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Groundwater age distributions at a public drinking water supply well
field derived from multiple age tracers (85Kr, 3H/3He, and 39Ar)
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[1] Groundwater age is a key aspect of production well vulnerability. Public drinking water
supply wells typically have long screens and are expected to produce a mixture of
groundwater ages. The groundwater age distributions of seven production wells of the
Holten well field (Netherlands) were estimated from tritium-helium (3H/3He), krypton-85
(85Kr), and argon-39 (39Ar), using a new application of a discrete age distribution model
and existing mathematical models, by minimizing the uncertainty-weighted squared
differences of modeled and measured tracer concentrations. The observed tracer
concentrations fitted well to a 4-bin discrete age distribution model or a dispersion model
with a fraction of old groundwater. Our results show that more than 75% of the water
pumped by four shallow production wells has a groundwater age of less than 20 years and
these wells are very vulnerable to recent surface contamination. More than 50% of the water
pumped by three deep production wells is older than 60 years. 3H/3He samples from short
screened monitoring wells surrounding the well field constrained the age stratification in the
aquifer. The discrepancy between the age stratification with depth and the groundwater age
distribution of the production wells showed that the well field preferentially pumps from the
shallow part of the aquifer. The discrete groundwater age distribution model appears to be a
suitable approach in settings where the shape of the age distribution cannot be assumed to
follow a simple mathematical model, such as a production well field where wells compete
for capture area.

Citation: Visser, A., H. P. Broers, R. Purtschert, J. S€ultenfu�, and M. de Jonge (2013), Groundwater age distributions at a public
drinking water supply well field derived from multiple age tracers (85Kr, 3H/3He, and 39Ar), Water Resour. Res., 49, 7778–7796,
doi :10.1002/2013WR014012.

1. Introduction

[2] It is estimated that one third of the world’s popula-
tion is dependent on groundwater [WHO, 2006]. In the
Netherlands, groundwater provides drinking water to 68%
of the population. Groundwater systems are under pressure
of overdraft and contamination, most commonly nitrate
[Foster et al., 1982; Nolan et al., 1997; Spalding and
Exner, 1993; Strebel et al., 1989]. If nitrate concentrations
in the pumped groundwater exceed the drinking water

limit, it needs to be treated. If treatment is not economically
feasible, wells are often abandoned.

[3] While European legislation is aimed at reducing the
nitrate pressure on groundwater and improving groundwater
quality [EU, 2006], many wells are threatened by rising
nitrate concentrations due to the long travel times of contam-
inants through the subsurface [Batlle-Aguilar et al., 2007].
Subsurface travel times—in this paper, referred to as ground-
water age [Etcheverry and Perrochet, 2000]—are a key
aspect of well vulnerability [Manning et al., 2005]. The
trends in groundwater quality depend on the historical load
of nitrate at the land surface [Böhlke, 2002; Broers and Van
der Grift, 2004; Visser et al., 2009b], the reactivity of the
sediments to attenuate nitrate [Green et al., 2010; Landon
et al., 2011; Zhang et al., 2009] and the groundwater age
[Broers and Van Geer, 2005; Broers et al., 2007; Duffy and
Lee, 1992; Laier, 2004; Osenbr€uck et al., 2006; Van der
Velde et al., 2012; Visser et al., 2009a]. These three factors
combined complicate the direct interpretation of trends in
pumped groundwater production wells [Broers and Van
Geer, 2005]. Independent assessment of contaminant loads,
geochemistry, and groundwater ages is therefore the key to
understanding contaminant trends in groundwater production
wells. This study focused on determining the groundwater
age distribution of a pumped drinking water production well
field from multiple age tracers.
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[4] Groundwater production wells typically have long
screens and are expected to produce a mixture of ground-
water travel times [Manning et al., 2005]. The groundwater
travel time distribution can be derived from tracer concen-
trations, and conceptual or numerical models. Analytical or
numerical groundwater flow and transport models delineate
well capture zones [Cole and Silliman, 1997, 2000; Frind
et al., 2002; Rock and Kupfersberger, 2002], assess well
vulnerability [Eberts et al., 2012; Harrar et al., 2003;
Mendizabal and Stuyfzand, 2011] and derive the age distri-
bution of groundwater pumped by the wells [Mol�enat and
Gascuel-Odoux, 2002; Visser et al., 2009c]. Ideally, these
models are calibrated against environmental tracers for
groundwater age [Sanford, 2011; Troldborg et al., 2008;
Zuber et al., 2011].

[5] The age distribution of a well cannot be determined
independently from a single age tracer. Therefore, a multi-
tracer approach is required to capture the groundwater age
distribution of a well from tracer data alone [Corcho Alvar-
ado et al., 2007; Plummer et al., 2001; S€ultenfub et al.,
2011]. At the time scale relevant for well vulnerability and
response to anthropogenic contamination (years to deca-
des), a number of age tracers are suitable: krypton-85
(85Kr) [Smethie et al., 1992], tritium-helium (3H/3He)
[Poreda et al., 1988; Schlosser et al., 1988], chlorofluoro-
carbons (CFCs) [Busenberg and Plummer, 1992], sulfur-
hexafluoride (SF6) [Busenberg and Plummer, 2000], and
argon-39 (39Ar) [Loosli, 1983; Loosli et al., 1989;
Oeschger et al., 1974]. Mathematical models representing
typical groundwater flow systems [Maloszewski and Zuber,
1993, 1998] are available to convert the tracer concentra-
tions to the age distribution [Corcho Alvarado et al., 2007;
Ivey et al., 2008; Massoudieh et al., 2012; Purtschert
et al., 1999] using software like Lumpy [Suckow, 2012] or
TracerLPM [Jurgens et al., 2012]. These software pro-
grams enable the user to find groundwater age distributions
that reproduce measured tracer concentrations, by minimiz-
ing the residuals between measured and modeled concen-
trations. At a public drinking water supply well field,
consisting of multiple production wells pumping at differ-
ent depths and locations in close proximity, wells compete
for the capture area of the entire well field and mathemati-
cal models representing isolated wells may not be a valid
assumption for the age distribution of the pumped ground-
water of individual wells within the well field. A shape-free
model [Cirpka et al., 2007]—or age histogram—can
describe age distributions that capture a broader range of
possibilities than a particular analytical solution. The
shape-free age distribution has been successfully derived
for a production well near a river from times series of elec-
tric conductivity of groundwater and river water [Cirpka
et al., 2007]. This study investigated whether a limited
number of tracers collected at a single moment are suffi-
cient to derive a unique solution of a discrete nonanalytical
age distribution.

[6] In this study, groundwater age distributions from the
drinking water production well field near Holten (Nether-
lands) were investigated, based on tritium, helium isotopes,
85Kr and 39Ar activities, using a discrete age distribution
(age histogram) approach. In addition, existing analytical
models were fitted to measured tracer concentrations and
compared to the shape of the age histogram.

[7] 3H/3He samples from monitoring wells surrounding
the well field were analyzed to (1) evaluate whether the
reconstructed historical concentrations of tritium in precipi-
tation are representative for the study site and (2) establish
the vertical age profile in the aquifer (age stratification).
The age stratification was compared with the age distribu-
tions derived from the production wells to evaluate whether
the well field evenly captures groundwater from the entire
depth of the aquifer or preferentially samples certain depths
ranges of the aquifer.

[8] In a homogeneous unconfined aquifer with a fully
penetrating monitoring well or a pumped production well
with sufficient flow to capture the entire thickness of the
aquifer, the age stratification follows a logarithmic profile
and the pumped groundwater corresponds to an exponential
groundwater age distribution model [Broers and Van Geer,
2005; Vogel, 1967]. We hypothesize that the Holten well
field as a whole acts as a pumped production well with suf-
ficient flow to capture the entire thickness of the aquifer.
We therefore state that the age stratification in the aquifer
follows a logarithmic profile (Hypothesis A), and that the
age distribution for the entire well field as a whole is expo-
nential and consistent with the logarithmic age profile in
the aquifer (Hypothesis B). We also state that the produc-
tion wells influence each other by competing for capture
area and, as a result, the groundwater age distributions pro-
duced by individual production wells differ from each other
and from the well field as a whole (Hypothesis C).

[9] The following sections describe the Holten well field
and its hydrogeological setting, the sampling and analytical
procedures, the methods to derive the groundwater age dis-
tribution, the analytical results of the collected samples and
the derived age distributions, a discussion of the validity of
our hypotheses, the expected benefits of additional tracers
and numerical approaches, and the drinking water well vul-
nerability and predicted responses to well field manage-
ment changes.

2. Methods

2.1. Hydrogeological Setting of the Holten Production
Well Field

[10] The production well field is located near Holten, in
the eastern part of the Netherlands. The area is character-
ized by the Holterberg, an ice-pushed ridge north of Holten,
consisting of thrusted sediments reaching 70 m above mean
sea level (msl). The surface elevation in the rest of the area
varies between 15 and 20 m above msl. A phreatic ground-
water system is present in the (partly ice pushed) fluvial
and periglacial deposits of 90–120 m thickness [Griffioen
et al., 2003; Ruijpers et al., 2004]. The hydrological base
of the aquifer is formed by the Breda Formation (Tertiary
marine sediments) at a depth of approximately 70–100 m
below sea level. The ice-pushed ridge, north of the well
field, is forested. Land use is mostly agricultural to the
south, west, and east of the well field [Griffioen et al.,
2003; Ruijpers et al., 2004].

[11] The Holten well field produces groundwater at a
rate of 2.5 million cubic meters per year from a depth of
10–70 m below the surface. The well field is vulnerable to
contamination because of the agricultural land use and resi-
dential areas in the capture area, the sandy aquifer,
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expected short groundwater residence times and ground-
water levels at 4–8 m below surface. Nitrate and agriculture
related contaminants like heavy metals are the largest threat
to the water quality in the production wells.

[12] The Holten well field has been the subject of a num-
ber of prior investigations, involving the well field capture
area [Iwaco, 1993], groundwater quality in relation to the
contaminant load and geochemical processes [Griffioen
et al., 2002], and a coupled transport model was used to
assess the status and development of contaminants in the
pumped groundwater [Griffioen et al., 2003]. The transport
model was later extended to a 3-D coupled reactive trans-
port model [Ruijpers et al., 2004]. A groundwater quality
negotiation support system was studied to change land use
management in the vicinity of the well field [Van den Brink
et al., 2008].

[13] The well field currently has 19 pumped production
wells with a capacity of approximately 33 m3/h each (Table
1). The total production capacity of 625 m3/h is required to
meet peak demand, but not all wells are operated continu-
ously. The first production well was constructed in 1901.
The oldest currently active production well was constructed
in 1959. Most production wells were constructed between
1960 and 1973 and are screened between 15 and 30 m
below the surface, referred to as ‘‘shallow wells.’’ In 1985,
three deep production wells were drilled and screened from
45 to 70 m below the surface. These wells were intended to
capture deep iron-rich anoxic groundwater to prevent well
clogging that occurs when shallow oxic groundwater mixes
with deep anoxic groundwater.

[14] The three deep production wells of the well field
(Figure 1) are screened in the fine sandy sediments of the
Oosterhout Formation (210 to 270 m msl). The Oosterh-
out Formation has a high hydraulic conductivity and con-
tains sparse clayey and loamy lenses with thicknesses of
several meters. At the Holten well field, the Oosterhout
Formation is intersected by coarse channel-fill sediments of
the Appelscha Formation. The shallow production wells of
the well field are predominantly screened in the Urk For-
mation (coarse sands deposited by the river Rhine, 110 to
25 m msl). South of the Holterberg, a thin unit (�1 m) of
coarse and gravely deposits (Peize Formation) from former
Baltic rivers exists below the Urk Formation. These forma-
tions have a very high hydraulic conductivity. Fluvioglacial
fine to coarse sands of the Drenthe Formation, approxi-
mately 10 m thick, are at the surface at the Holten well
field.

[15] Periglacial channel-fill deposits (Boxtel Formation),
varying from silty clay to coarse, gravely sands are found
at the surface south of the Holten well field (not shown in
Figure 1). The Boxtel Formation has a moderately high
hydraulic conductivity and within the upper few meters
local loamy or clayey lenses, originating from moraine
deposits, occur.

2.2. Well Selection, Sampling, and Measurements

[16] Eleven production wells were selected for sampling
based on their typical production, ensuring that both shal-
low and deep production wells in close proximity were
sampled. Samples for 3H/3He analysis were collected from
all 11 wells, providing over 95% of the total production.
Samples for 85Kr, 39Ar, dissolved gas and water stable iso- T
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tope analysis were collected from 7 of the 11 wells, captur-
ing 69% of the total drinking water production.

[17] Samples were collected on 20 and 21 April 2010
from a sample port at the well head during regular well pro-
duction. Tritium samples were collected in duplicate in 500
mL plastic bottles. Samples for helium and neon isotopes
were collected in duplicate in copper tubes, following the
sampling protocol of the Bremen University (http://www.
noblegas.uni-bremen.de/documents/sampling_hints.pdf).
3H/3He samples were collected from three monitoring
screens in the casing of production well 85-35 by an inertia
foot valve pump. The outlet of the sample line was elevated
3 m to provide some back pressure during the downward
motion of the inertia pump. 3H/3He samples were measured
at the Bremen Mass Spectrometric Facility for the measure-
ment of Helium Isotopes, Neon, and Tritium in Water
[S€ultenfu� et al., 2004]. 39Ar and 85Kr samples were col-
lected by degassing 2–4 m3 of water at the well head. 39Ar
and 85Kr activities were measured by low level gas propor-
tional counting in the Deep Laboratory of the Physics Insti-
tute, University of Bern, Switzerland [Loosli, 1983]. The
major gas composition (nitrogen, oxygen, argon, carbon
dioxide, methane) of the extracted gas was measured prior
to the separation of krypton and argon by gas chromatogra-
phy. Stable isotope samples were collected in 200 mL glass
bottles and analyzed at the University of Bern.

[18] To study the age distribution of the groundwater
produced by the entire well field, tracer concentrations
of the pumped mixture from all the production wells
were calculated from the separate production well sam-
ples. The production well samples were weighted to
ensure that the relative contribution of shallow (63%)
and deep (37%) wells to the total production was well
represented by the average tracer concentrations. For
example, the weight of shallow well i (WS,i) is calcu-
lated from the production (P) of well i, the sum of the
production of all shallow wells (RPS,sampled), the sum

of the production of all shallow wells (RPS) and the
well field as a whole (RPW) (equation (1)):

WS;i5
PiP

PS;sampled

P
PSP
PW

(1)

[19] The drinking water production well field is sur-
rounded by a network of multilevel monitoring wells with
short screens (1–2 m) (Table 2) to measure water level fluc-
tuations and monitor water quality parameters. Eight multi-
level wells (26 screens total) of the monitoring network
were sampled in May 2010 for tritium, helium isotopes,
and noble gases to provide the age stratification in the aqui-
fer. Tritium samples were collected in 500 mL plastic bot-
tles using an inertia foot valve pump. Helium isotope and
noble gas samples were collected by advanced diffusion
samplers [Gardner and Solomon, 2009] from 22 screens.
The total dissolved gas pressure (TDG) was measured at
the screen depth of the monitoring well using a TDG probe
[Manning et al., 2003; Visser et al., 2007] and again in the
advanced diffusion samplers in the laboratory. Nine noble
gas samples were repeated in March 2011 because the pre-
vious results showed incomplete equilibration with well
water. Tritium samples were repeated at the same time.
Noble gases and nitrogen were analyzed at the University
of Utah dissolved and noble gas laboratory. Tritium sam-
ples were measured in Bremen [S€ultenfu� et al., 2004].

2.3. Data Interpretation

2.3.1. Noble Gas Dissolution Models
[20] The noble gases measured in the advanced diffusion

samplers were fitted to five excess air and degassing mod-
els (unfractionated air (UA) [Heaton and Vogel, 1981],
closed equilibrium (CE) [Aeschbach-Hertig et al., 1999],
partial reequilibration (PR) [Aeschbach-Hertig et al., 2000;
Stute et al., 1995], equilibrium degassing (ED) [Aesch-
bach-Hertig et al., 2008; Visser et al., 2007], and diffusive

Figure 1. Cross section and map of the Holten public drinking water production well field.
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degassing (DD) [Brennwald et al., 2005]), by minimizing
the uncertainty-weighted squared deviations between mod-
eled and measured concentrations [Aeschbach-Hertig et al.,
1999; Ballentine and Hall, 1999], denoted by v2 (equation
(2)), using a bound constrained quasi-Newton method
[Byrd et al., 1995].

v25
X

i

ðCi;o2Ci;mÞ2

r2
i

i5Ne ;Ar ;Kr ;Xeð Þ (2)

[21] Ci,m are the modeled noble gas concentrations, Ci,o

and r2
i are the observed noble gas concentrations and their

uncertainties.
[22] The expected value of v2 is the number of degrees

of freedom, i.e., the number of measurements less the num-
ber of parameters. The probability of the fit for each sample
was obtained from the v2 distribution with a given number
of degrees of freedom (greater than zero) [Johnson et al.,
1995]. To evaluate the ability of each excess air or degass-
ing model to describe the observed noble gases in the entire
data set, the v2 contributions of samples were summed and
the v2 probability was derived, given the total number of
degrees of freedom for the entire set [Aeschbach-Hertig
et al., 1999]. For this evaluation, the data set was split
between excess air (DNe> 0%) and degassed samples
(DNe< 0%) and samples without an acceptable fit to any
of the models were excluded.

[23] The helium and neon isotope measurements collected
from the pumped production wells do not provide sufficient
information to estimate excess air fractionation. Therefore,
tritiogenic 3He and radiogenic 4He [Solomon et al., 1996]
were calculated based on the median noble gas recharge
temperature and the unfractionated excess air or equilibrium
degassing model. This ensured that all data was treated
equally. Tritiogenic 3He in degassed samples was calculated
assuming equilibrium degassing [Visser et al., 2007]. The
analytical uncertainty was propagated numerically through
the calculations of tritiogenic 3He, radiogenic 4He and the
3H/3He age, by adding 1000 different random realizations of
measurement noise to the measured values. The derived
parameters were calculated from each realization and the
uncertainty was calculated as the standard deviation of the
set of 1000 realizations [Visser et al., 2007].

2.3.2. Age Models
[24] To derive a groundwater age distribution from the

available age tracer data, a shape-free discrete groundwater
age distribution model was applied. In this approach, the
groundwater age distribution is described by a histogram of
n bins of width w with a uniform age distribution within
each bin, and is defined by n 2 1 parameters bi prescribing
the fraction of groundwater in each bin. The groundwater
age distribution gt follows equation (3):

gt5

bi=w ði21Þw < t � iw

12
Xn21

i51

bi t > ðn21Þw

8>><
>>: (3)

[25] Because most groundwater age tracers (tritium, tri-
tiogenic 3He, 85Kr, SF6, CFCs) relate to the period since
1950, 1 bin represents groundwater that recharged before

1950. The groundwater age distribution of the old ground-
water bin can only be refined if multiple old groundwater
tracers (39Ar, radiocarbon (14C), radiogenic 4He) are
available.

[26] In this study, we fitted age histograms with 3, 4, 5,
and 9 bins to the observed tracer data. Estimating a ground-
water age distribution with many more bins (parameters)
than tracers is a highly underdetermined problem. For the
9-bin age distribution, an additional constraint was added
to the objective function to encourage the smoothness of
the estimated groundwater age distribution. The constraint
was defined as the sum of the squared differences between
the relative proportions (f) of the n adjacent bins and added
to the v2 contributions of the tracers (equation (4)).

S5
Xn21

i

ðfi2fi11Þ2 (4)

[27] This smoothness constraint is a simplified form of
regularization [Tikhonov and Arsenin, 1977], similar to the
formal shape constraint of the free age distribution
described by Cirpka et al. [2007].

[28] The groundwater age distributions gt were also
approximated by various combinations of mathematical
models [Maloszewski and Zuber, 1982], such as the expo-
nential model (equation (5)) defined by a mean travel time
s, the dispersion model (equation (6)) defined by a mean
travel time s and dispersion parameter PD, and binary mix-
tures of these two models with a fraction of premodern
groundwater (equations (7) and (8)).

gt 5 e2t=s=s (5)

gt5
e

2 t2sð Þ2

4PDs�tð Þ

t �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pPDt=sð Þ

p (6)

gt5
12foldð Þe2t=s=s t 6¼ sold

fold t5sold

(
(7)

gt5 12foldð Þ e

2 t2sð Þ2

4PDs � tð Þ

t �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pPDt=sð Þ

p t 6¼ sold

fold t5sold

8>>>><
>>>>:

(8)

[29] In this paper, the derived groundwater age distribu-
tions are plotted cumulatively. Ordinary groundwater age
distributions (Figure 2a) show the contribution of each age
(in years). Cumulative age distributions (Figure 2b) show
the fraction of water that is younger than a particular age.
The cumulative age distribution has the advantage that it is
easier to estimate a fraction of water within a certain age
range.

[30] Tritium concentrations in historical precipitation at
the Holten well field were reconstructed from seven time
series of the Global Network of Isotopes in Precipitation
(GNIP: Ottawa, Vienna, and nearby stations Groningen,
Emmerich, Beek, De Bilt, and Bad Salzuflen) [IAEA/
WMO, 2010]. First, the Vienna time series was recon-
structed by linear regression with the Ottawa time series for
the period prior to 1963. Second, the slopes of regression
lines between the five nearby stations to the Vienna time
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series were determined. The average of the slopes,
weighted by the inverse distance to the Holten well field,
was then used to reconstruct the local historical tritium con-
centrations in precipitation. The historical tritium concen-
trations were compared with the sum of tritium and
tritiogenic 3He concentrations (‘‘initial tritium’’) observed
in the monitoring wells, assuming piston flow toward the
short screened monitoring wells. This comparison was
aimed at verifying the historical concentrations of tritium
in precipitation, as well as estimating the escape of tritio-
genic 3He to the atmosphere during transport in the unsatu-
rated zone. Historical concentrations of tritium in
precipitation have also been verified in short screened mon-
itoring wells in sandy regions of the Netherlands [Mei-
nardi, 1994].

[31] The time series of the 85Kr activity in the atmos-
phere collected and measured at Freiburg im Breisgau
(Institute of Atmospheric Research (IAR), Freiburg, Ger-
many) was used for Holten without correction. This is
likely a lower estimate for our study area because of the
proximity to the reprocessing facilities Sellafield and La
Hague compared to Freiburg [Winger et al., 2005].

3. Results

3.1. Monitoring Well Results

3.1.1. Dissolved Gas Results
[32] The noble gas concentrations from the diffusion

samplers—except helium—were fitted to all of the excess
air (UA, CE, PR) and degassing (ED, DD) models (Table
2). Of the 15 samples containing excess air
(0%<DNe< 50%), 11 samples fitted to the unfractionated
air model with a probability of more than 5%. One sample
fitted only to the partial reequilibration model. Three sam-
ples did not give a probable fit to any of the excess air mod-
els. Of the seven samples that showed signs of degassing
(252%<DNe< 0), four fitted to the equilibrium degassing
model and two fitted to the diffusive degassing model. For
the entire set of samples containing excess air, the partial
reequilibration model is the most appropriate, with a com-
bined probability of 60%. Both the unfractionated air

model (5.4%) and closed equilibrium model (6.1%) are
acceptable. Neither the equilibrium degassing or diffusive
degassing model are acceptable for all degassed samples
because some samples specifically fit to one model, yield-
ing a very high v2 to the other model. In summary, no sin-
gle excess air or degassing model appears to be capable of
describing all the observed noble gas concentrations in this
data set. The median estimated recharge temperature of the
accepted fits (10.1�C) is in good agreement with the mean
annual air temperature (9.6�C) recorded at the nearby
Twenthe meteorological station [KNMI, 2012].

[33] All samples contained excess dissolved nitrogen
with respect to the dissolved argon concentration (Figure
3), which is the result of denitrification. The total dissolved
gas pressure measured in the diffusion samplers correlated
with the nitrogen concentration (R2 5 0.98) indicating that
the gas source and the cause of degassing is denitrification
[Visser et al., 2007, 2009d]. The total dissolved gas pres-
sure was measured both in the field and in the diffusion

Figure 3. Argon and nitrogen concentrations in produc-
tion and monitoring wells show excess nitrogen from
denitrification.

Figure 2. Examples of groundwater age distributions derived from an exponential model (s 5 15
year), a dispersion model (s 5 20 year, PD 5 0.1), and a histogram model, (a) plotted directly and (b)
cumulatively. The fraction of water within a particular age range is easily interpreted from the cumula-
tive age distribution.
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sampler. These measurements correlated (R2 5 95%) indi-
cating that field probe total dissolved gas measurements
can serve as proxy for dissolved nitrogen concentrations.
3.1.2. Initial Tritium Concentrations in Monitoring
Well Samples

[34] ‘‘Initial tritium’’ refers to the tritium concentration
which entered the saturated zone at the time of recharge.
Under the assumption of piston-flow conditions, it is the
sum of tritium and tritiogenic 3He in the sample. Three
samples from monitoring wells contain less than 0.05
(60.02) TU tritium and can be considered more than 99%
premodern. The available noble gas data for one of these
samples contained 6.8 3 1027 cm3 STP/L radiogenic 4He.
Assuming a radiogenic helium isotope ratio of 2 3 1028,
1.36 3 10214 cm3 STP/L of 3He can be attributed to radio-
genic helium, less than 0.2% of the measured concentration
of 3He (7.53 3 10212 cm3 STP/L). The remainder was con-
sidered tritiogenic and the initial premodern tritium con-
centration was calculated to be 3.0 (60.4) TU. This
concentration was used for tritium in precipitation prior to
1953. This estimate is less than the 5 TU reported for cen-
tral Europe by Roether [1967].

[35] For all other samples, the 3H/3He ages were calcu-
lated, and the sum of tritium and tritiogenic 3He (initial trit-
ium) was plotted together with the reconstructed
concentrations of tritium in historical precipitation (Figure
4). Groundwater samples with a 3H/3He age of less than 10
years contain less tritium than present day annual mean
precipitation, indicating a loss of tritiogenic 3He from trit-
ium decay in the unsaturated zone or preferential recharge
during winter periods. For screens younger than 30 years,
the sum of tritium and tritiogenic 3He in samples from the
monitoring network is consistent with the reconstructed
tritium concentrations in historical precipitation, consider-
ing a 2 year unsaturated zone travel time.

[36] Seven monitoring well samples with a 3H/3He age
of more than 30 years (recharged before 1980) show larger
discrepancies with the reconstructed historical concentra-
tions of tritium in precipitation, possibly caused by disper-
sion or binary mixing with a fraction of old water. A small
fraction of radiogenic 4He confirms an old groundwater
component in four of these screens. This is in agreement
with field tests and theoretical expectations [Engesgaard
et al., 1996; Gelhar et al., 1992]. The 3H/3He ages of sam-
ples that show dispersion or mixing may differ from the
mean or median ages of the actual age distribution of the
sampled groundwater and are likely biased toward recharge
periods with high concentrations of tritium in precipitation,
i.e., the bomb-peak period. The effects of dual domain
mass transfer are not sufficient to explain these large differ-
ences of tritium concentrations [Neumann et al., 2008].
3.1.3. Vertical Age Profiles

[37] At the monitoring well locations, the surface eleva-
tion varies between 15 and 21 m above mean sea level
(msl). Groundwater levels in the monitoring wells varied
between 10.7 and 13.6 m msl at the time of sampling.
3H/3He ages generally increase with depth in the top 30 m,
ranging from less than 1 to 31 years (Figure 5). A down-
ward vertical groundwater velocity of 0.8–1 m/yr was esti-
mated by dividing the depth of the sampled screen by the
3H/3He ages of samples that did not show significant dis-
persion or mixing with premodern groundwater (i.e., for
which initial tritium follows the historical input
concentrations).

[38] All groundwater samples below 210 m msl contain
either a mixture of young and old groundwater or exclu-
sively old groundwater. Three deep monitoring wells below
225 m msl contain less than 0.03 (60.02) TU tritium, indi-
cating the depth of the boundary between modern and
‘‘old’’ groundwater.

Figure 4. Historical tritium concentrations in precipitation after a 2 year unsaturated zone travel time.
Sum of tritium and tritiogenic 3He in samples is plotted at the 3H/3He recharge year.
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3.2. Production Well Results

[39] In this section, first the measured tracer data from
the production wells are reported and apparent ages for
each of the separate tracers are derived. Second, a com-
bined qualitative age tracer interpretation is presented.
Third, the measured tracer concentrations are used to esti-
mate groundwater age histograms using a novel discrete
approach as well as commonly used mathematical models.

[40] All samples collected from the production wells
contained more than 1 TU of tritium, indicating that all
wells contain a significant fraction of modern groundwater
and are therefore vulnerable to recent anthropogenic con-
tamination. All samples contained detectable amounts of
85Kr, confirming the young groundwater detected by trit-

ium. The presence of tritium in deep production wells, in
contrast to monitoring wells at the same depth, indicates
that they draw a fraction of younger groundwater from
shallower parts of the aquifer.

[41] Neon concentrations in the production wells vary
from moderate amounts of excess air (n 5 8) to slight
depletion due to degassing by in-aquifer nitrogen produc-
tion (n 5 3). Depleted neon concentrations are found in
production wells at the southern half of the well field, close
to the monitoring wells under agricultural land use in which
depleted neon concentrations were detected. The tritiogenic
3He component in these samples was calculated assuming
degassing at the time of recharge, which yields a lower esti-
mate than assuming degassing at the time of sampling
[S€ultenfub et al., 2011; Visser et al., 2007]. The 85Kr and
39Ar isotope ratios are not affected by degassing and do not
require a correction.

[42] The relative abundances of nitrogen and argon
(measured in the extracted gas for 85Kr and 39Ar determina-
tion) were converted to dissolved gas concentrations using
the measured neon concentrations, assuming unfractionated
excess air. This calculation also assumes the gas extraction
efficiency of neon, argon, and nitrogen is equal. The result-
ing figure (Figure 3) shows the enrichment of nitrogen with
respect to argon. The calculated excess nitrogen from deni-
trification is equivalent to 20–100 mg/L nitrate. Shallow
production wells contain both 2–6 mg/L dissolved oxygen
and excess nitrogen by denitrification, indicating these
wells pump a mixture of oxic and anoxic groundwater. Dis-
solved oxygen is absent in the deep production wells.

[43] Tritiogenic 3He concentrations range from the
equivalent of 6.4 TU in one of the deep production wells to
the equivalent of 27 TU in one of the shallow production
wells. The deep production well samples also contain a
radiogenic 4He component of 10–24% of atmospheric equi-
librium 4He concentrations.

[44] Vertical profiles of isotopes measured in the shallow
production well 67-19 and in the monitoring wells in the
casing of the nearby deep production well 85-35 provide
additional insight in the flow structure and mixing around
these wells (Figure 6). The measured tritium (Figure 6a)
and tritiogenic 3He (Figure 6b) concentrations in the shal-
low monitoring well in the casing of 85-35, at 26 m well

Figure 5. Vertical profile of 3H/3He groundwater ages in
production wells and multilevel monitoring wells (screens
from the same well are connected by dashed lines). Screen
lengths are indicated by vertical lines, age uncertainty by
horizontal error bars for the monitoring screens.

Figure 6. (a) Profiles of tritium, (b) tritiogenic 3He, (c) 3H/3He age, and (d) radiogenic 4He in nearby
production wells 67-19 and 85-35, and the monitoring wells in the casing of 85-35.
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above the production screen, correspond well to those
measured in production well 67-19. Tritium concentrations
increase along the screen of the deep production well. The
mixture pumped by the deep production well contains less
tritium indicating an old groundwater component is mixed
in with the tritium bearing young groundwater. On the
other hand, the measured radiogenic 4He component (Fig-
ure 6d) in the two deeper monitoring screens (85-35-46 and
85-35-72) is higher than in the production well 85-35, indi-
cating a larger fraction of young groundwater is present in
the production well than in these monitoring wells
[S€ultenfub et al., 2011]. These discrepancies are likely the
result of lateral variations of groundwater inflow sources at
the same depth of the production well screen.

[45] The 39Ar activities in the shallow production wells
are all over 90 (610) percent of the modern atmospheric
activities (%modern), while the 39Ar activities of the three
deep production wells range from 77 to 51 (68) %modern.
These 39Ar activities found in the deep production wells
correspond to ages of 100 (640) years to 260 (660) years.
Given the presence of tritium in all these samples, the
actual age distribution of groundwater in these wells ranges
from present to possibly several hundreds of years, depend-
ing on the fraction of old groundwater bearing the low 39Ar
activities. The 39Ar activities indicate a groundwater sys-
tem with mean ages in the centennial rather than millennial
scale.

[46] Stable isotopes of water (2H and 18O) measured in
the production wells show a clear distinction between the
shallow and deep wells (Figure 7). Stable isotopes in shal-
low wells are close to the present meteoric water line, while
the deep wells show a significant enrichment in 18O indica-
tive of an evaporation signal. This could indicate soil evap-
oration from barren sand on the Holterberg before
forestation. The isotope ratios of the groundwater samples

are very close to the precipitation-weighted local mean
(PWLM) isotope ratios, indicating that there is no preferen-
tial recharge of winter precipitation that would bias the trit-
ium input into the groundwater system, which is in
agreement with previous observations [Gehrels et al.,
1998]. The isotope signatures in the wells are slightly
shifted toward the mean monthly isotope ratios between
May and October. This shift would indicate an unusual
preference for recharge of summer precipitation.

[47] The radiogenic 4He concentrations correlate with
the 39Ar activities in the three production wells (Figure 8a),
either as a result of mixing between young and old ground-
water or by the release of 4He on the 39Ar decay time scale.
A 4He release rate (R) between 10 and 20 lcm3 m23 yr21

would yield the observed 4He concentration and 39Ar activ-
ities. This rate is 1 order of magnitude smaller than the in
situ 4He release rates reported by Solomon [Solomon et al.,
1996] and less than the 50 lcm3 m23 yr21 found near the
Ems [S€ultenfub et al., 2011]. However, with such accumu-
lation rates, 4He should also be visible in the monitoring
wells at the 3H/3He time scale (Figure 8b) which was not
observed. Consequently, the radiogenic 4He in the deeper
wells is either the result of a diffusive external influx of
4He from the underlying Tertiary marine sediments that
form the hydrological base of the aquifer (Breda Forma-
tion) or it indicates a groundwater component with an age
of several thousands of years that has accumulated 4He in
situ. Additional tracer information such as radiocarbon
(14C) [Fontes and Garnier, 1979; Kalin, 1999; Mook,
1980] is required to test these hypotheses.

[48] The 3H/3He ages in the shallow production wells
vary from 13 to 28 years, those in the deep production
wells from 33 to 38 years. These 3H/3He ages in mixed
samples are biased toward recharge periods with high con-
centrations of tritium in precipitation. The concentrations

Figure 7. Stable isotopes of water in production well samples (red). (a) The annual precipitation-
weighted local mean (PWLM, open circle) and monthly mean values of the Groningen GNIP station
[IAEA/WMO, 2010] are also plotted, together with the global (GMWL) and local (LMWL) meteoric
water line. (b) Deep production wells show a significant enrichment in 18O.
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of tritium and tritiogenic 3He in the shallow production
wells are similar to those found in the monitoring wells
(Figure 4). The 85Kr ages range from 12 to 13 years in the
shallow production wells to 27–39 years in the deep pro-
duction wells. Like 3H/3He ages, 85Kr ages are biased
toward the period with the higher initial tracer concentra-
tion. 85Kr ages are younger than the 3H/3He ages (Table 1),
indicating that the production wells sample a mixture of
water with young groundwater ages.

[49] Tracer-tracer plots (Figure 9) combine the measured
tracer concentrations in the production well samples with
the decay-corrected predicted tracer concentrations for var-
ious models and travel times. The piston-flow model (black
line) still shows the annual variations in 85Kr, tritium and
tritiogenic 3He concentrations. The mixing of groundwater
ages in the exponential model (bold grey line) results in a
smooth line distinctly different from the piston-flow model.

[50] Deriving a discrete groundwater age distribution is
essentially estimating mixing fractions of end-members
representing the average tracer concentration for each
groundwater age bin of the histogram [De Louw et al.,
2011]. The tracer-tracer plots are illustrative of the end-
member mixing character of the discrete groundwater age
distribution model. The four end-members of the 4-bin
groundwater age distribution are calculated by taking the
average of the decay-corrected tracer concentrations within
the 20 year bins (large black dots in all plots of Figure 9
numbered 1–4). For example, the first point represents the
average decay-corrected tracer concentrations for ground-
water with an age between 0 and 20 years. Bold dashed
lines connect adjacent end-members; thin dashed lines con-
nect the first two end-members with the old fraction end-
member.

[51] The values of the end-members need to be known,
to be included in the estimating of the mixing ratios. Since
none of the wells that were sampled for 39Ar produces

exclusively old groundwater (all wells contain tritium) it is
not possible to directly define an 39Ar activity representa-
tive of the old groundwater component in the mixture. The
39Ar end-member of the old fraction was therefore esti-
mated to be 45% modern (representing an age of 310
years), based on the plots of 39Ar versus tritium and 85Kr.

[52] All samples fall within the triangle of end-members
1, 2, and 4, and appear to be mixtures between the first (0–
20 years), second (20–40 years), and fourth (>60 years)
end-member of the 4-bin age distribution. The presence of
a small component of the third bin cannot be excluded, but
none of the samples appear to be dominated by this bin.
The apparent absence of groundwater from the third bin
(40–60 year) is consistent with the observation that all sam-
ples from monitoring wells in this age range show mixing
with premodern groundwater.

[53] Production well 59-05 falls outside the end-member
mixing triangle for tritiogenic 3He and 85Kr (Figure 9d),
and appears to contain some excess tritiogenic 3He. The
measured neon concentration in this sample was below
equilibrium indicating degassing of noble gases. The
enrichment of tritiogenic 3He in this sample may be attrib-
uted to a trapped gas phase in the aquifer containing legacy
tritiogenic 3He from the bomb pulse. This effect has been
shown to occur in two-phase flow and transport simulations
of degassing by denitrification [Visser et al., 2009d]. The
effect on the 85Kr has not been simulated. Given the input
curve of 85Kr, the effect of a trapped gas phase would be
the net release of krypton with a lower 85Kr activity. Due to
the higher solubility of krypton, this effect would be 1
order of magnitude smaller than for tritiogenic 3He.

3.3. Groundwater Age Distributions in Production
Wells

[54] Discrete age distributions were quantified by mini-
mizing the v2 deviations between measured and modeled

Figure 8. (a) Radiogenic 4He and 39Ar in production well samples. (b) Radiogenic 4He against 3H/3He
age in production and monitoring well samples. Dashed lines show the accumulation of radiogenic 4He
on the 39Ar and 3H/3He time scales assuming different production rates.
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Figure 9. Plots of all combinations of measured tracers with the predicted tracer concentrations for the
piston flow and exponential model, and the end-members of the 4-bin discrete age distributions. Piston
flow recharge years are indicated by small black numbers, mean travel times of the exponential model
by small gray numbers, the bin numbers of the 4-bin discrete age distribution by large blank numbers.
The third bin end-member is outside the plotted scale in most of the graphs.
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Figure 10. Cumulative groundwater age distributions of the individual production wells and the well
field as a whole (equation (1)) described by discrete models with (a) 3, (b) 4, (c) 5, and (d) 9 bins, (e) a dis-
persion model, (f) an exponential model, (g) a dispersion model with an old fraction, (h) an exponential
model with an old fraction. Accepted models (Pv2� 1%) are solid lines, rejected models (Pv2< 1%) are
dashed lines.
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tracer concentrations. The modeled concentrations were
calculated by multiplying the fraction of water in each bin
with the average of the decay-corrected tracer concentra-
tions for each bin. First, a 3-bin groundwater age distribu-
tion (two parameters) was fitted (Figure 10a and Table 3).
The breaks between these bins are located at 30 and 60
years, corresponding to the recharge years 1980 and 1950.
The v2 probability of the groundwater age distributions is
less than 1% for all production wells, except 72-22 and 85-
33 (Table 3). The 3-bin groundwater age distribution
appears too restrictive to describe the actual groundwater
age distribution with an acceptable probability, yet the
shape of the groundwater age distributions is informative.

[55] The shapes of the 4-bin groundwater age distribu-
tions (three parameters) are similar to the 3-bin ground-
water age distributions (Figure 9b). The fractions of old
groundwater in the shallow production wells are estimated
to be larger (8–16%), while the young fraction is almost
entirely younger than 20 years in these wells. In the deep
production wells, the first bin (0–20 years) contributes less
than the second bin (20–40 years). The v2 probability of
these groundwater age distributions vary from 5% to 95%.
The high Pv2 for well 85-33 might indicate that the uncer-
tainty of the tracer data has been underestimated. The com-
bined probability of the 4-bin model is 5%. The 4-bin
groundwater age distribution predicted for the entire well
field (equation (1)) is in between those of the shallow pro-
duction wells and deep production wells. For the entire
well field, 55% of the pumped groundwater is younger than
20 years, 33% is older than 60 years. Only 11% is 20–40
years old and less than 1% is estimated to be 40–60 years
old. The v2 probability of this distribution is lower (2%)
partly due to the lower propagated measurement uncer-
tainty of the average tracer concentrations.

[56] The 5-bin groundwater age distributions (Figure 9c)
reveal more detail and show larger differences between the
shallow production wells. No v2 probability can be calcu-
lated with zero degrees of freedom, but the reduction of the
v2 error is informative of the improvement of the fit. The
reduction of the v2 indicates that the 5-bin groundwater age
distribution more closely resembles the age tracers pro-
duced by these wells. The 9-bin groundwater age distribu-
tions (Figure 9d) are similar to the 5-bin groundwater age
distributions.

[57] The dispersion model defined by two parameters
[Maloszewski and Zuber, 1982] estimates probable
(Pv2� 64%) groundwater age distributions for three of the
shallow production wells (Figure 10e and Table 3). A
binary mixture of the dispersion model with an old fraction
(three parameters, Figure 10g) estimates probable
(Pv2� 16%) groundwater age distributions for all of the
production wells. The mean travel time parameter of the
dispersion model for three of the shallow production wells
is 12–14 years with a dispersion parameter of 0.07–0.13
and an old fraction of less than 1%. The three deep produc-
tion wells have a mean travel time parameter of 21–22
years for the young fraction and a dispersion parameter of
0.08–0.12. Two deep wells have an old fraction of 55–
57%; the third deep well has an old fraction of 87%. The
groundwater age distribution of the entire well field is mod-
eled by the dispersion model with an old fraction of 28%
with a v2 probability of 10%. This age distribution agrees T
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well with the 4-bin discrete age distribution, estimating a
large fraction (59%) of pumped groundwater that is
younger than 20 years and a small fraction (13%) in the
20–40 year old age range. 1% is estimated to be 40–60
years old and 28% is older than 60 years.

[58] The exponential model [Maloszewski and Zuber,
1982] provides no plausible age distribution for any of the
production wells or for the well field as a whole (Figure 10f
and Table 3). A binary mixture of an exponential model
with an old component (Figure10h) provides a good fit for
only two of the production wells. The contribution of
bomb-peak groundwater in the continuous exponential
model causes large deviations from the measured tritium
and tritiogenic 3He concentrations (see Figure 8a) resulting
in high v2 values.

4. Discussion

[59] The age distributions of seven production wells of
the Holten well field were characterized based on 85Kr, trit-
ium, tritiogenic 3He and 39Ar using a discrete age model
and existing mathematical age models. The network of
monitoring wells surrounding the well field was investi-
gated using 3H/3He dating to establish the age stratification
of the aquifer.

[60] The age depth profile did not show a logarithmic
age increase over the entire depth of the aquifer (Hypothe-
sis A). While an age increase with depth was observed in
the top 30 m, deeper screened monitoring wells appear to
sample groundwater that is strongly affected by dispersion
or mixing with ‘‘old’’ groundwater.

[61] If all parts of the aquifer contribute equally to the
mixture of groundwater pumped by the production wells,
the age distributions of pumped groundwater should
reflect the age stratification of the aquifer. The combined
age distribution of the entire well field does not fit to an
exponential age distribution (Hypothesis B). While this is
in agreement with the observation that the age stratifica-
tion was not logarithmic over the entire depth of the
aquifer, a more detailed analysis shows that the Holten
well field as a whole does not represent the age stratifica-
tion in the aquifer. Both the 4-bin discrete age distribu-
tion and the dispersion model age distribution with an
old fraction predict over 55% of groundwater with an
age of less than 20 year in the pumped groundwater mix-
ture of the entire well field. Groundwater in that age
range is only found in the top 10–15 m of the aquifer,
representing less than 20% of the aquifer thickness.
Groundwater in the age range of 20–40 years constitutes
10–15% of the pumped groundwater and 40–60 year old
groundwater appears to contribute 1% to the pumped
groundwater mixture. Monitoring well results indicated
that groundwater in this age range was impacted by dis-
persion or mixing with old groundwater. Old groundwater
(that recharged before 1950) constitutes about 30% of the
pumped groundwater. Tritium-dead groundwater is found
below 225 m msl, in approximately 50% of the aquifer
thickness. This comparison shows that the Holten well
field as a whole does not represent the age stratification
in the aquifer because it preferentially pumps shallow
groundwater from the Urk and Peize Formations which
have a higher hydraulic conductivity (Hypothesis B).

[62] The differences between the groundwater age distri-
butions derived for the individual production wells show
that these wells influence each other by competing for cap-
ture area. The resulting groundwater age distributions of
individual production wells is different from the age strati-
fication in the aquifer (Hypothesis C).

[63] The old fraction in the shallow production wells is
probably caused by high gradients abstracting water from
the Oosterhout Formation in the vicinity of the shallow pro-
duction wells. The difference between the groundwater age
distributions of the deep production wells is likely the
result of the influence of shallower production wells in the
well field, for example the intermediately deep production
well (04-38) near the deep production well 85-33 (Figure
1). The measured concentrations of age tracers in this inter-
mediate production well are in between those of the nearby
shallow production wells (59-05 and 72-22) and the deep
production well (85-33). The intermediate production well
captures shallow and younger groundwater that would have
been captured by the deep production well if well 04-38
were absent. In terms of the age distribution, intermediate
well 04–38 captures the fraction of modern water that con-
tributes nearly 40% to the other deep production wells (85-
34 and 85-35) but not to 85-33.

[64] Mixing of groundwater components with different
ages is an important process in production well fields. Our
study shows that the resulting age distributions of the pro-
duction wells can be deconvoluted by the combination of
tracers with different decay-corrected historical records,
like tritium, 3He and 85Kr. The discrete groundwater age
distribution model appears to be a suitable approach to
derive an age distribution from tracer concentrations in set-
tings where the age distribution cannot be assumed to fol-
low standard mathematical models for individual wells. A
production well field where wells compete for capture area
is an example of such a setting.

[65] The benefit of the 39Ar measurements is relatively
small for the shallow production wells because of the large
fraction of young groundwater in those wells. However, the
39Ar measurements did reveal that the age structure in
deeper parts of the aquifer is on a centennial time scale and
significantly improved the dating of deep production wells.

[66] The uncertainties of the historical concentrations of
85Kr and tritium in recharging groundwater have not been
considered in detail. Tritium and tritiogenic 3He measure-
ments from short screened monitoring wells in combination
with the historical tritium input concentration in precipita-
tion were used to derive a travel time through the unsatu-
rated zone of 2 years. Stable isotopes of water in
groundwater are close to the precipitation-weighted annual
mean and therefore preferential recharge of winter precipi-
tation is not expected to affect the tritium input. If the
uncertainties in the input are included, more weight will be
assigned to the 39Ar measurements because the initial activ-
ity of 39Ar is spatially and temporally better constrained
than that of 85Kr and tritium.

[67] Combined tracer methods only add information to
the groundwater age distribution if the historical recharge
concentrations, the radioactive decay constants or the
ingrowth rates are distinctly different [Larocque et al.,
2009]. The curve of historical atmospheric concentrations
of SF6 is very similar to the decay-corrected activities of
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85Kr in the atmosphere. The sensitivity to excess air,
degassing and local sources of contamination add to the
uncertainty in the source of SF6. Additional SF6 measure-
ments could potentially improve the understanding of struc-
tural model errors and observational errors.

[68] The historical atmospheric concentrations of CFCs
reach a plateau in the early 1990s. Because this is distinctly
different from SF6 or 85Kr, CFCs could add information
about the contribution of 20–30 year old groundwater in
the mixture. However, CFCs are very often subject to local
contamination and also to degradation in anoxic aquifers
[Hinsby et al., 2007; Sebol et al., 2007; Tesoriero et al.,
2000; Visser et al., 2009d].

[69] Radiocarbon (14C) from the deep production wells
could have revealed more details about the age structure of
the deeper parts of the aquifer. To further investigate the
age structure in the deeper part of the aquifer, 39Ar meas-
urements are needed from monitoring wells that are
screened deeper than those currently sampled. Noble gas
data from such monitoring wells in combination with 39Ar
could map the source, depth and release rate of the radio-
genic 4He in the aquifer [Solomon et al., 1996].

[70] A Bayesian approach to interpreting the multiage-
tracer data sets [Massoudieh et al., 2012] in combination
with a shape-free age distribution [Cirpka et al., 2007] with
a formal smoothness constraint will provide flexibility and
an uncertainty analysis of the derived age distribution, and
can perhaps attribute these uncertainties to model uncer-
tainty (e.g., age tracer input or vadose zone transport) or
measurement uncertainty (e.g., analytical and representa-
tive capture volume of production wells), directing future
efforts to reduce uncertainty of the age distribution.

[71] The Holten drinking water production well field has
expanded historically, most significantly by the installation
of the deep production wells. While the hydrodynamic con-
ditions (heads) have likely reached a new steady state, the
tracer conditions may still be transitioning from a previous
steady state (i.e., pumping by shallow production wells
only before 1985, or no significant pumping before 1960)
to the present day pumping regime [Zuber et al., 2011].
Therefore, the derived tracer-based age distributions are
valid under the current pumping regime at present, and
may evolve further. In addition, future variations of well
pumping rates, abandoning of wells or drilling additional
wells will impact the groundwater captured by existing
wells and therefore also the age distribution of individual
wells. Transient numerical flow models are required to pre-
dict the response to such changes in the well field opera-
tion. The modeled period must cover the entire history of
the well field production to represent the transient ground-
water flow paths resulting from groundwater pumping. The
measured tracers then provide an objective for calibrating
such numerical models at the time of tracer sampling.

[72] The groundwater age distributions of the Holten
well field show that the shallow production wells are very
vulnerable to surface contamination, having an age of less
than 20 years for more than 75% of pumped groundwater.
This short travel time will also cause these wells to respond
quickly to reductions in surface loads from agriculture
[Broers et al., 2004]. The decreasing nitrate concentrations
found in these wells confirm this expected response [Broers
et al., 2012]. The contaminant loads from agriculture and

geochemical properties of the subsurface in the capture
zone of the production well field can be characterized by
the water quality data from the monitoring well field in
combination with the 3H/3He ages at these screens [Visser
et al., 2009a].

[73] A large proportion of the water pumped by the deep
production wells is older than 60 years. The apparent 39Ar
age of this old fraction is at the centennial rather than mil-
lennial scale. As a result, sustained agricultural practices
will likely impact the water quality in the deep aquifer and
its contribution to the Holten well field. These aspects of
the age distribution of a drinking water production well
field are key to understanding observed trends in contami-
nants, to predict future trends to support well field manage-
ment decisions (continue, deepen, abandon, or treat), and to
guide capture zone protection measures.

5. Conclusions

[74] Deriving a groundwater age distribution requires
multiple tracers, especially if the shape of the distribution
cannot be assumed to follow a particular mathematical
model. This is the case for wells in a drinking water pro-
duction well field that influence each other by competing
for capture area. A novel application of a discrete ground-
water age distribution model appears to be capable of cap-
turing the shape of the groundwater age distribution.
3H/3He ages from monitoring wells in the vicinity of the
well field provide the age stratification of the aquifer sur-
rounding the well field. The comparison of the age distribu-
tion of pumped groundwater and the age stratification in
the aquifer shows that the well field as a whole preferen-
tially captures groundwater from shallower formations with
higher hydraulic conductivity.
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