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Nitrate is a major source of contamination of groundwater in the United States and around the world. We
tested the applicability of multiple groundwater age tracers (3H, 3He, 4He, 14C, 13C, and 85Kr) in projecting
future trends of nitrate concentration in 9 long-screened, public drinking water wells in Turlock,
California, where nitrate concentrations are increasing toward the regulatory limit. Very low 85Kr concen-
trations and apparent 3H/3He ages point to a relatively old modern fraction (40–50 years), diluted with
pre-modern groundwater, corroborated by the onset and slope of increasing nitrate concentrations. An
inverse Gaussian–Dirac model was chosen to represent the age distribution of the sampled groundwater
at each well. Model parameters were estimated using a Bayesian inference, resulting in the posterior
probability distribution – including the associated uncertainty – of the parameters and projected nitrate
concentrations. Three scenarios were considered, including combined historic nitrate and age tracer data,
the sole use of nitrate and the sole use of age tracer data. Each scenario was evaluated based on the ability
of the model to reproduce the data and the level of reliability of the nitrate projections. The tracer-only
scenario closely reproduced tracer concentrations, but not observed trends in the nitrate concentration.
Both cases that included nitrate data resulted in good agreement with historical nitrate trends. Use of
combined tracers and nitrate data resulted in a narrower range of projections of future nitrate levels.
However, use of combined tracer and nitrate resulted in a larger discrepancy between modeled and
measured tracers for some of the tracers. Despite nitrate trend slopes between 0.56 and 1.73 mg/L/year
in 7 of the 9 wells, the probability that concentrations will increase to levels above the MCL by 2040 are
over 95% for only two of the wells, and below 15% in the other wells, due to a leveling off of reconstructed
historical nitrate loadings to groundwater since about 1990.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Rising nitrate concentrations in public supply wells present a
serious threat to drinking water in California where wide-spread,
long-term application of fertilizers is implicated as the primary
cause of nitrate contamination to groundwater (Esser et al.,
2002; Harter, 2012). In many key groundwater basins in California,
a majority of deep supply wells have nitrate concentrations that
are presently above natural, background levels but below the
United States Environmental Protection Agency (USEPA) regulatory
limit of 45 mg/l (as NO3

�) (Belitz et al., 2015). The likelihood that
nitrate resides in the vadose zone and shallow aquifer zones, but
will gradually be transported to deeper aquifers, makes prediction
of future trends in nitrate concentration of paramount interest.
Long-screened public supply wells tend to capture a broad distri-
bution of groundwater age and in many settings the age distribu-
tion determines the evolution of nitrate concentrations in
produced groundwater (MacDonald et al., 2003; Wassenaar et al.,
2006). Wells exhibiting very young apparent groundwater age
are expected to show a rapid response to nitrate applications at
the surface. Wells with intermediate ages may show a slower
response and long term upward trends, which could continue
upward for decades regardless of changes in land use or rates of
fertilizer application. Wells dominated by old age distributions
could show continued dilution of nitrate by water that is low in
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nitrate, allowing the possibility that wells will continue to produce
water below the regulatory limit in the long term.

Methods for detecting and extrapolating trends in nitrate
concentrations (Visser et al., 2009b) range from statistical regres-
sion based on historical trends (Batlle-Aguilar et al., 2007; Broers
and Van der Grift, 2004; Stuart et al., 2007), to use of mass balance
based on known loading of N at the surface (Lamontagne, 2002), to
mass-transfer functions (Pinault and Dubus, 2008), to simple-one
dimensional flowmodels of downward transport at individual sites
(Young et al., 1976) or aggregated groundwater bodies as a whole
(Visser et al., 2009a), to application of groundwater flow and trans-
port models that include nonpoint source pollutants and macro-
dispersivity (Kourakos et al., 2012; Orban et al., 2010). Böhlke
and Denver (1995) used groundwater dating, supported by isotopic
measurements of nitrate and dissolved gas analysis, to relate
observed nitrate trends to historical nitrate application and
denitrification. Groundwater dating has since been applied in
many cases to aid trend detection and extrapolation (Burow
et al., 2007; MacDonald et al., 2003; Wassenaar et al., 2006).
Tesoriero et al. (2007) applied groundwater tracer-based ages
and redox indicators in a series of wells along flow-paths in four
settings to assess the fate and transport of nitrate and other
nonpoint source pollutants and showed that increases in nitrate
concentrations in groundwater are related to increases in fertilizer
applications that took place after about 1960. Visser et al. (2007b)
demonstrated that such upward trends in concentrations of nitrate
and other related agricultural contaminants have been reversed by
legislation limiting nitrate loadings at the national and European
level.

Three factors control trends in concentrations of diffuse
contaminants at wells: (1) historical inputs, (2) travel times to
the well, and (3) geochemical reactions along the groundwater
flow path. One approach to projecting the trends in nitrate concen-
tration in water supply wells is to combine statistical reconstruc-
tions of nitrate inputs with inferred travel time distributions
from recharge to the well. However, the travel time distribution
from recharge to the well cannot be measured directly
(Massoudieh and Ginn, 2011) and is often described using mathe-
matical lumped parameter models (LPMs) prescribing its shape
(Maloszewski and Zuber, 1993, 1998) fitted to measured concen-
trations of a number of tracers (Åkesson et al., 2014; Corcho
Alvarado et al., 2007; Lehmann et al., 2003; Plummer et al.,
2001; Solomon et al., 2010; Sültenfub et al., 2011; Visser et al.,
2013b). Recently, non-parametric groundwater age distributions
have been derived from age tracers that, unlike the LPMs, have
no prescribed shape (Liao et al., 2014; Massoudieh et al., 2014;
McCallum et al., 2014; Visser et al., 2013a).

With the LPM representing the travel time distribution from
recharge zone to receiving wells and knowing the historical trend
of nitrate concentrations in recharging groundwater and the over-
all rates of nitrate transformations, the future trend of nitrate in
the wells can be projected. However, when using environmental
tracers to infer the parameters of LPMs, there are multiple sources
of uncertainty that propagate into the projection of nitrate trends
(Green et al., 2014). These uncertainties include those associated
with measured tracers (due to both sampling and analytical meth-
ods), representativeness of the samples due to spatial and temporal
heterogeneity, uncertainty due to non-conservative tracer trans-
port, making the apparent age of tracers different than the age of
water, uncertainty in tracer concentrations at the time of recharge,
and most importantly, model structural error due to the fact that
the applied LPM is at best a simplification of the real residence
time distribution. To obtain a reliable projection, these uncertain-
ties need to be incorporated into the analysis.

For nitrate, the possibility of reactive transport (i.e., denitrifica-
tion) along the groundwater flow path needs to be ruled out or
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explicitly modeled (Liao et al., 2012). While the effect of denitrifi-
cation on groundwater nitrate flux has been found to be limited in
some areas (Green et al., 2008a, 2008b), estimating denitrification
rates in groundwater bodies is complicated due to mixing along
flow paths (Green et al., 2010) and at the well (Green et al., this
issue). Dissolved N2 produced by denitrification is a direct measure
of saturated zone denitrification (Singleton et al., 2007; Vogel et al.,
1981), while a shift in oxygen and nitrogen isotopes of nitrate is an
indication of denitrification in both the unsaturated and saturated
zone (Mariotti et al., 1988; McNab et al., 2007).

Bayesian inference has been demonstrated to be a powerful
method to perform inverse uncertainty propagation for age distri-
bution modeling (Massoudieh et al., 2012, 2014). Instead of provid-
ing single value estimates of the model parameters, Bayesian
inference provides the joint probability distributions of the
estimated values for the parameters of the groundwater age distri-
butions. Massoudieh et al. (2012) evaluated the appropriateness of
several different LPM forms in reproducing the measured tracers
using two different measures of goodness of fit including Bayes
Factors and Deviance Information Criteria (DIF). Massoudieh
et al. (2014) evaluated the information content of temporal mea-
surement of tracers and compared it with single snapshots and
showed that in certain cases, having multiple samples collected
at large time intervals can provide additional confidence in the
estimated LPMs. These studies applying Bayesian inference have
relied only on age tracers to derive the age distribution. The
Bayesian inference framework can be extended to include nitrate
and to project an ensemble of future nitrate trends in drinking
water production wells. Historical time series of measured nitrate
concentrations can further be included in the Bayesian framework
to support the groundwater age distribution. Bayesian inference
reveals non-uniqueness and correlations between the parameters
and provides an assessment of the information content of both
the tracers and other sources of data that are included.

In this study, public supply wells from Turlock, CA, where
nitrate concentrations are rising, were sampled for multiple age
tracers. Multiple tracers were applied to characterize differently-
aged groundwater components in an effort to constrain the age
distribution to the extent possible using one-time observations. A
number of age tracers are suitable at the time-scale relevant for
well vulnerability and response (years to decades): 85Kr (Althaus
et al., 2009; Smethie et al., 1992), tritium–helium (Poreda et al.,
1988; Schlosser et al., 1988), chlorofluorocarbons (Busenberg and
Plummer, 1992), sulfur–hexafluoride (Busenberg and Plummer,
2000), and 39Ar (Loosli, 1983; Loosli et al., 1989; Oeschger et al.,
1974). In addition, terrigenic helium (Marine, 1979) typically used
for groundwater age dating in the range of 103–106 years, and 14C,
limited to dating groundwater up to approximately 40,000 years
due to its 5730 year half-life, can be used to distinguish the contri-
bution of an old, pre-modern, nearly nitrate-free groundwater
component diluting the modern fraction. For this study, a combi-
nation of 85Kr, 3H, tritiogenic 3He, terrigenic 4He and d13C and 14C
were applied. Age tracer results and nitrate concentration history
at the wells are modeled in a Bayesian statistical framework in
order to forecast future nitrate concentrations along with
estimates of confidence intervals for the predictions at each well.
Groundwater age distribution and nitrate concentrations were
modeled based on tracer data, nitrate time series, and a combina-
tion of tracer data and nitrate time series. The results are discussed
with respect to information content of the data sources and the
ability to reliably project trends in future nitrate concentrations
and the probability of future nitrate concentrations exceeding the
USEPA MCL of 45 mg/L as nitrate This is the first study to include
nitrate data as an objective of the age distribution and nitrate
prediction model framework. Additional analyses (dissolved nitro-
gen, oxygen and noble gases, and isotopes of nitrogen and oxygen
ons from Bayesian inference of multiple groundwater age tracers. J. Hydrol.
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in nitrate) were conducted on all groundwater samples to investi-
gate the potential for denitrification along the flow path.
Fig. 2. Nitrate input into groundwater estimated for nearby Modesto (Burow et al.,
2008b) and observed nitrate concentrations in eight wells in Turlock (data obtained
from California State Water Board GeoTracker GAMA website: geotracker.water-
boards.ca.gov/gama).
2. Methods

2.1. Site description

Turlock, California (population 68,000) is located in Stanislaus
County, one of California’s top ten agriculture counties and one
of the top producers of agricultural commodities in the nation.
Applied fertilizers are a likely factor contributing to high levels of
nitrate contamination in the groundwater. Regional crops include
grain, hay, truck and berry crops, fruits and nuts, with almonds
covering over 65,000 ha in Stanislaus County – by far the largest
crop in size and revenue (Stanislaus County, 2012). Additionally,
almonds are large users of N fertilizers and water, requiring
approximately 308 kg of nitrogen fertilizer per hectare per year
(California, 2012). The land use history in and near Turlock was
examined in order to qualitatively assess the history of potential
sources of nitrate to groundwater. The Turlock urban area has
expanded significantly into formerly agricultural land over the past
century (Fig. 1). The input function of nitrate in groundwater
beneath agricultural areas near Modesto (Stanislaus County) was
used for modeling historical and future nitrate trends, (Fig. 2),
which was estimated from county level historical nitrogen fertil-
izer sales (Burow et al., 2008a) obtained from TracerLPM (Jurgens
et al., 2012). Since actual fertilizer applications at the farm/field
level are not reported, fertilizer sales offer a proxy for applications,
as noted by Burow et al. (2008a). County level inputs of nitrogen to
agricultural land (Alexander and Smith, 1990; Ruddy et al., 2006)
correlate to nitrate concentrations in groundwater monitoring
wells, when groundwater age is considered, in both the US
(Böhlke and Denver, 1995; Böhlke et al., 2002) and in Europe
(e.g. (Hansen et al., 2010; Visser et al., 2007a).

In 2012, over 5600 ha-m of groundwater were used for urban
purposes and 56,740 ha-m of groundwater and surface water were
used for agriculture in the Turlock area. Groundwater accounts for
all of Turlock’s drinking water, and with average concentrations
increasing from 12 mg/L to 21 mg/L in the last twenty years
(Turlock Groundwater Basin Association, 2008), rising nitrate
levels have become a major concern for the drinking water supply.
Within the last ten years, two wells were closed due to nitrate
levels exceeding the MCL of 45 mg/L (Turlock Groundwater Basin
Association, 2008) and Well 32 was closed in July 2015 due to
nitrate concentrations above the MCL.
Fig. 1. Land use pattern in the Turlock area from 1907 to 2008. Colored areas show
the encroachment of residential and commercial areas on previously agricultural
land. Black numbers indicate approximate well locations. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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The Turlock groundwater basin is a subbasin of the San Joaquin
Valley Groundwater Basin comprising Cenozoic unconsolidated
and consolidated sedimentary deposits. The Eocene Ione Forma-
tion, the Lower-Miocene Valley Springs Formation, and the
Miocene-Pliocene Mehrten Formation make up the consolidated
deposits. The Ione Formation is primarily made up of sandstone
and clay (Arkley, 2009). Rhyolitic ash and clay are the main litholo-
gies of the Valley Springs Formation. The Mehrten Formation is
predominately composed of lithic sandstones, andesitic tuff and
gravel. The Mehrten Formation is a significant aquifer that typi-
cally yields large amounts of water to wells. The unconsolidated
deposits that overlie the Mehrten Formation are the late Pliocene
to early Pleistocene Turlock Lake Formation, the Pleistocene River-
bank Formation and the late Pleistocene Modesto Formation. The
main lithologies of these formations are granitic sands above strat-
ified silt and sands. The Corcoran Clay is a major aquitard within
the Turlock Formation. This aquitard is the uppermost portion of
the Turlock Formation and is in contact with the Riverbank Forma-
tion, however, it is only found in the western section of the Turlock
Subbasin. The Corcoran Clay separates the upper unconfined aqui-
fer and the lower confined aquifer (Burow et al., 2008a). The upper
unconfined aquifer is approximately 45 m thick and supplies the
western part of the Subbasin with water for agriculture and private
domestic wells. The deeper aquifer is semi-confined on the eastern
side of the Subbasin. This aquifer provides a large amount of water
for agriculture and municipal purposes. Wells that are deeper than
60 m are generally supplied by this aquifer. All wells except 4, 14
and 20 are screened entirely below 60 m. Well 36 has a somewhat
deeper top perforation and somewhat deeper bottom perforation
than the other wells, and its chemical and isotopic signature differs
significantly from the other wells, as described below.

2.2. Sample collection and analysis

Samples were collected between 30 June and 2 July 2014 from
nine public drinking water supply wells in the City of Turlock
(Fig. 1) and analyzed for multiple constituents at Lawrence Liver-
more National Laboratory. Perforated intervals of the sampledwells
varied from 43 m to 174 m below the land surface (Table 1). Some
ons from Bayesian inference of multiple groundwater age tracers. J. Hydrol.
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Table 1
Well characteristics.

Well Elevation (m) Screen depth Collection date

Top (m) Bottom (m) Length (m)

8 111 107 128 21 30-Jun-2014
39 113 76 111 35 1-Jul-2014
20 106 49 55 18 1-Jul-2014
29 100 62 99 61 1-Jul-2014
36 92 88 174 85 1-Jul-2014
14 111 43 79 37 30-Jun-2014
4 100 48 104 55 2-Jul-2014

35 99 62 148 85 2-Jul-2014
32 113 59 94 72 2-Jul-2014
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wells have multiple perforations (not shown in Table 1). Major
anion (F�, Cl�, Br�, NO3

�, SO4
2�) samples (125 mL Nalgene bottles)

were analyzed on an ion chromatograph (Metrohm model 881
Compact IC Pro). The analytical uncertainty for major anions is
typically 10%. Tritium samples (1 L glass bottle) were analyzed by
3He accumulation and noble gas mass spectrometry (Clarke et al.,
1976; Surano et al., 1992). Noble gas samples (9.75 cm3 pinch-
clamped copper tubes) were analyzed for dissolved concentrations
of neon, krypton and xenon by a quadrupole mass spectrometer
(SRS RGA200) using isotope dilution (22Ne, 86Kr and 136Xe), argon
by high capacitance manometer, and helium isotopes by a static
sector field mass spectrometer (VG5400) (Visser et al., 2013d).
Noble gas recharge temperature, tritiogenic 3He and terrigenic
4He components were derived assuming unfractionated excess air
(Moore et al., 2006; Visser et al., 2014b). The uncertainty in the
derived parameters was calculated by propagating the analytical
uncertainty (Visser et al., 2014a). Dissolved gas samples (40 mL
amber VOA vials) were analyzed for N2, O2 and Ar using a
Membrane Inlet Mass Spectrometer (Kana et al., 1994; Singleton
et al., 2007). Water stable isotope (d2H and d18O) samples (30 mL
glass bottle) were analyzed using a Los Gatos Research DLT-11
liquid water laser isotope analyzer. Carbon-14 samples (250 mL
amber glass bottles) were analyzed by accelerator mass spectrom-
etry and reported as percent modern carbon relative to a NIST
oxalic acid standard. Dissolved inorganic carbon and d13C samples
(40 mL amber VOA vials) were analyzed using the automated
DIC-dissolved organic carbon-isotope ratio mass spectrometry
technique (St-Jean, 2003) consisting of an OI Analytical Model
1030 Carbon analyzer and a Micromass (now Isoprime Ltd)
IsoPrime isotope ratio mass spectrometer. Carbon isotope composi-
tions (13C/12C) are reported as delta values in per mil relative to the
Vienna Peedee Belemnite reference, with an analytical uncertainty
of ±0.3‰ (Singleton and Moran, 2010). Samples for 85Kr analysis
were collected at six wells using a field portable Gas Extraction
System (GES) (Moran et al., 2008). Dissolved gases were extracted
from large volumes of water (2100–4300 L) using membrane
contactors. The extracted gas samples (57–82 L-STP) were
compressed into 20 L air cylinders, and contained 0.16–0.33 cm3

STP Kr, assuming a 100% gas extraction efficiency. Sample collection
took 1–4 h. Krypton was purified at Lawrence Livermore National
Laboratory using a combination of molecular sieve and activated
charcoal traps, and transferred to a liquid scintillation vial. The
85Kr activity was measured by liquid scintillation on a Quantulus
1220 liquid scintillation counter from PerkinElmer. A subsample of
the purified Krwas analyzed at BernUniversity by low level gas pro-
portional counting. Details of the purificationand liquid scintillation
counting procedure are provided in the Supplementary Information.
2.3. Bayesian inference of age distribution

The method of stochastic inference of age distribution using
environmental tracer data and historic nitrate concentration is
Please cite this article in press as: Alikhani, J., et al. Nitrate vulnerability projecti
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mainly based on Massoudieh et al. (2012). The general equation
for predicting concentrations of each tracer given a groundwater
age distribution for tracers with first order decay such as 85Kr,
39Ar, 14C, 3H, tracers with linear accumulation such as 4He, and
tracers produced as a result of decay another tracer, can be respec-
tively expressed as:

ciðx; tÞ ¼ ð1� f i;mÞ
Z t

�1
mici;oðs� tvzd;iÞqiðx; t; t � sÞe�kiðt�sþtvzd;iÞds

þ f i;mci;d ð1aÞ

ciðx; tÞ ¼
Z t

�1
½ci;oðs� tvzd;iÞ þ k0is�qiðx; t; t � sÞdsþ f i;mci;d ð1bÞ

ciðx; tÞ ¼
Z t

�1
micj;oðs� tvzd;iÞe�kj tvzd;j 1� e�kjðt�sÞ� �

qiðx; t; t � sÞds
ð1cÞ

where x and t are the location and time of sample respectively,mi is
a source multiplier representing mainly the transformations affect-
ing tracer i, at recharge; for example biotransformation or plant
uptake of nitrate, ci,o is the concentration in the recharge or precip-
itation, tvzd,i is the travel time in the vadose zone for tracers that will
undergo decay in the vadose zone such as 3H, qi(x, t, t � s) is the
tracer age distribution (not necessarily the same as water age distri-
bution), ki is the decay rate for tracers undergoing first order decay,
f i;m is the fraction of a tracer contributed from mineral dissolution,
ci,d is the concentration of tracer i in the mineral solution, and k0i is
the linear accumulation rate for tracers undergoing linear accumu-
lation. For conservative non-reactive tracers, qi(x, t, a) is the same
as the water age distribution, however for tracers undergoing mass
exchange with the soil matrix, the tracer age distribution can be
obtained from the water age distribution as:

qiðX; t; aÞ ¼ ð1� f i;mÞ
1
Ri
qm X; t;

a
Ri

� �
ð2Þ

where f i;m is the fraction of a tracer contributed from mineral disso-
lution, qmðX; t; aÞ is the mobile phase (or groundwater age), Ri is the
retardation factor, and qi;d is the age distribution of tracers
contributed by mineral dissolution. In the case of most linearly
decaying tracers, qi;d can be assumed to be sufficiently large so that
the tracers contributed by mineral dissolution can be assumed to be
negligible and therefore the mineral dissolution acts as a dilution
factor for the tracer signature to which it is contributing.

It should be noted that Eq. (1) can be used to consider d13C, used
for indicating the contribution of mineral dissolution, by setting
ki ¼ 0, ci,o(t) = 13Cbio (biogenic 13C/12C isotope ratio), ci,d = 13Cmin

(mineral 13C/12C isotope ratio), and mi = 1.
The groundwater age at the time and location of each sample is

typically expressed as a Lumped Parameter Model (LPM) composed
of one or a combination of several mathematical distributions
(Maloszewski and Zuber, 1982). One goal of using multiple tracers
is to estimate the parameters defining LPMs as well as other
parameters affecting the tracer concentrations. The posterior
distribution of a parameter can be expressed based on Bayes theo-
rem as:

pðU;CjeCÞ / pðeCjU;CÞpðU;CÞ ð3Þ
where U is the vector of all model unknown parameters including
parameters of the LPM model and physical and chemical parame-
ters affecting tracer concentrations, C is the variance–covariance

matrix of observation error, eC contains the observed concentration

of all tracers, pðU;CjeCÞ is the posterior joint probability distribution
of the parameters and elements of variance–covariance matrix
ons from Bayesian inference of multiple groundwater age tracers. J. Hydrol.
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given the observed concentrations, pðeCjU;CÞ is the likelihood of
observed tracer concentrations given the parameters U, and
variance–covariance matrix C, and pðU;CÞ is the prior distribution
of model parameters and variance–covariance matrix. If it is
assumed that the observation errors structure of each tracer is the
same and that the errors associated with each data point (sample/
tracer) are independent (Massoudieh et al., 2014), then the likeli-
hood function can be written as:

p eCjU;C
� �

/ Pm
i¼1P

n
j¼1P

lij
k¼1g

0ð~cijkÞ

Pm
i¼1r

Pn

j¼1
lij

i

e

Pm

i¼1

Pn

j¼1

Plij
k¼1

gðcijk Þ�gð~cijk Þ½ �2
2r2

i ð4Þ

wherem is the number of tracers used in the study, n is the number of
sampling locations (orwells in this case), and lij is the number of sam-
ples of tracer i in well j; ~cijk and cijk are respectively themeasured and
modeled concentration or isotope ratio of tracer i in well j and in the
kth sample (or sampling time),ri is the observed error standarddevi-
ation of tracer i, and g is a transformation function determining the
error structure. For example a gðxÞ ¼ x results in a normally dis-
tributed error structure while gðxÞ ¼ lnðxÞ means an assumption of
a log-normally distributed error. It should be noted that the method
allows some of the parameters to be applied collectively to all sam-
pling locations while some of the parameters described in Eq. (1)
can be considered to have different values for each well.

The prior distributions were presumed to be log-normally
distributed for all parameters with the exception of d13Cmin and
d13Cbio which were considered to be normally distributed. The
spread of the prior distributions for all parameters were considered
large enough so that it covers all likely values. d13Cmin and d13Cbio

values are known with relatively good confidence and therefore
their prior distributions were considered normal distributions with
means of respectively �25‰ and 1‰ respectively (Fontes and
Garnier, 1979), with standard deviations of 2‰ and 0.5‰. The
Metropolis-Hastings (Metropolis et al., 1953) MCMC algorithm
was used to generate 500,000 samples from the posterior distribu-
tion of the parameters. 200,000 of the initial samples were
discarded as a ‘‘burn-in” period. The method of moments sug-
gested by Geweke (1992) and Geweke and Tanizaki (2001) was
used to evaluate the convergence of the MCMC algorithm.

2.4. Age models, scenarios and analysis of results

A binary mixture of an Inverse Gaussian model and a Dirac
model was used to represent the age distribution. An Inverse-
Gaussian model represented the young fraction and a Dirac (piston
flow) model represented the old fraction of the sampled ground-
water at each well. The Dirac model for the old fraction is likely
not an accurate representation, but accurate tracers covering the
Table 2
Model parameters.

Parameter Description

13Cmin
13C signature of carbonate mineral

13Cbio
13C signature of soil carbon dioxide

4He acc. rate 4He accumulation rate
NO3 mult. Nitrate multiplier
fmin Fraction mineral carbon
fold Fraction old groundwater
ls,old Mean age of old groundwater component
ls,young Mean age of Inverse Gaussian age distribution
rs,young Standard deviation of Inverse Gaussian age distribution
rtracer Standard deviation of model uncertainty
rNO3 Standard deviation of model uncertainty
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100–10,000 year age range are lacking. Also, since nitrate is near
zero in pre-modern groundwater, the age distribution of the old
fraction is not as important in determining the projected nitrate
concentration as the magnitude of the old fraction. Preliminary
tests showed that other combinations of travel time distribution
models (including exponential, partial exponential) were not able
to reproduce the tracer data. Age distribution model parameters
and unknown physical parameters (terrigenic helium release,
dissolved inorganic carbon contribution from carbonate dissolu-
tion) were estimated using a Bayesian inference, resulting in the
posterior probability distribution – including the associated uncer-
tainty – of the parameters and projected nitrate concentrations.

To evaluate the comparative ability of age tracers and nitrate
time-series to inform about future trends in nitrate level in wells,
three scenarios were evaluated to study the ability of the Bayesian
inference framework to reproduce measured tracer concentrations
and nitrate, estimate groundwater age distributions and predict
nitrate concentrations: Scenario 1 includes both tracer and nitrate
data, Scenario 2 includes nitrate data only, and Scenario 3 includes
tracer data only. Under Scenario 1, four parameters were estimated
that apply to all wells: the 13C isotope end members of mineral
carbonate source and biological influenced soil carbon dioxide
(13Cmin and 13Cbio), the terrigenic helium accumulation rate and
the nitrate multiplier. The nitrate multiplier is a number to scale
the input concentrations to the observed concentrations. While
the reconstructed nitrate input is expected to capture the dynamic
of increased nitrate concentrations in first encounter groundwater,
the nitrate multiplier allows for adjustments to the absolute
concentration of nitrate entering groundwater. Five parameters
are estimated for each well: the fraction of mineral carbon (fmin),
the fraction of old groundwater (fold), the mean age of the old
groundwater component (ls,old), and the mean (ls,young) and
standard deviation (rs,young) of the Inverse Gaussian age distribu-
tion describing the young groundwater component. In addition,
the standard deviation of model uncertainty is estimated for each
tracer and for nitrate measurements, as part of the maximum like-
lihood estimation. The total number of parameters for Scenario 1 is
51 (Table 2). Scenario 1 is constrained by 45 tracer measurements
and over 400 nitrate measurements. Under Scenario 2, the nitrate
multiplier is the only common parameter, because the nitrate data
do not contain information about the age of the old component or
carbon isotope systematics. The Inverse Gaussian age distribution
of the young component is constrained by the same two parame-
ters (ls,young and rs,young) and the old fraction (fold). The other
parameters did not affect the nitrate prediction and were fixed to
the values estimated by Scenario 3 to evaluate the ability of nitrate
only data to capture age tracer data after parameter estimation.
The total number of parameters for Scenario 2 is 26 (Table 2),
constrained by over 400 nitrate measurements. Under Scenario 3,
Unit Scenario Type

1 2 3

‰ Yes No Yes Common (1)
‰ Yes No Yes Common (1)
10�9 cm3 STP/g Yes No Yes Common (1)
– Yes Yes No Common (1)
– Yes No Yes Well specific (8)
– Yes Yes Yes Well specific (8)
Years Yes No Yes Well specific (8)
Years Yes Yes Yes Well specific (8)
Years Yes Yes Yes Well specific (8)
Same as tracer Yes No Yes Tracer specific (6)
mg/L Yes Yes No Nitrate specific (1)
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all common parameters (except the nitrate multiplier), well
specific parameters and tracer model uncertainty parameters were
estimated. The total number of parameters for Scenario 3 is 49
(Table 2), constrained by 45 measured tracer concentrations,
although it should be noted that narrow prior distributions were
considered for some of the parameters such as 3Cmin and 13Cbio.
In this scenario, the nitrate multiplier was estimated separately
after the age distributions were estimated by Bayesian inference,
by minimizing the mean residual between the measured and
modeled nitrate concentrations.

Results are discussed in terms of the ability of the model to
reproduce the measured tracer concentrations and nitrate time
series, quantified by a simple ensemble regression R2. The value
of R2 is calculated based on the ensemble of model predictions
which are based on the posterior distribution of the parameters.
The ability to predict future nitrate trends was evaluated by the
confidence by which nitrate concentrations in the year 2040 were
predicted as determined by the spread of projections.
3. Results

3.1. Tracer signatures

Eight of the nine sampled wells show a similar signature in
terms of general chemistry, nitrate (Table 3) and tracer concentra-
tions (Tables 5–8), while Well 36 is distinctly different. The eight
wells produce water containing both nitrate and tritium, indicating
a component of modern groundwater with anthropogenic impacts.
All eight wells also show signs of pre-modern fossil water, contain-
ing terrigenic helium (Table 7) and measured 14C activities below
modern (Table 8). The results from these wells are described in
more detail below. Well 36 is distinctly and significantly different
from the other wells in nearly every aspect, despite the fact that
the total well depth is only 26 m deeper than that of nearby well
35 (Table 1). The tritium concentration (Table 7) was below the
detection limit (0.4 pCi/L) indicating a modern component of
groundwater is not present. The electrical conductivity was higher
(0.70 mS/cm, Table S1) largely due to higher concentrations of
chloride (160 mg/L) and sodium (74 mg/L), despite lower concen-
trations of nitrate (1.1 mg/L) and sulfate (1.8 mg/L) (Table 3). The
noble gas recharge temperature was 3.0 ± 1.2 �C lower than other
samples, while the discharge temperature was 2.4 ± 0.4 �C higher
(Table 6). The difference between recharge and discharge temper-
ature caused by geothermal warming was 9.2 ± 1.0 �C. The well 36
sample contained a large component of terrigenic helium
(4.0 ± 0.08 � 10�6 cm3 STP/g) with a helium isotope ratio of
6.2 ± 0.3 � 10�7, corresponding to a mantle contribution of 5%
(Table 7). The terrigenic helium isotope ratio, with associated
Table 3
Measurements: cations, anions and nitrate.

Well Cations Anions and nitrate tren

Na (mg/L) K (mg/L) Mg (mg/L) Ca (mg/L) Chloride (mg/L) Sulf

8 21.4 4.3 5.7 20.3 11.1 9.5
39 24.0 4.1 5.3 22.5 11.5 10.0
20 22.7 3.3 6.0 23.6 9.0 8.0
29 24.6 3.5 5.5 21.4 14.5 6.3
36 73.9 6.2 14.6 42.5 160.0 1.8
14 26.2 3.4 10.7 35.8 12.3 17.4
4 26.1 2.9 7.0 29.9 13.2 14.9
35 28.3 2.9 6.3 33.0 12.3 16.9
32 28.6 4.5 8.2 32.2 16.6 18.0

a Slopes of trends in nitrate concentrations that are significant at the 5% level.
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uncertainty, was used to calculate the tritiogenic helium-3 compo-
nent in all other samples. Analysis of dissolved N2 and Ar (Table 4)
showed an excess nitrogen concentration of 3.5 ± 0.7 � 10�3 cm3

STP/g. This would correspond to the denitrification of 19 mg/L
NO3, but the excess nitrogen in Well 36 is most likely derived from
mantle fluids. Jenden et al. (1988) report a N2/4He ratio of 2000 and
a 3He/4He ratio of 4.1 � 10�6 in nitrogen-rich natural gases
beneath the Central Valley. Considering the 4.0 � 10�6 cm3 STP/g
terrigenic 4He and 2.5 � 10�12 cm3 STP/g terrigenic 3He, estimates
of the mantle component of N2 vary between 1.2 � 10�3 and
8.0 � 10�3 cm3 STP/g, explaining most, if not all of the observed
excess nitrogen. While the dissolved inorganic carbon (DIC) con-
centration was similar to other samples, the d13C (�28.6 ± 0.1‰)
was 14 ± 0.2‰ lower and the 14C value was only 5 percent modern
carbon (pmC). Due to the low d13C and the potential for a mantle
component of CO2 (Kulongoski et al., 2013), 14C cannot be used
to calculate the age of this water. Because no modern groundwater
was detected in Well 36, it was excluded from the Bayesian
inference modeling. It appears that well 36 captures groundwater
from the underlying deep, saline aquifer, with much longer flow
paths, but the reason for its distinct capture zone was beyond
the scope of this study.
3.2. Nitrate concentrations, isotopes and dissolved N2

Nitrate concentrations range from 15 to 38 mg/L as NO3

(Table 3) and the concentrations measured at LLNL agree closely
with recent values from the California Department of Public Health
database (www.geotracker.ca.gov). Historical time series show
increasing nitrate concentrations in wells 4, 8, 14, 32, 35, and,
recently, in Well 29 (Fig. 2), which are a cause for concern with
respect to the drinking water supply, as noted above. The median
and 95% percentile of nitrate concentrations in pre-modern oxic
or sub-oxic groundwater samples collected in the Central Valley
are 3 mg/L and 12.7 mg/L respectively (Visser et al., 2013c) and
the criterion often used for identifying anthropogenic nitrate is
>13 mg/L (Squillace et al., 2002). Natural, background nitrate
concentrations are therefore likely <13 mg/L and increases in
nitrate observed in wells over the last few decades can therefore
be attributed to anthropogenic sources.

Compared to the nitrate input, increases in nitrate concentra-
tions are delayed by 40–50 years. Although the start of the upward
trends are not always captured, the trend slopes compared to the
concentration levels indicate a sudden, rather than gradual,
increase in nitrate concentrations, pointing towards a groundwater
age distribution with a limited spread, resembling piston flow,
with a sudden increase in the recharge nitrate concentration rather
than the expected gradual increase for an exponential model. The
ds

ate (mg/L) Nitrate (mg/L) Nitrate trend Predicted Nitrate in 2040

Slopea R2 >MCL
(mg/L/year) (mg/L) 95% conf. level

22.6 0.65 0.93 38.8 No
29.1 0.79 0.82 48.8 No
18.0 0.56 0.84 34.6 No
15.0 �0.30 0.11 4.4 No
1.1 - 0.05 5.8 No
32.2 0.69 0.69 47.9 No
32.5 0.92 0.84 54.9 Yes
27.4 1.73 0.83 78.2 Yes
37.9 0.98 0.94 60.5 Yes
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Table 4
Measurements: nitrate isotopes and dissolved gases.

Well d15N-NO3 d18O-NO3 N2 O2 Ar Excess N2

(‰) (‰) (10�3 cm3 STP/g) (10�3 cm3 STP/g) (10�3 cm3 STP/g) (10�3 cm3 STP/g) ±

8 6.0 1.8 13.7 5.45 0.338 < 1.0
39 7.1 2.0 13.9 4.18 0.342 < 1.0
20 5.1 0.6 14.3 4.08 0.356 < 1.1
29 6.4 1.3 14.3 4.27 0.346 < 1.1
36 5.5 5.2 20.1 3.19 0.380 3.5 0.8
14 6.1 1.2 15.5 4.63 0.381 < 1.2
4 6.9 0.7 15.3 2.42 0.363 < 1.1

35 4.6 �0.1 15.6 2.22 0.365 < 1.1
32 8.4 1.8

Table 5
Measurements: 85Kr.

Well LLNL Bern

dpm/cm3 Kr ± % modern ± dpm/cm3 Kr ± % modern ±

8 < 6.7 < 9 4.8 1.7 6.4 2.3
39 < 4.9 < 7 6.6 1.3 8.8 1.7
20 < 7.7 < 10 6.4 1.3 8.5 1.7
29 < 5.4 < 7 2.2 1.7 2.9 2.3
36 < 6.3 < 8 < 17.0 < 24.0
14 < 10.2 < 14 1.5 1.3 2.0 1.7
4

35
32

Table 6
Measurements: noble gas derived parameters.

Well Excess air Noble gas
recharge
temperature

Geothermal
warming

DNe (%) (�C) ± (�C) ±

8 25 18.3 1.0 3.7 1.0
39 20 18.4 1.7 2.8 1.7
20 21 17.5 1.6 3.9 1.6
29 23 16.1 1.6 5.6 1.6
36 43 14.6 1.0 9.2 1.0
14 36 17.5 1.0 3.7 1.0
4 36 17.4 1.0 3.5 1.0

35 37 17.8 1.0 2.9 1.1
32 39 17.4 1.0 3.9 1.0

Table 8
Measurements: carbon isotopes.

Well Total inorganic carbon d13C 14C

(mg/L) (‰) ± (fraction modern) ±

8 24.3 �14.7 0.4 0.387 0.002
39 24.6 �14.6 0.6 0.380 0.002
20 29.1 �14.5 2.6 0.355 0.002
29 27.3 �14.8 0.0 0.309 0.002
36 29.4 �28.6 0.1 0.047 0.001
14 36.3 �14.6 0.1 0.758 0.003
4 29.1 �15.2 0.4 0.560 0.002

35 32.4 �14.5 0.1 0.578 0.002
32 30.2 �14.9 0.5 0.486 0.002
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sudden increase in nitrate concentrations could also be explained
by transience in the flow pattern which is not captured by
steady-state LPM models (Massoudieh et al., 2012). Nitrate linear
regression trend slopes in seven of the eight wells with modern
groundwater vary between 0.56 and 1.7 mg/L per year, with R2
Table 7
Measurements: tritium and helium isotopes.

Well 3H Tritiogenic 3H/3He
3He Age

(pCi/L) ± (pCi/L) ± (yr)

8 2.02 0.35 46.9 13.4 56.7
39 2.99 0.38 36.0 8.0 47.1
20 2.46 0.32 6.6 9.3 23.2
29 1.94 0.36 41.0 21.4 55.0
36 0.19 0.36
14 6.08 0.48 53.6 9.7 40.6
4 5.32 0.48 55.3 17.2 43.2

35 4.84 0.38 57.7 10.6 49.3
32 4.42 0.55 35.3 11.4 39.1
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values between 0.69 and 0.94. The trend slope in Well 29 is
decreasing, at 0.29 mg/L per year with an R2 of 0.1. The trend slopes
are all lower than the initial slope of the nitrate input (2.3 mg/L/
year). This is consistent with mixing or varying levels of dilution
with pre-modern groundwater, but can also be the result of hydro-
dynamic dispersion in the aquifer. If these linear trend slopes were
Initial 3H Terrigenic
4He

± (pCi/L) ± (10�9 cm3 STP/g) ±

5.7 49.0 13.4 209 6
4.5 42.4 9.4 83 3

18.3 9.1 9.3 127 4
9.4 42.9 21.4 403 9

4012 82
3.1 59.7 9.7 56 3
5.2 60.6 17.2 273 7

17.8 61.5 11.3 79 4
5.5 39.8 11.4 161 5
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to persist, nitrate concentrations would exceed the MCL of 45 mg/L
in 2040 for five of the sampled wells. In three of these wells, the
entire 95% confidence interval exceeds the MCL (Fig. 7).

The likely sources of nitrate are identified by examination of the
stable isotopes of nitrate (Table 4). Fig. 3 shows the d15N-NO3 and
d18O-NO3 isotope fields for different possible sources of nitrate
(Kendall, 1998). The d18O-NO3 of N sources that undergo nitrifica-
tion (‘manure and septic’, ‘soil N’, and ‘NH4 in fertilizer’) have been
adjusted based on observed d18O-H2O values and the assumption
that oxygen in nitrate is derived from water and atmospheric
oxygen at a 2:1 ratio during nitrification (Hollocher, 1984;
Yoshinari and Wahlen, 1985). Nitrate in wells from Turlock falls
in a relatively narrow range, between +4.6‰ and +8.4‰ for
d15N-NO3, and between �0.1‰ and +1.9‰ for d18O-NO3 (except
Well 36 which has a d18O-NO3 value of +5.2‰). Most of these val-
ues fall in a range of overlap that includes ammonium fertilizer,
soil N and animal waste sources.

Measured nitrate isotopes show a trend with a slope of approx-
imately 0.5 (R2 = 0.54), suggesting that the nitrate isotopes have
been altered by denitrification to some extent and that the original
source signature is at the low end of the range for d15N-NO3 and
d18O-NO3. The isotope signatures are then consistent with a NH4

fertilizer source, which is likely, considering the land use history
in the Turlock area and the requirements for inorganic N fertilizers
for the main crops (originally, mainly alfalfa and more recently,
almonds). The denitrification that leads to the observed trend in
the isotope signature probably takes place in the vadose and not
in the saturated zone, considering measurements of dissolved
excess nitrogen, the end product of denitrification.

Excess N2 from denitrification was calculated from the mea-
sured dissolved N2 and Ar concentrations assuming unfractionated
excess air in addition to recharge concentrations in equilibrium
with the atmosphere at 100 m elevation and 17.5 �C (Table 4).
Excess nitrogen was not detected in the eight modern wells above
the equivalent of 7 mg/L of nitrate denitrified to N2 (95% one-sided
confidence interval). So, while nitrate isotopes show indications of
denitrification, the absence of significant excess N2 indicates that
denitrification in the saturated zone is not significant. Further, dis-
solved oxygen concentrations greater than 2 mg/L and low organic
carbon concentrations suggest that the conditions necessary for
saturated zone denitrification may not be present. A previous study
(Burow et al., 2008a) applied a decay rate of 0.001 mg/L per year
(as N) to account for denitrification in Modesto groundwater, based
on previous estimates varying between 0 and 0.02 mg/L per year
(as N) (McMahon and Chapelle, 2008). Therefore, we used the
historical reconstruction of nitrate loading (Burow et al., 2008a)
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to predict future nitrate concentrations without explicitly consid-
ering denitrification.
3.3. Age tracers

Tritium was detected in eight of the samples (Table 7), with
concentrations between 2.0 ± 0.35 and 6.1 ± 0.48 pCi/L, indicating
a component of modern groundwater. Compared to present day
concentrations in the Tuolumne River (10.2 pCi/L), which is the
presumed main source of recharge in this area, groundwater sam-
ples must have a significant age (1–2 half-lives) or be a mixture
with pre-modern groundwater. Tritiogenic helium concentrations
vary between the equivalent of 6.6 ± 9.3 pCi/L and 58 ± 11 pCi/L
decayed tritium. The large uncertainty is the result of the correc-
tion for the terrigenic helium component. 3H/3He apparent ages,
representing the initial tritiumweighted mean of the modern com-
ponent, vary between 23 ± 18 years and 57 ± 5.7 years. The initial
tritium concentrations, calculated as the sum of tritium and tritio-
genic helium concentrations, are well below the reconstructed
concentrations of tritium in historical precipitation in California,
as a result of mixing between modern and pre-modern
groundwater.

Six wells were analyzed for 85Kr (Table 5). 85Kr was not detected
at LLNL above the detection limit of 7–14% of the present day activ-
ity in air, which corresponds to the decay-corrected 85Kr activity in
air between 1982 and 1989. Sampled water must have recharged
entirely before the 1980 s, or at most, 14% of the produced water
recharged the aquifer recently. Analysis of subsamples of purified
krypton at the University of Bern resulted in 85Kr detections of
1.6 ± 1.3 to 6.6 ± 1.3 dpm/cm3 Kr, equivalent to 2–9% of the present
day activity in air, which corresponds to the decay-corrected 85Kr
activity in air between 1968 and 1984. The detection of 85Kr in
these samples is evidence of a fraction of water that recharged
after the peak concentrations of tritium in precipitation and
provides an additional constraint on the groundwater distribution
and the projected response time for changes in nitrate loading to
be observed at the wells.

Terrigenic helium concentrations (Table 7) vary between 56 ± 3
and 403 ± 9 � 10�9 cm3 STP/g. Because the terrigenic helium
isotope ratio (6.2 ± 0.3 � 10�7) indicates a small (�5%) mantle
component, the source of the terrigenic helium is not solely
in situ uranium and thorium decay, and groundwater ages cannot
be attributed to these concentrations directly. Terrigenic helium
correlates poorly (R2 = 0.25) with radiocarbon measurements,
pointing to poorly defined source functions for 14C and terrigenic
helium and/or complex mixing patterns of groundwater ages
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rather than linear helium accumulation along groundwater flow
paths (Plummer et al., 2012).

Measured d13C values (Table 8) are �14.73‰ on average
(r = 0.23‰). The mean and limited spread of d13C values indicate
that DIC in the aquifer is derived in approximately equal parts from
soil gas CO2 and mineral carbonate dissolution, suggesting that
dissolved inorganic carbon is in equilibrium with the aquifer mate-
rials, which is corroborated by groundwater pH values between
7.63 and 7.96 for eight of the wells. Correcting the measured 14C
values for carbonate dissolution using the measured d13C ratios
following the Pearson model (Fontes and Garnier, 1979), results
in values between 52 and 130 pmC. A complex mixture of modern
groundwater bearing 14C from nuclear testing and fossil ground-
water causes 14C values to vary above and below modern, and
contributes to the poor correlation with terrigenic helium.

3.4. Bayesian inference of residence time distributions and nitrate
trends

3.4.1. Tracer concentrations
Scenario 3 (tracer concentrations only) is able to reproduce the

measured tracer concentrations well (Fig. 4). The 95% credible
interval (CI) of modeled tracer concentrations encompasses the
observed concentrations for all tracers with the exception of two
3He measurements. Measured concentrations are close to or within
the center 50th percentile (dark orange shaded area) for 3H, 13C,
4He and 85Kr. The variance of tracer concentrations is explained
well for 3H, 14C and 4He (ensemble R2 = 0.63–0.73), and to a lesser
extent for 3He (ensemble R2 = 0.36) (Table 9). The variance of d13C
measurements is very small, causing a poor explained variance
(ensemble R2 = 0.11). It should be noted that the 85Kr measure-
ments are explained best (R2 = 0.89). The ability of the model to
reproduce measured concentrations is reflected in the estimated
tracer uncertainty. Estimated model uncertainty for 85Kr is less
than the reported analytical uncertainty, suggesting that the Baye-
sian inference scheme assigns too much weight to these measure-
ments. For other tracers, the model uncertainty is close to the
measurement uncertainty (13C) or within a factor of 2–3 (3H and
3He), suggesting that the error of the conceptual model is larger
but of the same order of magnitude as the measurement uncer-
tainty. For 4He and 14C, the model uncertainty is much larger than
the measurement uncertainty (error bars are smaller than sym-
bols) suggesting that the conceptual model does not adequately
represent reality. In scenario 3, the nitrate multiplier cannot be
estimated directly using the Bayesian approach and thus it was
estimated deterministically by minimizing the ensemble differ-
ence between measured and modeled nitrate data after obtaining
the residence time distribution parameters using tracer data. A sin-
gle value of xx was estimated for all wells.

Including nitrate as an objective for the age distribution model
reduces the importance of the tracers as a model objective dramat-
ically, as there are nearly ten times more nitrate measurements
than tracer measurements available. Consequently, the credible
intervals of the modeled tracer concentrations increase and larger
discrepancies between model and measured values are accepted.
The variance of measured tracer concentrations is poorly explained
(R2 < 0.1), except for 3H (R2 = 0.64). Modeled age distributions
estimated by Scenario 2 (nitrate time-series alone) do not yield
credible tracer concentrations, although ensemble R2 values are
unexpectedly high for 14C (0.54) and 4He (0.50).

3.4.2. Common parameters
Fig. 5 shows the 95% credible intervals of common model

parameters for the three considered scenarios.
The estimated d13C signatures did not differ substantially from

the mean values of prior distributions (1‰ and �25‰) showing
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there was no information in the tracer data that contradicted initial
estimates or that the prior ranges are narrow enough to constrain
the values. The credible interval of the radiogenic helium accumu-
lation rate in Scenario 1 is from 0 to 0.04 � 10�9 cm3 STP/g/year,
less than that estimated by Scenario 3 (0.04–0.08 � 10�9 cm3

STP/g/year). Assuming a porosity of 0.25, the accumulation rate
per m3 sediment (10 lcm3 STP/m3/year) lays one order of magni-
tude above the production rate by natural uranium and thorium
decay. Combined with the helium isotope signature, this is
evidence that helium migrates upward from the crust into the
aquifers. The concentration of terrigenic (mainly radiogenic)
helium is controlled by the 4He accumulation rate, and two well
specific parameters – the fraction of old groundwater and the crus-
tal residence time of the old groundwater component. Both param-
eters also influence the modeled 14C, further constraining the old
fraction and age (though 14C activity is also affected by reactions
with inorganic carbon), while the old fraction also influences the
young groundwater tracers. Overall, the old fraction is estimated
to be larger in Scenario 3, and the credible interval is often wider
than ±0.15 around the median estimate. This suggests that the
old groundwater component is described with too many parame-
ters, or constrained by too few tracers. The additional information
from the nitrate time series reduces the credible interval of the old
fraction to 0.2 in Scenario 1.

The nitrate multiplier parameter was estimated to be between
1.27 and 1.46 under Scenario 1, with both tracers and nitrate data
as the objective. While a single multiplier does not capture the
spatial and temporal variability of nitrate loading to first encounter
groundwater, mixing of water with variable nitrate concentrations
along flow paths and in the wells appears to even out systematic
differences between the wells. The nitrate multiplier indicates that
the nitrate prognosis at the groundwater basin scale is valid and
accuratewithin 50%. Scenario 2 (nitrate data only) predicts a smaller
nitratemultiplier (0.8–1.1),mostly compensated by a larger fraction
of old groundwater. In Scenario 3, the nitrate multiplier estimated
after Bayesian inference of the age distribution was 0.7. The
residence time distributions obtained from scenario 3 where only
tracersareused todetermine the travel timedistributionsareunable
to capture the general historic trends of nitrate concentrations in the
wells. Also the age distributions obtained in scenario 3 are substan-
tially different than those found in scenarios 1 and 2. This can be
partly due to the fact that tracers alone do not adequately constrain
residence timedistributionsandpartlydue to some level of inconsis-
tency between the lag times present in the nitrate data and some of
the tracers (mainly 3He, 85Kr) pointing to presence of young water.

It also should be noted that the temporal patterns in nitrate
concentration in some of the wells (wells 29 and 32 in particular)
are not consistent with what is expected from steady state
residence time distributions and may point to some long-term
transient behavior. Model structural error as a result of the
assumption of steady-state LPM can also result in discrepancies
between nitrate and tracer data.

3.4.3. Cumulative age distribution
Under scenarios 1 and 2, where the nitrate record was used as a

tracer, all wells (except 32) display the absence of a very young
water component of less than 20 years in the age distribution of
sampled water (Fig. 6). For two wells (4, 14), the youngest compo-
nent of the groundwater age distribution is more than 40 years old.
Despite the number of age tracers, the cumulative age distribution
is poorly constrained by Scenario 3. Scenario 3 suggests the pres-
ence of a significant portion of water younger than 50 years for
wells 8,20, 32 and 35 – probably due to the greater reliance on
3H, 3He and 85Kr data - while this was not suggested by scenarios
1 and 2 due to the larger reliance on nitrate lag for those scenarios.
The credible interval of the old fraction is relatively large (0.2–0.4).
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Fig. 4. Measured tracer concentrations (symbols) with measurement uncertainty (vertical lines), together with Bayesian inference results showing 50% (dark shaded) and
95% (light shaded) credible intervals of modeled tracer concentrations, and standard deviation of model uncertainty (horizontal lines) plotted around the measured values.
The standard deviation can be estimated only for the tracers used in each scenario.
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The estimates of the mean age of the Inverse Gaussian component
fall between 20 and 60 years, with a typical credible interval of
30 years. The IG standard deviation ranges from near zero to over
20 years in all wells, and to over 50 for wells 8, 20 and 32. The results
thus show that the resulting cumulative age distributions are not
well defined. Two of the three wells with no 85Kr measurement
Please cite this article in press as: Alikhani, J., et al. Nitrate vulnerability projecti
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(4 and 35) appear to be as well constrained by the other tracers
as the other wells. The specific combination of tracer concentra-
tions and low 85Kr activities results in little additional information
revealed by the 85Kr measurements.

Cumulative age distributions estimated by Scenario 1 (includ-
ing nitrate) are mostly older (wells 8, 39, 20, 35, 32) and better
ons from Bayesian inference of multiple groundwater age tracers. J. Hydrol.
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Table 9
Correlation coefficient between ensemble (n = 1000) of modeled tracer concentra-
tions and measurements.

Tracer Scenario 1 Scenario 2 Scenario 3
Nitrate + tracers Nitrate only Tracers only

3H 0.64 0.29 0.73
3He 0.08 0.10 0.36
d13C 0.00 0.77 0.11
14C 0.01 0.54 0.63
4He 0.04 0.50 0.71
85Kr 0.14 0.05 0.89
NO3 0.72 0.72 0.17
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defined, with narrower credible intervals. The differences with
Scenario 3 results are striking, showing that the nitrate data
receives most of the weight in the likelihood function. Scenario 2
cumulative age distributions fall mostly in between the other
scenarios.

3.4.4. Nitrate
Nitrate concentration predictions based on tracer data alone do

not agree well with observed time series (Fig. 7). Using minimiza-
tion of measured-modeled nitrate concentration difference, a
multiplier value of xx was estimated. The credible intervals are
adjusted by the nitrate multiplier to encompass the observations,
but the trend slope is captured only for well 4. Uncertainty in the
age distributions also leads to uncertainty in nitrate predictions,
and the delay and trend of nitrate is not in agreement with the
estimated age distributions. Based on tracer data alone, the models
predict that nitrate will not exceed the MCL in any of the 8 wells
studied.
Fig. 5. 95% credible intervals of common model parameters for Scenario 1 (tracers + n
interpretation of the references to color in this figure legend, the reader is referred to th
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Nitrate predictions for Scenarios 1 and 2 largely overlap,
because of the large number of nitrate measurements. Scenario 1
credible intervals are typically narrower than those of Scenario 2.
Nitrate trends are generally well captured, unless the nitrate time
series is short (well 39) or outliers are present (well 29). The short
time series of well 39 shows how the credible intervals of nitrate
predictions before and after the period of observation quickly
increase, resulting in butterfly-shaped graphs. This effect is also
visible when tracer data are included, but to a lesser extent.
Scenario 2 predicts that nitrate concentrations will exceed the
MCL in 2040 in five wells (8, 14, 4, 35 and 32; Table 10), at proba-
bilities between 8% (well 8) and 100% (well 32). Scenario 1 does not
predict nitrate concentrations above the MCL in well 8, and
predicts low probabilities (4–9%) for MCL exceedances in wells
14 and 4. Both scenarios predict that the MCL will be exceeded
in wells 35 and 32 at confidence levels of 84% or higher. A common
feature of the Bayesian inference predictions of nitrate concentra-
tions is a flattening of the nitrate trend, thanks to a flattening of the
input curve beginning in about 1990. For wells 14 and 4 in partic-
ular, this aspect avoids nitrate concentrations above the MCL that
are predicted by extrapolation of linear trend models.

It worth noting that one of the sources of uncertainty that is not
considered in this study is the uncertainty associated with the
trend in the nitrate input function. Although a systematic bias
represented as a multiplier has been considered, there can also
be uncertainties in the trends of nitrate input that can affect the
inference of LPM parameters and thus the projection. Because
recharge concentrations are composed of time-series that can take
infinite forms and therefore can introduce unbounded degrees of
itrate, blue), Scenario 2 (nitrate only, red) and orange (tracers only, orange). (For
e web version of this article.)
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Fig. 6. Cumulative age distributions for eight wells in Turlock, estimated by
Scenario 1 (blue, tracers + nitrate), Scenario 2 (red, nitrate only) or Scenario 3
(orange, tracers only). See text for a more complete description of the 3 scenarios
and predictions. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 7. Observed nitrate concentrations (symbols) and median (colored line) and
95% credible intervals (shaded areas) of predicted nitrate concentrations for eight
wells in Turlock. Colors represent Scenario 1 (blue, tracers + nitrate), Scenario 2
(red, nitrate only) or Scenario 3 (orange, tracers only). In scenario 3 the nitrate
multiplier was deterministically estimated by minimizing the difference between
measured and modeled nitrate data. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 10
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freedom, incorporating such uncertainties is challenging and
requires innovative approaches that could be a subject of future
studies. It also should be noted that the effect of denitrification
can be included explicitly using a first order or zeroth order decay
process (Green et al., this issue), but that would have led to one
additional parameter, which was intentionally avoided.
Probability that nitrate concentrations exceed the MCL (45 mg/L) in 2040.

Tracer Scenario 1 Scenario 2 Scenario 3
Nitrate + Tracers (%) Nitrate only (%) Tracers only (%)

8 0 8 0
39 0 0 0
20 0 0 0
29 0 0 0
14 9 25 0
4 4 53 0

35 100 85 0
32 95 100 0
4. Discussion

Predicted nitrate concentrations based on both tracer and
nitrate data have narrower credible intervals compared to when
only nitrate is used to obtain travel time distributions. This means
that inclusion of tracer data in effect selects a subset of plausible
travel time distributions based on nitrate data that are also able
to explain tracers. Because these set of outcomes are supported
by several lines of evidence, they can be considered more reliable.

Predictions of nitrate concentrations all show a leveling off
between the present and 2040, thanks to the leveling off of recon-
structed historical nitrate loadings to groundwater since about
1990. The challenge for predicting when nitrate concentrations in
pumped groundwater will level off, and at what level, lies in
accurately estimating the age distribution of pumped groundwa-
ter. The uncertainties in the projection of magnitude and timing
of flattening out stem from the uncertainties in travel time distri-
bution, possible nitrate transformation and both historic and
Please cite this article in press as: Alikhani, J., et al. Nitrate vulnerability projecti
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future nitrate inputs. The analysis of a combination of age tracers
aids in constraining the delay of the arrival of the nitrate, linked
to the mean age of the young fraction, and the ultimate level of
nitrate concentrations, linked to the contribution of old, nitrate-
free groundwater. In this study we show that including the histor-
ical nitrate time-series further constrains the age distribution and
increases the confidence in future nitrate predictions. In addition,
the Bayesian modeling approach allows for evaluation of the
ons from Bayesian inference of multiple groundwater age tracers. J. Hydrol.
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credibility of the age distribution and nitrate predictions. While
model calibration might deterministically predict future nitrate
concentrations to exceed the MCL or not, the credible intervals of
the Bayesian approach allow calculation of the probability that
the MCL will be exceeded.

The nitrate and tracer data presented here are modeled to
provide the best estimate of the age distributions with respect to
reproducing both nitrate and tracer data points at these wells,
but they are a snapshot in time (Visser et al., 2013a). Furthermore,
tracer input functions are variably affected by retardation in near-
surface soil and the vadose zone. The conceptual time transfer
model underlying the Bayesian inference in this study is inherently
steady state. However, it should be noted that the nature of
groundwater flow during the relevant period in the past is likely
transient, due to factors such as increased irrigation, installation
of new wells and changes in groundwater storage, which could
have had a significant impact on the tracer concentrations. This
likely explains some of the discrepancies between nitrate concen-
tration records and what the LPM model can reproduce. In other
settings, denitrification and other geochemical processes along
groundwater flow paths might need to be considered explicitly
(Visser et al., 2009a). Expanding into age distributions derived
from numerical flow models and particle tracking (Burow et al.,
2008a) can constrain the age distribution and nitrate source
attribution under a variable land use history. Spatially distributed
modeling, including land use changes in the capture zone of
drinking water production wells, could predict decreasing nitrate
concentrations if nitrate loading decreases due to urbanization.
Random realizations of subsurface heterogeneity leading to varia-
tions of groundwater age distributions (Weissmann et al., 2002)
are an alternative to assuming LPMs with presumed forms for
assessing the uncertainty associated with predicting future nitrate
trends. Transient groundwater conditions due to pumping for pub-
lic water supply and irrigation may induce sudden shifts in the
groundwater age distribution that are not captured by steady state
models (Zuber et al., 2011; Visser et al., 2013a). Such shifts are a
likely explanation for the sudden changes in the nitrate concentra-
tions observed at these wells. Very few studies (e.g., Starn et al.,
2014) have addressed the need for transient groundwater flow
and transport models to accurately predict water quality trends.
In principle, transient numerical models can easily be incorporated
in the Bayesian framework, at the cost of higher computing times.

It should also be noted that one of the other factors that may
impact the outcome of the presented results is the uncertainties
associated with the historic input concentrations pattern, particu-
larly the recharge concentrations of nitrate. Although the uncer-
tainty in the magnitude of nitrate loading has been accounted for
in the multiplier parameter, there are uncertainties in the shape
(temporal pattern) of nitrate recharge concentrations that may
have been neglected. Uncertainties in the input are actually uncer-
tainties associated with time-series, and incorporating this type of
uncertainty in a Bayesian framework using conventional methods
is a challenging task. Developing innovative approaches to include
time-series uncertainty in groundwater dating may therefore be a
subject of future studies.

5. Conclusions

A Bayesian approach was applied to infer the key parameters of
lumped parameter models, consisting of Inverse Gaussian (young)
and Dirac (old) components. These components represent the
groundwater age distribution at eight wells in Turlock, California,
based on measured concentrations of multiple age tracers and
historic time-series of observed nitrate concentrations. Low 85Kr
concentrations and apparent 3H/3He ages point to a relatively
old modern fraction (40–50 years), diluted with pre-modern
Please cite this article in press as: Alikhani, J., et al. Nitrate vulnerability projecti
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groundwater, corroborated by the onset and slope of increasing
nitrate concentrations. Three scenarios were evaluated to study
the ability of the Bayesian inference framework to reproduce mea-
sured tracer concentrations and nitrate, estimate groundwater age
distributions, and predict nitrate concentrations: Scenario 1
includes both tracer and nitrate data, Scenario 2 includes nitrate
data only, and Scenario 3 includes tracer data only. The obvious
conclusion from our results is that including both nitrate and tra-
cer data leads to good agreement between observed and modeled
nitrate time series data and narrower credible intervals on future
nitrate projections. Due to the number of nitrate observations,
the age distribution model is largely constrained by the trend in
the nitrate concentrations. However, the tracer data was first used
to find an appropriate age distribution model.

It should be noted that overlooking the long-term transient
nature of the flow field as a result of changes in irrigation and
pumping patterns can contribute to some of the discrepancies
between nitrate and tracer-based inferences of travel time distri-
bution. Due to the lack of knowledge about these temporal varia-
tions in the past and the way they impact travel time
distribution in a complex system, including them into the type of
analysis carried out in this study is challenging.

Other potential future work is to develop a method to incorpo-
rate the uncertainties attributed to the pattern in recharge concen-
trations. This is particularly important for nitrate, as the way the
nitrate loading rates are obtained using fertilizer sale data can
introduce systematic biases in the temporal trend of loading which
are not captured by the multiplier parameter. The threat of well
closures due to nitrate concentrations increasing above the MCL
has become a major concern for the drinking water supplies in
the Central Valley of California. In all wells studied here, predic-
tions of nitrate concentrations show a leveling off between the
present and 2040, thanks to the leveling off of reconstructed
historical nitrate loadings to groundwater since about 1990. The
risk of nitrate concentrations exceeding the MCL within 25 years,
which could lead to well closures, may not be as high as present
day trends in nitrate concentrations suggest. The challenge for
predicting when nitrate concentrations in pumped groundwater
will level off, and at what level, lies in accurately estimating the
age distribution of pumped groundwater and in having knowledge
of the historical nitrate loading to the groundwater.
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