grift, 2004; Visser
et al., 2009).

Noord-Brabant is a relatively flat area with altitudes ranging from mean sea level (MSL) in the north and
west to 30 m above MSL in the southeast. Phreatic water tables are generally shallow, usually within 1-5 m
below the surface. Geologically, Noord-Brabant should be divided in 3 main zones, with a different hydro-
geological buildup; the western part, the Roer Valley Graben in the center and the uplifted Peel Block in the
east (Figure 1). The most striking geological structure is the Roer Valley Graben, a tectonic structure that
has a NW-SE orientation (e.g., Houtgast & van Balen, 2000; Geluk et al., 1995; Verbeek et al., 2002; Bense,
Van Balen, & De Vries, 2003). This Cenozoic rift structure is part of an old rift system that stretches from
the Rhone Valley in France, through the Rhine Valley Graben in Germany, through the Roer Valley Rift
System into the North Sea basin. A particular thick sequence of Tertiary and Quaternary sediments exists
in the Roer Valley Graben, which thereby accommodates a large resource of fresh groundwater, estimated
to a maximum thickness of 500-750 m (Houtgast and van Balen 2000; Luijendijk, ter Voorde, et al., 2011;
Luijendijk, 2012). The easternmost part of the province includes the Peel Block which is uplifted relative to
the Graben and supports a phreatic aquifer with a thickness of 50 meters at maximum. In the western part
of Noord-Brabant the total thickness of aquifers supporting fresh groundwater is around 100-200 meters.

The hydrogeological base of the active fresh groundwater system in the Roer Valley Graben is formed by
the Miocene/Early Pliocene Breda Formation that is composed of a series of perimarine, glauconite-rich
clay and sand deposits. The overlying perimarine Pliocene Oosterhout (OO) and Early Pleistocene Maas-
sluis Formations (MS) have higher transmissivity and highly conductive strata that support groundwater
abstraction mainly in the western part of the study area. The main aquifers for groundwater abstraction in
the Roer Valley Graben are the fluvial and estuarine gravel and sand deposits of the Rhine-Meuse system
which form the bulk of the Pliocene Kieseloolite (KI) and Late Pliocene/Early Pleistocene Waalre (WA)
Formations, which reach a total thickness of 300 m in the Graben. Several clay layers act as aquitards within
those deposits, and especially the upper part of the Waalre Formation forms a major aquitard that confines
the deeper groundwater resources below it. The Waalre deposits are partly overlain by periglacial and fluvial
deposits of local rivers that drained the northern and central part of present-day Belgium, which are includ-
ed in the Early Pleistocene Stramproy Formation (SY). Coarse fluvial sands and gravels of the Rhine-Meuse
river system form the Middle Pleistocene Sterksel Formation (ST) which presents the main shallow aquifer
in the Graben and the area immediately west of it. Further to the west these deposits were never formed,
and the prime aquifers are made up of the sediments of the older Waalre and Stramproy Formations and the
underlying Maassluis and Oosterhout Formations. On the eastern Peel Block, the Miocene Breda Formation
was uplifted and the thin aquifers are made up of remnants from the Kieseloolite Formation and the gravels
from the Meuse river that are distinguished as the Beegden Formation.

Groundwater for public water supply is abstracted from this complicated hydrogeological system at 34 cen-
tralized locations, often consisting of multiple individual pumping wells in a well field configuration of
approximately 0.5 km® The individual pumping wells feed their water into a collective system that contains

BROERS ET AL.

30of 26



A~
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2020WR029058

% O BW13 \\ \/
‘= z A
’  _\BW12 @
's-HERTOGENB SCH
BW17 @ BW14
western Brabant BW16 W23Q(
- 4} BW15
BW X A . \o%
[ ]
BREDA
.BW10 BW20 s ‘\ <,
BW19 N\ TILBUR G2
BW11 \/
B 5 ) i BW2
ROOSENDAAL ° A \ AR o G\AA . VR
BW8 BW37
w@® o a2 BW31 2,® BW37
(O A\ %
BW3 BW35 L
BW29 HELMOND \
® EINDHOVEN C; BIY/38
B o
X C-.? 9, P 9 \\
—— 0%, \ BW32
o N ¢ 7/ L
= %) 0o " BW40
)
A = | BW39 \.\\
L, K \
) g NS,
B SN RHENISH '~ \\
,;ﬁwfo@ 0*@},;‘ MASSIF ’f > \ \'\‘
g A
‘ BRUSSELS X ) %
o d %\'{ @
4"’%; - T, O Well field partly screened < 50 m deep S
s o A EIFEL \ @  Wellfield mainly screened > 50 m deep
Pl \ ) MAINT A
e =A= Main faults, near surface level \ (
_A_Faults with significant offsets or deformation between 50 and 300 m depth \\\\ X
BLACK (\S A\
FOREST
VOSGES
Non deposition

Figure 1. (a) Map of the study area in the larger European setting; The Roer Valley Graben as a connection between the Rhine Valley Graben structure and the
West Netherlands Basin (after Verbeek et al., 2002) (b) Location and depth of the sampled well fields.

a collective tap point for sampling. Such a collective system of multiple pumping wells is called a “water
branch,” and often water branches from deeper and shallower pumps are kept separate in order to prevent
clogging of the system. Public water supply in this case also includes the supply towards the farms with
intensive livestock farming, which is a major user in our study area. Domestic, private wells for drinking
water are almost non-existent in the area because all households are connected to the public water sys-
tem. The water company Brabant Water N.V. abstracts water at these 34 centralized locations and delivers
1.80 x 10® m* annually. At 13 of these locations, water is abstracted from an average depth of <100 m below
MSL. At the other locations water is abstracted from aquifers deeper than 100 m below MSL, up to a maxi-
mum depth of 308 m below MSL (see Supporting Information Table S1). During the last 30 years a gradual
shift occurred from pumping at relatively shallow depths above 100 m depth over the whole province, to-
wards pumping at larger depth from the deeper Roer Valley Graben aquifers.

The shallow groundwater system is recharged by surplus precipitation, but the recharge routes to the deeper
parts of the Graben are relatively unknown. Groundwater flow in the aquifers between the main aquitards in
the Graben is directed towards the Northwest, suggesting recharge in the SE of the Graben structure where
the aquitards are less developed, but recharge may also come through diffuse flow through the confining
layer or from permeable zones along the fault systems that border the Graben. The Graben is bordered by a
system of faults, of which the Feldbiss and Gilze Rijen Faults form the southern and western margin (Bense,
Van Balen, & De Vries, 2003; Houtgast & van Balen, 2000) and the Peel Boundary Fault system forms the
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easterly border. The Feldbiss Fault zone is generally considered to be permeable to groundwater flow and
has no strong indications for hydraulic head gradients that are associated with reduced conductivity of the
fault zone itself. Contrary, significant horizontal head gradients are known to exist in the eastern part of the
rift system, yielding evidence for sealing of the Peel Boundary Fault Zone at shallow to intermediate depth
levels. Part of the evidence also comes from the existence of so-called “wijstgronden,” areas where conver-
gence of seepage of groundwater occurs along the uplifted side of the fault, indicating a low conductivity
barrier at the fault zone (e.g., Bonte et al., 2013; Lapperre et al., 2019).

2.2. Well Selection, Sampling and Measurements

Samples from a number of 39 “water branches” from the operational 34 pumping stations of Brabant Water
were collected between January 23 and March 13, 2014. A water branch is here defined as the collective tap
point for all water that pumped from a set of individual pumping wells (See Figure S1) which draw water
in a systematic, pre-defined order. For the study, a fixed number of individual pumping wells were selected
to pump for at least 24 h before the sampling at the collective tap point of the water branch was done to
acquire a mix of groundwater that is representative for the average pumping regime. Two samples were
taken at a pumping station when water was pumped from distinct aquifers that were separated by important
aquitards; one for the shallower aquifer pumped, and one for the deeper aquifer. Shallow and deep branches
were sampled separately for seven well fields. Water in the collection system of the water production facility
is routinely kept under pressure to avoid oxygen intrusion and subsequent clogging of the water system,
which also prevents degassing. As such, samples can be considered to be undisturbed by degassing or chem-
ical reactions that would change gas concentrations or noble gas ratios. Details about the analysis of water
chemistry, isotopes and noble gases is presented in the Supporting Information Text S1.

2.3. Analyzing Patterns of Major Chemistry, Radioactive Isotopes and Noble Gases

The ages of groundwater in the upper 25 m of the subsurface are well characterized and point to ground-
water that predominantly has infiltrated during the last 60 years (Visser, Dubus, et al., 2009; Visser, Broers,
et al., 2009). Previous studies in this part of the Netherlands show '*C activities ranging from 1 to 80 pmC in
deeper parts of our study area, indicating that we may expect both young and almost *C-dead Pleistocene
waters in the aquifers which are pumped for water supply (e.g., Glasbergen, 1987). Based on the expected
broad range of ages we opted for the following suite of tracers: tritium (*H) (Poreda et al., 1988; Schlosser
et al., 1988), "C (Plummer et al., 2001), “He (Blaser, Coetsiers, et al., 2010; Gardner et al., 2011; Solomon
et al., 1996; Wei et al., 2015), *0/°H (e.g., Sukhija et al., 1998; Kralik et al., 2014; Houben et al., 2014) and
the noble gases He, Ne, Ar, Kr, and Xe which enable the calculation of the Noble Gas Temperature (NGT;
Aeschbach-Hertig & Solomon, 2013; Aeschbach-Hertig et al., 2000). The patterns of measured concentra-
tions of major chemistry (Ca, Mg, Na, Cl, alkalinity), stable and radioactive isotopes (**0, *H and "*Cp;c) and
the noble gas concentrations were analyzed to interpret the data and determining processes qualitatively in
terms of the age range of the mixed samples. Concentration of helium isotopes and neon were measured
at the Bremen lab (Siiltenfuf3 et al., 2009). All noble gas concentrations were analyzed at the Heidelberg
lab. This enables the comparison of the measured He and Ne concentrations and computation of the ra-
diogenic “He fraction. Inverse modeling and parameter estimation techniques were used to interpret the
measured noble gases concentrations and their uncertainties, using the optimization approach described
in Aeschbach-Hertig et al. (1999) and Ballentine and Hall (1999). This approach minimizes the uncertain-
ty-weighted squared deviations between modeled and measured noble gas concentrations denoted by )
(Equation 1) in order to obtain the amount of entrapped or dissolved air and the NGT.

2
7= Z—(Ci"’ 2C i) (i = Ne, Ar, Kr, Xe) ¢9)
i U,'

where C;,, are the modeled noble gas concentrations, C;, and o are the observed noble gas concentra-
tions and their uncertainties. Typically, groundwater exhibits concentrations of dissolved conservative
atmospheric gases that exceed the atmospheric equilibrium values, a phenomenon which is denoted as
“excess air.” Different excess air models were conceptualized in the previous decade. Aeschbach-Hertig
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and Solomon (2013) provide a recent overview. In order to ensure that all data was treated equally and to
avoid artificial offsets due to the use of different excess air models within one study (Aeschbach-Hertig &
Solomon, 2013; Sun et al., 2010), we adopted the Closed-system Equilibration (CE) excess air model for
all samples (Aeschbach-Hertig et al., 1999). This includes three samples that showed signs of slight de-
gassing (BW4, BW5, and BW17), indicated by negative values of the relative Ne excess ANe (e.g., Houben
et al., 2014). For these 3 samples the CE-model was applied using the degassing case with a fractionation
factor F > 1 (Aeschbach-Hertig et al., 2008; Aeschbach-Hertig & Solomon, 2013) yielding a possibly less
reliable NGT relative to samples with excess air.

Noble Gas Temperatures were derived from the Heidelberg data set using the parameter estimation software
PANGA (Jung & Aeschbach, 2018). The latest version of this program (Negele, 2020) includes the new
high-precision noble gas solubility data of Jenkins et al. (2019), which leads to systematically slightly higher
derived NGTs and lower ANe values compared to evaluations based on older solubility data. For estimating
NGTs, we assumed that the recharge altitude was 10 meter above sea level, which seems appropriate for
the Dutch lowland setting. Based on measured electrical conductivities in the groundwater samples we
accounted for their small salinities ranging mostly between 0.2 and 0.6 g/kg. Insufficient fits were identified
using a x* test with a cut-off probability P < 0.01 for a value equal to or larger than the modeled y* value.
Only three samples (BW5, BW30, BW36) did not fulfill this criterion, but given their moderate )(2 values and
reasonable fit results, their NGTs were retained in the analysis nonetheless. The NGT uncertainties derived
from the covariance matrix calculated in the fit procedure were in the order of 0.3-0.7 °C (Table S2). The
three degassed samples (BW4, BW5, and BW17) exhibited high values of the excess air parameter A and
the NGT error. In these cases, Monte Carlo simulations were used to obtain a more realistic uncertainty
estimate and slightly adjusted NGTs, according to methods outlined by Jung et al. (2013).

The optimization approach also allowed us to distinguish the atmospheric and non-atmospheric sources
of helium in the groundwater, considering the excess air components inherently, and thereby yields an
estimate of the “He,,q concentration and its uncertainty. Radiogenic helium concentrations measured in
groundwater can be applied as a qualitative tracer to determine groundwater residence times, as there are
two major subsurface sources of helium: (a) in-situ production within the aquifer matrix by decay of U/
Th and (b) inflow from the deeper subsurface or the underlying crust or mantle. The ratio of *He over *He
measured in Bremen was used to evaluate the origin of the non-atmospheric helium, because helium from
mantle origin and active tectonic regions is typically enriched in *He relative to helium originating from
radioactive decay (e.g., Hilton, 2007; Banerjee et al., 2011). Well field *He/*He ratios, plotted as R/R,, for
the individual samples were derived graphically by plotting a linear line between the atmospheric *He/*He
ratio (R,) in a plot of Ne/He versus the ratio of *He/*He and reading the Y-intercept value at Ne/He = 0.0.

Being aware that the samples represent a range of groundwater ages due to mixing, we denote our '*C ages
as being the *C apparent age of the mixture. Because different parts of the mixture may have experienced
different processes with different fractionation and uptake of dead carbon, the '*C apparent ages are by no
means absolute indications of age of the water. For establishing '*C apparent ages, the concept summarized
by Han and Plummer (2016) was applied. This concept uses the isotopes of Dissolved Inorganic Carbon
(8"Cpyc values and *Cpyc activities) in a single-sample model estimating the initial "*C concentration of CO,
(**C,) before dilution with dead carbon sources, following:

;. 5730 | Cpic
n2 C(')4

For estimating the initial 1, and 8C,, we assumed that carbonate dissolution took place under closed
system conditions in the deeper Brabant subsurface, and considered inputs from extra carbon from CO,
that was produced during methanogenesis and the corresponding fractionation of *C during that process.
For the process of methanogenesis we assumed a fractionation of +60%o. for the 8BCpic of the produced
CO,. This is consistent with a corresponding fractionation of —60%. for the produced methane, which re-
sembles known 8" Ccy, values of —80%o to —90%o as observed in the Noord-Brabant study region (Broers &
de Weert, 2015). Different scenarios for determining *“C, and 8"°C, were tested, yielding a range of possible
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14C apparent ages for each of the well fields, which were used as uncertainty bands in the DTTDM model.
Details about the estimation of the '*C apparent ages and the assumptions made are given in the Supporting
Information Section S2. We mimic the mixing of waters with different '*C apparent ages in our DTTDM
model, using the *C apparent age as one of four end members of the groundwater age distribution (see
Section 2.4).

2.4. Assessing Age Distributions Using the Discrete Travel Time Distribution Model

For assessing age distributions, we applied the shape-free groundwater age model, or age histogram meth-
od, that was applied earlier to the mixed water in Holten (Massoudieh et al., 2014; Visser et al., 2013). The
Discrete Travel Time Distribution Model (DTTDM) yielded sensible results in the Holten case and was
able to explain the temporal changes in water composition in individual wells at that well field (Broers
et al., 2012). An advantage of a shape-free model concept is that it can deal with different kind of mixing
regimes, including mixing waters from two or more separated aquifers, which may in some cases lead to
bimodal age distributions (McCallum et al., 2017; Visser et al., 2013). Because of the large volumes of the
centralized well fields in our study, we expect water to mix from all possible directions, depths and ages, anq
we did not consider more generic lumped models that make assumptions about the a priori distributions,
such as the Exponential model (Maloszewski and Zuber, 1993, 1998; Vogel, 1967), the Dispersion model
which assumes mixing along flow paths (Jurgens et al., 2012, 2016; Maloszewski & Zuber, 1982; Massmann
et al., 2009; Suckow, 2014) or the Piston flow model (Eberts et al., 2012; Zinn & Konikow, 2007). At the pub-
lic drinking water supply well fields that we studied, which consist of multiple production wells pumping
at different depths and locations in close proximity, the wells compete for aquifer strata and capture areas as
conceptually shown by Visser et al., 2013. We hypothesize that an age histogram approach such as DTTDM
can effectively constrain the age distributions of waters that are mixed due to the pumping itself, yielding a
comparison between different well fields that can be used to optimize a strategy for the sustainable use of
groundwater at the supra-regional scale.

In the present study, we employed 4 tracers to identify the best-fit groundwater age distributions: “He,ag,
’H, NGT, and "C apparent age. Although the NGTs do not directly contain information about ground-
water ages, they are indicative of past recharge temperatures of which a reasonable estimate is available
from paleoclimate proxies (Affolter et al., 2019; Blaser, Kipfer, et al., 2010; Corcho_Alvarado et al., 2009;
Isarin et al., 1998; Marcott et al., 2013; Renssen et al., 2007; Stute & Deak, 1989; Vandenberghe et al., 2004;
Varsanyi et al., 2011). We hypothesized that an estimate of historical recharge temperatures can function
as a constraint in the age distribution models used for this study. Of these 4 tracers, “He and *H behave con-
servatively when mixing samples with different concentrations, and mixing can be considered as a linear
process. We presume that NGT will behave similarly, as there is a strong correlation between NGT and Xe
concentrations in the groundwater (R* = 0.93 in our study) and Xe will mix conservatively as well. We tested
this assumption by mixing two synthetic samples representing exact solutions of the CE excess air model
with contrasting NGTs (4 vs. 9°C) and contrasting ANe (30% vs. 10%). These synthetic data were modeled
to closely resemble actual groundwater samples from the well fields BW23 and BWS, spanning the range of
NGT and ANe values occurring in this study. We found the deviations of fitted NGTs of the mixed synthetic
samples from linear behavior to be in the order of 0.1-0.2 °C which we consider negligible for the purpose
of our study (see Supplementary Information Section S5 and Figure S6).

For including information about the *C apparent age in assessing the age distributions, we took a slightly
different approach because measured '*C activities cannot be used as a conservative tracer without knowing
the initial conditions and processes that influence the "*Cp;c activity, *Cp;c values and DIC concentrations.
We circumvented the use of the '*C activity as a tracer and used the “average age” as an abstract parameter
in the DTTDM model, which mixes linearly as conceptualized by Goode (1996), Bethke and Johnson (2002)
and others. Thus, an average age is set for each DTTDM age class (Table 1) without any further assump-
tions, and we mix those ages linearly when mixing the water. Subsequently, we compared tracer based *C
apparent ages of the samples with the averaged ages of the 10,626 DTTDM model distributions as discussed
in the next paragraph. For determining the '*C apparent ages of the well field samples, we used a number of
scenarios that represent the conditions and hydrogeochemical processes in the study area (see Supporting
Information, Section S2).
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Table 1
Average Concentrations of Tracers in the Age Classes of the DTTDM Model

DTTDM age class

<100 years 100-1,000 years 1,000-10,000 years 10,000-25,000 years >25,000 years

Tracer:

*H (TU) 7.0 0.0 0.0 0.0 0.0
average age (yrs) 50 550 5,500 17,500 37,500
NGT (°C) 10 9.3 9.8 2.2 5.0
*He (ccSTP g ") shallow  2.38 X 107° 2.61 x107° 2.52x 1077 8.40 x 1077 1.78 X 10~°
*He (ccSTP g ') deep 7.50 x 107 8.25x107° 7.96 X 107° 2.65% 1077 5.63 X 1077

In principle, oxygen-18 could implicitly carry age information too (Jasechko, 2016; Mook, 2006), however,
in our study it appeared that the §"*Oygyow values are influenced by secondary processes, probably in-
cluding evaporation from open water surfaces (see Section 3.3) which makes the tracer unsuitable for our
purpose. In using the tracers to derive age distributions of the mixes, we do not intend to find the absolute
fraction of water within a certain age range; we rather aim at differentiating between gross patterns of age
distributions, comparing the different well fields and interpreting regional patterns from that, relating them
to the hydrogeological buildup.

Based on previous local studies (Broers, 1989; Stuurman et al., 1989) we predefined 5 age classes to be
evaluated using the DTTDM; <100 years, 100-1,000 years, 1,000-10,000 years, 10,000-25,000 years and
> 25,000 years. We realize that these age classes are somewhat arbitrary and unrefined, but they reflect the
rough temporal scale for which the 4-tracer study could perform. The age classes roughly reflect modern
water, late Holocene water and early Holocene water, the era just after and during the last glaciation and the
pre-glacial period before, respectively. For each of the 4 tracers, we assumed an average concentration for
each of the age classes based on the input function of the tracer (Table 1). For tritium, only the first age class,
representing the class 0-100 years, has measurable concentrations. The *H concentration for this first age
class was based on monthly measurements of tritium in precipitation of the closest measurement stations
Groningen (1970-1977) and Emmerich (1978-2014) IAEA/WMO, 2018). The distance from the catchment
to these stations is 100-150 km. For the period before 1970 we used GNIP day from Vienna and Ottawa,
roughly following Meinardi (1994). This yields an average *H concentration of 7.0 TU for the mixture over
the last 100 years, assuming exponential decay until the measurement year 2014. For the “He subsurface
production, we assumed an average accumulation rate applying for the whole study area to be 4.75 x 107"
ccSTP/gmyo per year for well fields screened below the regional Waalre aquitard in the Roer Valley Graben
and 1.5 x 107! ccSTP/guy for well fields screened above this aquitard and in the areas outside of the Gra-
ben. These values are in the range of values derived by Blaser, Coetsiers, et al. (2010) for a nearby aquifer
system, and we tested this assumption using the '*C apparent ages and measured “He,,q concentrations
of our study (see Supporting Information, Section S3). Using these accumulation rates, an average *Heq
concentration was calculated for each of the 5 DTTDM age classes (Table 1). For the evaluation of the 4c
apparent ages of the well field samples, we assumed linear mixing of the “average age” of all water within
the DTTDM age class which yields a 17,500 years age for the DTTDM age class 10,000-25,000 years (Ta-
ble 1). The average annual air temperature for the period 15-50 ka years was based on Isarin et al. (1998),
Vandenberghe et al. (1998), Vandenberghe et al. (2004) and Renssen et al. (2007) and on NGT records from
Stute and Deak (1989), Corcho Alvarado et al. (2009), Blaser, Kipfer, et al. (2010) and Varsanyi et al. (2011)
that indicated a 9-10 °C temperature increase between the Last Glacial Maximum (LGM) and present and a
4-5°C temperature difference between pre-LGM and present. The average for the 0-14 ka temperature was
based on Affolter et al. (2019) which was scaled towards the Dutch annual average temperatures. For the
present situation an annual average recharge temperature of 10 °C was estimated using the soil temperature
data in Jacobs et al. (2011). Section S4 and Figure S7 and in the Supplementary Information summarize
and illustrate the estimated past recharge temperatures and the averages that were used for the DTTDM
age classes.
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In choosing a shape-free age distribution model, we opted to limit the amount of bins (5) to the limited
amount of tracers (4) in order to overcome problems of over-parameterization (Leray et al., 2016; Mas-
soudieh et al., 2014; McCallum et al., 2017; Visser et al., 2013). The DTTDM therefore consists of a discrete
number of 5 bins that were filled with 5% increments of one of the 5 age classes, together representing
10,626 unique mixes that represent the possible travel time distributions (Visser et al., 2013). The distribu-
tions (100%,0%,0%,0%,0%) and (0%,0%,0%,0%,100%) form the youngest and oldest possible age distribution
respectively. Subsequently, the concentration of the tracer in the mixture is calculated by linear mixing of
the concentrations of the 5 DTTDM age classes, weighing for the proportion of the age classes in each of
the bins. For example: one of the 10,626 distributions might have 5% water younger than 100 years (1* bin),
10% between 100-1,000 years (2“d bin), 60% between 1,000-10,000 years (3ml bin), 25% 10,000-25,000 years
(4™ bin) and 0% > 25,000 years (5™ bin). For this hypothetical distribution we find the following tracer
concentrations: 0.35 TU tritium, NGT 7.7 °C, 3.64 X 1077 ccSTP g™' *He and an average age of 7,730 years.
All the tracer concentrations of the possible 10,626 distributions were then compared with the measured *H
and *He concentrations of the sample and the NGT and "C apparent age that were derived for the sample.
Subsequently, the best-fit models were identified based on the deviations between modeled and measured
concentration using a chi-square approach, that weighs the measurement uncertainty of the measured
tracer concentration:

2 2
23 3 3 3
X "H= ( I—IDTTDM - Hsample) / ( Huncertaimy)

2 2
24y, _ (4 4 4
72 *He = ( Heprmom — Hesamplc) / ( Heunccrtainty)

X *NGT = (NGTDTTDM = NGTmpe )2 / (NGT

2
uncertainty )

2 2
2 apparent age = (average ageproM — 14 C apparent agesamp,e) / ('4C apparent ageumemimy)

xzsample = x“H-s- 9524He+ szGT + xz apparent age

We choose the average of the 50 best-fit models to determine the average age distribution that fits the data
best and used these 50 models to calculate a standard deviation for the proportions of the 5 age classes for
each of the individual well fields.

We tested the robustness of the DTTDM approach using a simple sensitivity analysis where we compared
the results of the base case model runs with a number of alternative setups. The aim of the sensitivity anal-
ysis was to test whether the DTTDM approach is robust and whether uncertainties are sufficiently small
to assess and order the well fields on the basis of their age distributions. Alternative model run 1 assessed
the uncertainties involved in the estimated temperature series assuming a slightly warmer early Holocene
in line with Marcott et al. (2013, see Section S4 in the Supplementary Information). The resulting alterna-
tive DTDDM input has slightly warmer temperatures for the age classes 25,000-50,000 years (5.5 vs. 5 °C),
10,000-25,000 years (2.7 vs. 2.2 °C), 1,000-10,000 years (10.3 vs. 9.6 °C) and late Holocene (9.8 vs. 9.3 °C).
Alternative model runs 2 and 3 tested the effects of a 1.5 times higher and lower He production rate. In mod-
el run 4 we analyzed an alternative *H concentration for the first age class based on GNIP data from Koblenz
instead of Emmerich and Groningen, and in alternative model run 5 we tested a two times milder constraint
for the uncertainty around the estimated apparent ages. Finally, we examined the effects of subsequently
dropping the NGT, *He, '*C apparent age tracers in the model runs 6, 7 and 8.
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Figure 2. Tritium (TU) versus "“Cp;c (% modern carbon, pmC). Labels denote the average depth of the well field. Deep:
> 50 m below surface. Shallow: <50 m below surface.

3. Results and Discussion
3.1. Patterns of Major Chemistry, Isotopes and Noble Gases
3.1.1. Radioactive Isotopes

The 39 well fields cover a wide range of tritium concentrations and 14¢pic activities (Figure 2, Table S1).
Clearly, 3 sets of well fields can be distinguished: (a) well fields with *H concentration > 0.1 TU and **C ac-
tivities above 35% pmC, (b) well fields with *H concentrations < 0.03 TU and **Cpc activities below 30%, and
(c) well fields that fall between these two end members with '*Cpc between 30 and 45 pmC and *H <0.1.
The detection of low, but measurable, concentrations of *H in waters that are clearly depleted in *Cpyc is
no surprise. After all, the samples represent mixtures at the pumped well fields, which may abstract a small
amount of young water that has infiltrated in the direct vicinity of the pumping wells. The precise determi-
nation of *H allows estimation of this contribution of modern water in Section 3.3. Typically, the first group
of samples represents water that has a significant contribution of post-1950 water in the mixture. This is
related to the shallower depth of pumping; all these well fields have an average depth of less than 50 m with
one exception which is just below this depth. The second group has a negligible contribution of young water
and large parts of the mixtures have undergone radioactive decay of **C or uptake of dead carbon. Most of
these well fields have an average depth over 100 m or 150 m, which means that they are screened below a
regional aquitard (see Section 3.3). Samples from the intermediate, third group are also typically from well
fields screened between 50 and 150 m depth yet seem to have a small contribution of young post-1950 water.
All these well fields are situated in the western part of our study area, outside the graben structure, where
the regional aquitard that exists in the graben is less developed.

3.1.2. Major Chemistry

All but three of the water works in Brabant pump water with a Ca-Mg-HCO; signature, and are character-
ized by a (Mg + Ca)/HCO; ratio of 0.93: 1 in meq/1 (see Supporting Information, Figure S2). The ratio indi-
cates that the dissolution of Ca-Mg-carbonates by carbonic acid is the major process determining the carbon
chemistry. Exceptions to this general rule are the well fields BW4, BW29, and BW39. These three well fields
are high in *H (3.73-5.39 TU) and have a CaSO, signature and an alkalinity <1 megq/l, pointing towards
recent human influence and the absence of carbonates in the catchment areas of these wells. Given the
mere absence of carbonates in the shallower deposits in the Noord-Brabant region and the general increase
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Figure 3. *He/*He ratio (R) normalized to the atmospheric ratio (R,) plotted against the ratio of Ne over He for the 39
well fields. Symbols denote classes based on *H and "*Cp,c. The black square indicates atmospheric equilibrium ratios
of the ratios of Ne/He (= 4.34 for 10°C) and *He/*He (R/R, = 0.983). The dotted line represents binary mixing between
recently infiltrated groundwater and a sample that is closed off from the atmosphere and where concentrations solely
are determined by radiogenic processes producing *He and *He. The tritium-dead well field samples plot along a line
with R/Rs ~0.18 on average (dashed line).

of Ca and HCO; with depth (Broers, 2002; Kasse, 1988; Griffioen et al., 2013; Stuurman et al., 1989, 1996)
we may safely assume that carbonate dissolution at the majority of the well fields occurred at larger depths
under closed system conditions using CO, from the root zone as the primary source of carbonic acid in the
infiltrating water. Several samples with a substantial amount of methane (CH, > 1.5 mg/1) typically expose
the highest alkalinity and highest sum of Ca, Mg, and Na-excess (see Supporting Information, Figure S2).
This points to biogenic methanogenesis as an additional source of carbonic acid. It suggests that further
dissolution of carbonates has occurred in the subsurface of the well fields that are represented by these
samples (Griffioen et al., 2013; Yu et al., 2018).

3.1.3. Noble Gas Characterization

The Noble Gas Temperatures were all fitted applying the CE excess air model (Supporting Information Ta-
ble S2). Thirty-five of the 39 samples contained excess air, indicated by ANe values ranging between 4% and
35% (Table S2). For sample BW19, we used the ANe of Bremen as the Heidelberg Ne concentrations may
indicate an air leak. Three samples had slight indications for a small amount of degassing (ANe —2 to —6%,
BW4, BW5 and BW17) and one sample (BW7) had ANe not significantly different from zero. We assume that
the degassing has happened in the aquifers itself, as previously assessed by Visser et al. (2009c) for shallow
samples in the same region.

Radiogenic “He-concentrations were consistent between the two labs (R* = 0.995). For the samples BW20
and BW27 that were lost during noble gas analysis at Heidelberg, estimated “He,,q from the Bremen results
were used, correcting for atmospheric and excess air derived helium based on the unfractionated air as-
sumption (Table S2, Bremen results). The Bremen Ne, *He and “He concentrations show how the *He/*He
ratio (as R/R,) and Ne/He ratio vary between the well fields (Figure 3). Here, R is the *He over “He ratio in
the sample, and R, the *He/*He ratio in the current atmosphere. The dotted line between the atmospheric
end member (black square) and the point on the Y-axis at R/R, = 0.0145 represents binary mixing between
recently infiltrated groundwater and a sample that is closed from atmosphere and where concentrations
solely are determined by radiogenic processes, producing mainly “He and little *He. Typically, in the earth
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crust the *He/*He ratio is around 0.02 R (Aeschbach-Hertig, 2005; Hilton, 2007). Most samples that contain
3H over 0.1 TU plot vertically above the Ne/He ratio for atmospheric equilibrium, indicating *He produced
by *H decay. Contrary, samples with "*Cp;c less than 30 pmC and very low *H plot along a mixing line be-
tween R/R, ~0.18 and the atmospheric equilibrium. This points to the underground flux of “He with an
approximately 10 times larger *He/*He ratio than is expected from He production in the crust, pointing to
the presence of a reservoir that is enriched in 3He, such as the earth mantle (typically between 5 and 8 R,),
or alternatively a contribution of *He from neutron reactions with lithium. A lithium contribution seems to
be unrealistic given the thick series of unconsolidated deposits in the rift valley as these deposits typically
have little lithium to produce the required *He (Ballentine & Burnard, 2002). A mantle contribution seems
more realistic in the tectonic setting of the RVG. The correlation between crustal production of *He and
mantle derived fluxes of *He is often associated with fault systems in basin settings, and tectonic forcing
and episodic seismic activity are supposed to be the dominant mechanisms for fluid transport and transfer
of volatiles through fault zones in the uppermost crust (Hilton, 2007; Kulongoski et al., 2005). We infer that
the Roer Valley Graben involves a similar setting as in Kulongoski et al. (2005) as the rift system is known
for phases of crustal stretching and episodes of basin inversion, for example in the Paleocene and Eocene
(Luijendijk, Van Balen, et al., 2011). Luijendijk et al. describe how periods of basin inversion may have led
to larger permeability in the damage zone around the faults, promoting deeper circulation. The fault zones
bordering the Roer Valley Graben have still been active in the Quaternary (Houtgast & van Balen, 2000). The
R/R, ratio varies over the studied well fields (~0.10 R, to 0.25 R,) with an indication for the higher values to
be near the main fault zones. Importantly, a mantle component as indicated by the R/R, ratios in the study
area would only marginally affect the concentrations of “He,,q which we use as a residence time indicator in
the next section; given the observed ratios ~ 98% of the “He is from crustal production and 2% to maximum
4% of the “He would result from mantle fluxes (Aeschbach-Hertig, 2005). Overall, the helium patterns sug-
gest the presence of a somewhat enhanced crustal permeability in the rift system studied.

The Noble Gas Temperatures were used as a proxy for the average temperature of recharging meteoric
water. The highest values of the NGTs (around 8.5-9.5 °C) appear in water that contains a substantial
amount of *H, indicating a recent component of meteoric water (see Table 1 and Figures 3 and 4). Given
the mixed nature of the well field samples, these values are consistent with the current mean annual air
and soil temperature (~10 °C) in the province of Noord-Brabant (KNMI 2012; Jacobs et al., 2011). Sample
BW5 with NGT of 11.0°C forms an exception, but its NGT is rather uncertain given the degassed nature of
this particular sample.

Together, the 39 well fields reveal a clear relation between the derived NGTs and the *He,.q concentrations
(Figure 4). High “He,,q concentrations (>1.0 X 107° cc/ g) coincide with NGTs of 4.5 °C or lower and YCac-
tivities of less than 10% modern carbon. Samples that contain young water, as indicated by *H > 0.1 TU and
'C activities above 30% all plot in the range of low *He below 0.3 X 107° ccSTP/g and NGTs above 7 °C. The
LOWESS smooth (Cleveland & Devlin, 1988) indicates a general curved trend of decreasing NGT with in-
creasing ‘He concentration. Two samples (BW32 and BW38) lie out of this general trend; but these had con-
trasting data for He, Kr and Xe for the duplicate samples that were available. The data plotted for these wells
is for the duplicate sample that corresponds to the “He measured in Bremen, which has significant lower
Xe than the other duplicate sample. We conclude that NGTs are less reliable for these particular samples.

Moreover, the complete set of well fields reveals an inverse relation between the excess air component as
indicated by ANe and the NGT (Figure 4). Samples that suggest cool recharge temperatures show elevated
ANe relative to samples that exhibit NGTs close to present day recharge temperatures. NGTs of 7 °C or less
coincide with samples with > 20% ANe. Lower recharge temperatures are typically linked to more depleted
80 with all NGT < 7°C showing 5"0ysmow values depleted relative to current average levels of around
—7.5%o (Figure 4). The samples with NGT > 7 °C show a range of 8"®0ysmow values with a substantial
number of samples that are enriched relative to present-day '®0 in recharging water, possibly indicating
evaporation processes during or after infiltration (see also Section 3.4).

3.2. Discrete Age Distributions

Using the four tracers *He, *H, NGT and '*C apparent age, age distributions of the mixed waters were de-
rived using the DTTDM model. Figure 5 summarizes the model performance for the 4 tracers. The tracers
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Figure 4. *He (cc g™'), ANe (%) and 8"0 (%o) as a function of Noble Gas Temperatures (°C) for the 37 well fields for
which the samples did not show signs of degassing. Symbols denote classes of *H and '“Cp;c concentrations.

were fitted simultaneously, and the results represent a kind of optimal distribution over the 4 tracers. For
samples with a recent component, the *H concentration enabled to estimate the proportion of young water;
the main uncertainty is derived from the average concentration that was assumed for the first age class in
the DTTDM model. Noble Gas Temperatures were also simulated satisfactorily over the whole temperature
range, except for sample BW5 which was degassed and had a difficult fit for the NGT, and sample BW40
which has conflicting NGT and *Cpc activity. The modeled '*C apparent ages show good correspondence
below 15,000 years but scatter at older apparent ages where the combination of “He,.q, NGT and C ap-
parent ages does not always yield one unambiguous result. For some well fields, this was expected as the
NGT and *He,,q graph of Figure 4 already showed well fields BW14, BW15 and BW18 that nicely follow the
*He.q - NGT trend but have low "*Cpc activity (2-7 pmC) that set them apart. For some well fields the mod-
erate correspondence between NGT, "*C apparent age and *He,q led to a range of possible age distribution
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Figure 5. Performance of the DTTDM model for the 4 tracers for all 39 well fields. Gray lines represent a 1:1 ratio between measured and modeled

concentrations.

models, which is visible from the standard deviations that are based on the 50 best models, indicating larger
uncertainty (Supporting Information, Table S4).

Using the results of the 50 best fit models for the base case model, a resulting groundwater age distribution
covering the 5 age classes was derived. Figure 6 shows the distributions of the 5 age classes over the 37 well
fields of which all tracers were available. Table S4 of the Supporting Information lists the corresponding
standard deviations of the proportions for each of the well fields. Subsequently, well fields were grouped
based on the centroid of the age distribution into 5 “age distribution groups”: Young (Y), Moderately Young
(MY), Moderate age (M), Moderately Old (MO) and Old (O). The age distribution groups differ from the
previously defined age classes, as they comprise different proportions of water from the 5 age classes in their
distributions (Figure 6). Average tracer concentrations and standard deviations for each of the age distri-
bution groups are summarized in Table 2. As we aimed to differentiate between the different well fields for
understanding the regional age patterns and vulnerability and resilience of the well fields, we do not intend
to focus on the precise proportions of the different age classes per individual well field and their uncertainty,
but mainly concentrate on the ordering which is achieved using these age distribution groups and relate
those to the hydrogeological situation in the study area. The age distribution groups as we defined them
show a clear resemblance to the “age groups” of McCallum et al. (2017), although with different temporal
scales (0-50,000 years relative to 0-1,000 years and correspondingly different tracer sets).

The sensitivity analysis reveals that varying the input curves of *He,,q, NGT or *H or loosening constraints of
the **C apparent ages does not fundamentally affect the ordering and grouping as presented in Figure 6 and
Table S4 (see Section S6 for details). More specifically, assuming a warmer past climate only has a marginal
effect on the centroids and proportions of the age distributions and very limited effects on the ordering of
the well fields over the age groups Y, MY, M, MO and O (Figure S8 and Table S5). Changes in the estimated
“He production rates have effects for the order of the centroids of the well fields of the MO age group; lower
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Figure 6. Discrete age distributions of the 37 well fields. Showing the distribution of water over the 5 age classes. Well
fields were grouped based on the centroid of the age distribution in 5 age distribution groups (Y, MY, M, MO, and O).
See Table S4 for the actual data and standard deviations of the fractions.

production rates lead to a generally older age assessment and vice versa. Altering the *H average leads to
small differences in the proportions of the 6 well fields in the age group Y. Loosening constraints on the 4
tracers has effects for specific well fields; for example, loosening the **C apparent age constraints changes
the order of the centroids of well fields BW5, BW14 and BW18, and affects the estimated proportions for
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Z:el;rl:gz Concentrations and Standard Deviations () Within the Distinguished Age Distribution Groups

Age distribution group
Tracer Y MY M MO O
*H (TU) 3.3(1.3) 0.13 (0.15) 0.03 (0.02) 0.02 (0.01) 0.01 (0.01)
14C apparent age (yrs) 2,020 (1,420) 3,340 (1,240) 7,020 (2,000) 11,400 (2,900) 22,800 (4,700)
NGT (°C) 9.3(0.5) 8.9(0.2) 8.4 (0.6) 6.8 (1.1) 4.4(0.5)

*He (ccSTP g ™)

3.3% 1078 (2.0 x 107%) 5.8% 1078 (2.4 x 107%) 2.1%x1077 (1.7 x1077) 54%x107(1.4%x107) 1.1x10°(2.2%x107)

BW34, BW14, BW15 and BW23. Dropping one of the 4 parameters has larger effects. For example, dropping
the NGT from the models has only marginal effects on the centroids of the distributions but has a substan-
tial effect on the estimated proportions, especially for well fields of the MO and O age groups (Table S5).
Dropping either “He,,q or "*C apparent age has contrasting effects; dropping “He causes a shift to older
age groups while dropping '“C has the reverse effect for the affected well fields; these effects are most pro-
nounced for the well fields in the age groups MO and O.

From the sensitivity assessment, we concluded that the DTTDM approach is robust when all 4 tracers are
included and we determined that the differences between the alternatives and the base model are suffi-
ciently small to assess and order the well fields on the basis of their age distributions and use the results
for a hydrogeological assessment. More specifically, for wells that were categorized as Y and MY, dropping
one of the 3 tracers NGT, “He,,q or "*C apparent age would not affect the estimated proportions of the age
groups, but including the *H tracer is essential. For assessing the proportions of the M, MO and O groups,
NGT, *He,,q or '“C apparent age are all necessary, but the exact past recharge temperatures series is not very
sensitive once the NGT tracer is included. The sensitivity analysis confirms the relatively uncertain propor-
tions and grouping of the well fields BW14, BW15 and BW18, which was also reflected in the large standard
deviations of the proportions listed for the base case model (Table S4).

3.3. Interpretation of the Age Distributions in a Hydrogeological Setting

The discrete age groups that have been delimited in Section 3.2 clearly exhibit a relation with the main
hydrogeological structures of the area. The hydraulic gradient in the main aquifers of both the Roer Valley
Graben and the adjacent area of western Brabant is directed towards the northwest. Generally, the age
groups that were distinguished conform to this gradient with water aging in the direction of groundwater
flow (Figure 7). Well fields that were screened in the upper aquifers (<50 m depth) all are grouped in the
Y age distribution group. These well fields have a significant contribution of water age classes <100 years
and 100-1,000 years) and measurable concentrations of *H (Figure 6, Table 2, Table S4). These well fields
typically pump from unconfined aquifers which are not overlain by a continuous superficial aquitard but
are covered by discontinuous cover layers of eolian and local fluvial origin that do not prevent young water
from recharging quickly.

3.3.1. Roer Valley Graben Groundwater Circulation

Past groundwater recharge of the Roer Valley Graben groundwater system is expected to have concentrat-
ed in the southeasterly extension of the Graben in the border region with Germany, and possibly in the
southeastern part of the study area and the Dutch and Belgian parts of the Campine Plateau (Blue arrows
in Figure 7). The MO group groundwater age distributions in the center of the Graben point to a large con-
tribution of water that recharged during the Pleistocene era and before and after the Last Glacial Maximum.
The MO group waters are drawn from the lower Waalre and Kieseloolite aquifers between depths of 100
and 300 m, which are separated from the upper Sterksel aquifer by the regional Waalre-1 and Kieseloolite-1
aquitards (diagonally striped in Figure 7). Apparently, the confining Waalre-1 aquitard has prevented re-
charge of younger water which is confirmed by regional groundwater flow models describing the current
flow circulation and age structure (Grift et al., 2012). The oldest water in the Graben is situated in the very
northwest and along the northeastern flank of the Peel Boundary Fault zone. These group O waters were
characterized by lower NGT and elevated *He,, relative to water from the MO group (Table 2). Interestingly,
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the pumping depth of these well fields is similar or shallower (100-200 m) than the well fields in the center
of the Graben, which suggest that flow velocities are small and recharge to this northwesterly region is
limited. The northeast part of the Roer Valley Graben is the region where the strongest tectonic sinking oc-
curred which resulted in the thickest sequence of Quaternary sediments and where the Waalre-1 aquitard is
most developed; the area around well fields BW23 and BW24 is considered to be a marginal through which
is delineated by the Peel Boundary fault and an antithetic fault to the west of it (Luijendijk, Van Balen,
et al., 2011). We interpret the occurrence of well fields with a large proportion of water >25,000 years in
this northeastern part of the Graben to be the combined result of the sealed properties of the Peel Bound-
ary Fault zone (blue cross in Figure 7) that borders the Graben structure on the eastern side and the thick
development of the Waalre-1 confining layer in the Graben itself. The Peel Boundary fault zone is known to
have been active in the late Pleistocene and Holocene, leading to moderate earthquakes in the recent past
(Van Wees et al., 2014; Buijze et al., 2019). The fault gives rise to the phenomenon of “wijst,” which is the
upward seepage of water on the eastern side of the fault due to the decreased hydraulic conductivity of the
sealed fault which acts as a barrier towards horizontal groundwater flow (Bense, 2002; Bense, Van den Berg
& Van Balen, 2013; Bense et al., 2003). The presence of “wijst” confirms the sealed nature and the horizontal
resistance to shallow groundwater flow (Lapperre et al., 2019). As the area east of the fault zone (cross at the
map and in cross-section of Figure 7) has higher elevation than the Graben itself, groundwater flow would
be expected to rejuvenate the water in the adjacent Graben area. Finding water with a large proportion of
water of >25,000 years old at moderate depths (100-150 m) at close distance to the eastern topographical
height can only be explained by high resistance to groundwater flow from the east towards the Graben.
Therefore, we suggest that the Peel Boundary Fault is not only a barrier to shallow groundwater flow as in-
dicated by the “wijst” phenomena, but also acts as a strong barrier to groundwater flow in the deeper parts
of the subsurface.

3.3.2. Western Brabant Groundwater Circulation

In the western Brabant groundwater system, the groundwater flow direction is towards the northwest and
the water ages in that direction. Confining layers are less developed in this region and water is primarily
pumped from the Pliocene Oosterhout Formation. Here, the upper aquitard in the marine Oosterhout For-
mation separates the Y group waters above from the MY waters below (Figure 7). Two of these well fields,
BWS8 and BW 10, have a small contribution of ~5% young water that has apparently leaked from the upper
aquifer through the leaky aquitard at the top of the Oosterhout Formation, the so-called Wouw member,
which is situated above the pump screens (TNO-GSN, 2021).

In summary, the age distribution groups that were identified based on the multi-tracer approach improved
the understanding of the regional groundwater circulation in the region and confirms the large effects of
fault structures and aquitards, complementing existing information of surface phenomena such as “wijst.”
This shows that the DTTDM age grouping approach is suitable in a rather complex setting as the Roer Valley
Graben. The Graben setting is complex in the sense that it represents a typical lowland valley system with-
out large natural head gradients and with unidentified interactions between deeper and shallower aquifers
due to pumping and intense superficial drainage of the upper aquifers. A such, the setting is contrary to
well-studied systems of dipping aquifers with fully delineated source zones and a strongly confining cap
rock preventing vertical interactions and disturbance of the longitudinal aging of water along the flow paths
(e.g., Blaser, Kipfer, et al., 2010; Pétré et al., 2016). Especially the information about the He isotopes and the
NGT helped to identify the age groups and to identify the large proportion of Pleistocene aged waters in the
study area.

3.4. Paleoclimate Signals

By introducing the NGT as one of the tracers in the assessment of the age distributions, paleoclimate was
implicitly considered in our study. For our well fields, NGT appeared to be strongly inversely related to
ANe as indicator of excess air, and positively related to the 8 0vsmow (Figure 4). The latter is expected as
colder precipitation generally leads to depleted '*0 in recharging water (e.g., Jasechko, 2016, 2019), but
the inverse relation with ANe came as a surprise. The elevated ANe suggests that the excess air fraction in
waters with low recharge temperatures is elevated, which may be related to a larger water level amplitude
(Aeschbach-Hertig & Solomon, 2013; Aeschbach-Hertig et al., 2002; Ingram et al., 2007; Klump et al., 2008).
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Figure 8. Boxplot of (a) chloride, (b) sulfate, (c) excess-Na, (d) Total Dissolved Gas Pressure, () 8'°0 and (f) DIC
concentrations for the 5 distinguished age distribution groups.

This suggests a more extreme climate with larger differences between dry and wet periods, as was previ-
ously reported by Corcho Alvarado et al. (2009). We postulate that larger water level amplitudes may also
be related to the distance to the drainage basis of the groundwater systems, which we defined as the deep-
est water level that could be expected without artificial pumping of the groundwater and which currently
conforms to average present sea level. This drainage basis shifted over hundreds of kilometers due to the
significant lowering of the sea level of 120-130 m before and during the Last Glacial Maximum (Blaser,
Coetsiers, et al., 2010, Table 2). As a result, the altitude differences between the points of recharge and the
drainage basis increased substantially during the LGM enabling larger water table fluctuations in a more
extreme climate. During the LGM, the land ice mass extended approximately to NE Germany and Eastern
Denmark, at ~250 km NW of our study area, outside the reach of glacial melt water. As such, recharge by
precipitation before and during the LGM is consistent with the range of ANe values reported in our samples
(Klump et al., 2008). The hydrological changes that influenced the ANe are confirmed by the distinctly
different low chloride concentrations (4-6 mg/1) that were measured in the age group MO (Figure 8a).
This coincides with the periods just before and after the LGM. We attribute these low concentrations to the
large distance of the study areas to the North Sea, of which the coastline shifted some 600 km northwest
due to the sea level decline during the LGM (Blaser, Coetsiers, et al., 2010; Hijma et al., 2012; Vos, 2015).
We suggest that sea spray did not reach the recharge areas of the water from that epoch and there was no
vegetation that would evaporate and concentrate chloride during recharge. This seems to be confirmed by
the relatively low DIC concentrations in water of the MO group, indicating a sparser vegetation and lower
levels of soil CO, leaching to groundwater. Under this hypothesis, the relatively low DIC concentrations of
“LGM waters” in a mixture might add to extra uncertainty of the *C apparent ages of well samples that mix
over the LGM era, as the low-DIC LGM component would yield an underrepresentation of the LGM-'*C
part of the mixture. This may lead to an underestimation of the **C apparent age when LGM water is mixed
with post-LGM water before the water is pumped at the well field, or an overestimation of the *C apparent
age after mixing with pre-LGM waters.

The age group O shows elevated chloride, Na-excess and Total Dissolved Gas Pressures which we attribute
to the long time scales that seems to have favored diffusive transport of sodium and chloride from low per-
meability layers into the aquifers and subsequent exchange of Ca from the recharging water with Na on the
exchange complex of the aquitards, or alternatively the weathering of Na-silicates during the aging of the
water. Given the low concentrations of <3.5 mg/l CH, in those waters, we hypothesize that the elevated gas
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pressure must be related to elevated N, in the water as this cannot be explained by the CO, and CH, partial
pressures (Table S1, e.g., Ballentine & Lollar, 2002)). This may also be illustrative for the enrichment of gases
from the deeper subsurface over time, for which the high “He,.q concentrations are another proxy

Contrary to the depleted 5" 0ysmow values of age group O, 5" 0ysmow values of age groups MY and M are
typically elevated to present-day values in precipitation and seem indicative of the recharge under raised
peat bogs during the late Holocene, an hypothesis which is supported by the elevated methane and *Cp;c
for which we correct in the calculation of the *C apparent age (see Supporting Information, Section S2).
Two main processes may explain these elevated §'*0 values: open water evaporation of surface water stored
in fens and pools within the peat bog areas and/or mixing of diverging 5'°0 values between summer and
winter precipitation before actual recharge to groundwater (see also Glasbergen & Mook, 1982). Well fields
of the MY and M groups are indeed concentrated in areas with known Holocene peat bog existence, such
as the western and southeastern parts of Noord-Brabant (Leenders 1989, 1996; Vos, 2015). The waters from
the Holocene epoch show chloride concentrations between 10 and 20 mg/1, which are in accordance with
present day chloride concentrations under natural vegetation and resemble the effect of salt spray from the
nearby North Sea (Stuyfzand, 1993). In contrast, the well fields of group Y exhibit anthropogenically elevat-
ed chloride and sulfate concentrations due to inputs from diffuse agricultural, industrial and urban sources
during the last 100 years (Visser, Broers et al., 2009; Zhang et al., 2009).

3.5. Merits of Complementary Tracers

The current study builds on recent advances in the assessment of groundwater age distributions using mul-
ti-tracer data sets and shape-free age distribution models (Massoudieh et al., 2014; McCallum et al., 2017;
Visser et al., 2013) but at longer temporal scales including groundwater recharge and circulation that start-
ed during the late Pleistocene. The age grouping that was established helped to understand the complex
flow patterns in a lowland rift valley system with a relatively small hydraulic head gradient. The tracer
set that was used to unravel the age distributions has some limitations, that were determined by available
budgets and lab capacity. Clearly, further constraints of the proportion of water aged between 100 and
1,000 years in the Y, MY and M groups would benefit from the analysis of *’Ar as an additional tracer (Cor-
cho Avarado et al., 2007; Loosli, 1983; McCallum et al., 2017; Oeschger et al., 1974; Siiltenfuf et al., 2011;
Visser et al., 2013). For example, an analysis of ¥ Aror the sampling of multi-level observation wells over the
complete depth range, as was previously done in Holten (Visser et al., 2013) would be required to confirm or
reject our hypothesis that the water pumped in the MY age group integrates over the whole depth range of
the available aquifers in this region. Currently, the lab capacity for analyzing a large set of samples for **Ar
is limited worldwide, but this may change during the coming decade. However, the set of tracers that we ap-
plied in the current study is ready for practical application in larger regional studies and especially the NGT
appeared to be a crucial tracer for the time scales involved in the groundwater circulation in our study area.
For our study, we did not consider using chlorofluorocarbons (CFCs, Busenberg & Plummer, 1992; Hinsby
et al., 2007; Laier, 2014; Sebol et al., 2007) for characterizing the modern waters of age group Y, because
the earlier work of Visser, Schaap, et al. (2009) showed signs of degradation for CFC-11, CFC-12 and even
CFC-13 in the Dutch settings which are dominated by anoxic and often methanogenic groundwater below
10-20 m depth (Griffioen et al., 2013; Visser, Schaap, et al., 2009; Yu et al., 2018; Zhang et al. 2009, 2012).
The use of sulfur-hexafluoride (SFs, Busenberg & Plummer, 2000) may however add further value as degas-
sing did not typically affect the samples in the current study. Moreover, adding a tracer for the oldest parts
of the age distributions would help to unravel the ambiguity that is observed between the modeling of the
“He,q concentrations using a regionally fixed production rate and the modeling of '*C apparent ages. We
suggest that the measured *Cp,c activities may underestimate the age of especially the water in the O age
group, but additional tracers such as *'Kr and *Cl would be needed to confirm this hypothesis. The con-
sistent ratios of *He/*He reported by the R/R, ratio of Figure 3 suggest that the processes determining the
*He,q accumulation are valid for the whole study region, because mantle He would only add 2%-4% of the
extra He from radiogenic sources, assuming a ratio R/R, of 6-8 for mantle He (Hilton, 2007). To confirm
this hypothesis, further proof is needed, for example, by measuring “He concentrations and *He/*He ratios
in individual pumping wells in transects perpendicular to the main faults.
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3.6. Implications for Sustainable Groundwater Management

The heavily used Roer Valley Graben aquifer system forms one of the groundwater resources under the
combined stress from anthropogenic contamination of shallower aquifers, primarily by intensive livestock
farming (Visser et al., 2007; Zhang et al., 2009), and an ongoing shift towards the mining of a paleo ground-
water resource due to increasing water demands (e.g., Schilling et al., 2015; Bierkens & Wada, 2019; de
Jong et al., 2020). The shift is apparent as many of previously active shallower well fields have been closed
during the last 30 years, especially because of increasing sulfate and trace metal concentrations (e.g., Zhang
et al., 2009), a process that is also visible in the well fields of the age group Y (Figure 8). With the age distri-
butions of all the extracted water for public drinking water supply qualitatively constrained, we now esti-
mate the current combined age distribution of all the 0.18 km® water that is annually abstracted for drinking
water production in this part of the Netherlands; 9% is recently infiltrated modern water, 56% is of Holocene
age and 35% of Pleistocene age. We consider it wise to evaluate how long the deeper paleowater resource
would sustain its use for drinking water production for humans and cattle, irrigation of farmlands, storage
of heat and the extraction of geothermal energy, given the volumes available, the storage coefficients and
the recharge rates involved. For that reason, we recommend using the identified age groups as targets for
groundwater flow modeling and water balance studies. For example, the presence of O group water in the
northeastern marginal through of the Roer Valley Graben near well fields BW23 and BW24 puts constraints
at modeled hydraulic conductivities of the Peel Boundary Fault zone fault zone to the east, implying that the
region could be relatively vulnerable for overexploitation and salinization. In using the age information as a
target for groundwater flow models, it should be realized that the age distributions that are manifest today
are partly the result of a slow groundwater circulation from the past, while there are signs that the increase
and deepening of abstractions for irrigation and drinking water have reversed vertical head gradients and
groundwater flow directions and perhaps recharge areas (Buma et al., 2021; Delsman et al., 2014). First sig-
nals of small proportions of modern water were determined in the mixture of the waters of the MY group
well fields, which might indeed indicate that the age distribution of some of these well fields may not yet
be at steady state. Therewith, the proportion of modern water may increase with time as the younger water
penetrates deeper into the aquifers under the current pumping regimes.

4. Conclusions

Assessing age distributions of large-scale drinking water production wells is beneficial for understanding
the evolution of water quality in time and characterizing the vulnerability of well fields and may support
water producers to ensure customer trust in the source of the drinking water. Our data set suggests that
evaluation of noble gases together with chemical and isotope tracers is effective in unraveling spatial and
temporal patterns of water quality at the scale of large well fields used for drinking water supply, and that
the application of an age histogram approach such as DTTDM helps to identify well fields with common
age characteristics and paleoclimate influence. Applying the 4 tracers 3H, *He ag, *Cprc and NGT in the DT-
TDM modeling led to a sufficiently robust ordering and grouping of the age distributions of the well fields;
the so-called “age distribution groups.” The grouping of the well fields appeared to be rather insensitive to
changes in the input series of the *He production, records of tritium in precipitation and the reconstruction
of past Holocene and Pleistocene recharge temperatures, thus enabling their use in the hydrogeological
assessment of the regional circulation. We did not intend to focus on the precise proportions of the different
age classes per individual well field and their uncertainty, but mainly concentrated on these age groups
and related them to the hydrogeological situation in the study area. The results indicated that the pump-
ing-induced mixing may involve a wide range of water ages, even though the production wells are often
partially penetrating; we relate this to the large abstraction volumes of the centralized well fields which
tend to integrate water over a considerable depth range. The analysis of these large production well fields
also suggests that measured "*Cp,c activities in pumped wells could well be the implicit result of mixing of
waters ranging between 2,000 and 35,000 years old in unknown proportions, instead of being discrete ages
with a limited variance as would be observed from sampling short-screened observation wells. We believe
that the grouping of the age of well fields will be supportive for optimizing strategies for the sustainable use
of groundwater at the supra-regional scale, allowing to evaluate the vulnerability of these fields in relation
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