
RESEARCH ARTICLE
10.1002/2014WR015779

A general reactive transport modeling framework for
simulating and interpreting groundwater 14C age and d13C
S. U. Salmon1,2, H. Prommer1,2,3, J. Park3, K. T. Meredith4, J. V. Turner3, and J. L. McCallum2,5

1School of Earth and Environment, University of Western Australia, Crawley, Western Australia, Australia, 2National Centre
for Groundwater Research and Training, School of Earth and Environment, University of Western Australia, Crawley,
Western Australia, Australia, 3CSIRO Land and Water, Wembley, Western Australia, Australia, 4Australian Nuclear Science
and Technology Organisation, Kirrawee, New South Wales, Australia, 5School of the Environment, Flinders University,
Adelaide, South Australia, Australia

Abstract A reactive transport modeling framework is presented that allows simultaneous assessment of
groundwater flow, water quality evolution including d13C, and 14C activity or ‘‘age’’. Through application of
this framework, simulated 14C activities can be directly compared with measured 14C activities. This
bypasses the need for interpretation of a 14C age prior to flow simulation through factoring out processes
other than radioactive decay, which typically involves simplifying assumptions regarding spatial and tempo-
ral variability in reactions, flow, and mixing. The utility of the approach is demonstrated for an aquifer sys-
tem with spatially variable carbonate mineral distribution, multiple organic carbon sources, and transient
boundary conditions for 14C activity in the recharge water. In this case, the simulated 14C age was shown to
be relatively insensitive to isotopic fractionation during DOC oxidation and variations in assumed DOC deg-
radation behavior. We demonstrate that the model allows quantitative testing of hypotheses regarding con-
trols on groundwater age and water quality evolution for all three carbon isotopes. The approach also
facilitates incorporation of multiple environmental tracers and combination with parameter optimization
techniques.

1. Introduction

Characterizing groundwater system recharge rates, residence times, and flow paths is critical for a wide
range of environmental and engineering applications, including the sustainable management of ground-
water resources [e.g., McMahon et al., 2011; Eberts et al., 2012], assessing and predicting fate and transport
of diffuse or point source contaminants [e.g., D’Affonseca et al., 2011; Zhang et al., 2013], and studying
paleoclimate-driven variability in recharge [Sanford and Buapeng, 1996; Blaser et al., 2010; Schwartz et al.,
2010]. The large, inaccessible, and heterogeneous nature of many aquifer systems means that the spatial
distribution of physical properties, and hence flow paths and residence times, are uncertain. The most com-
mon approach to estimation of aquifer properties is through the inversion of hydraulic measurements such
as piezometric heads, via calibration of numerical groundwater flow models. However, numerical models
that are solely constrained by head measurements suffer from nonuniqueness and large predictive uncer-
tainty [e.g., Sanford, 2011; Engelhardt et al., 2013]. Uncertainties can be greatly reduced by including addi-
tional calibration constraints, such as indirect flux information derived from measuring groundwater age
[e.g., Weiss and Smith, 1998; Ginn et al., 2009; Leray et al., 2012].

Estimates of groundwater age are commonly derived from a variety of environmental tracers such as the
radioisotopes 3H, 36Cl, and 14C. These tracers decay at known rates and therefore allow an estimate of the
elapsed time since recharge [Clark and Fritz, 1997]. The time scales of radioactive decay may be interpreted
directly as an apparent age, or, in conjunction with simple lumped parameter models, used to describe mix-
ing of ages within an aquifer [Maloszewski and Zuber, 1982]. Radiocarbon (14C) decay can give age indica-
tions up to �40 ka; in addition, atmospheric concentrations of 14C increased after atmospheric nuclear
testing in the 1950s and 1960s, with the resulting bomb spike providing an ‘‘event marker’’ (see review in
Cook and Bohlke [2000]). Where infiltration occurred prior to the 1950s, calculation of decay-based ages
from 14C typically relies on assumptions, among others, that the initial 14C activity or 14C/12C activity in the
recharge water is known, recharge conditions have remained constant, and, once the recharge enters the
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aquifer, the system is closed with respect to other sources or sinks of 14C [Clark and Fritz, 1997]. However, in
natural systems, a wide range of geochemical, biogeochemical, and physical processes other than radioac-
tive decay are known to affect the 14C and 12C concentrations and therefore the 14C/12C activity. In terms of
hydrogeochemistry and biogeochemistry, these processes include, but are not limited to, dissolution, pre-
cipitation, or recrystallization of carbonate minerals, adsorption, ion exchange, and oxidation of dissolved or
sedimentary organic carbon (DOC or SOC, respectively) (see, e.g., reviews in Clark and Fritz [1997] and
Plummer and Glynn [2013]).

A variety of different methods have evolved to both (i) estimate the initial activity of 14C in recharge, and (ii)
‘‘correct’’ the measured 14C for some or all of the hydrogeochemical and biogeochemical reactions occurring
in the aquifer, prior to age calculations. The correction methods are generally based on point-to-point mass
balances or mass balanced reaction path calculations, in which changes in various hydrogeochemical parame-
ters, often including d13C, are used to constrain the magnitude of the reactive changes. For example, Plummer
et al. [1994] and Coetsiers and Walraevens [2009] calculated the stoichiometric addition or removal of selected
reactive phases from solution. Detailed reviews of these concepts have been provided by many authors,
including Fontes and Garnier [1979], Clark and Fritz [1997], and Plummer and Glynn [2013]. These correction
methods typically assume homogenous geochemical conditions between the point of recharge and the point
of measurement, and that sampling points are aligned with the actual groundwater flow paths.

Along with simplification of the chemistry of groundwater systems during typical procedures for 14C correc-
tion, conceptualization of groundwater flow is also often limited to the concept of piston flow, in which
water is considered to move through the subsurface via advection without mixing or dilution. Such calcula-
tions assume that the flow path is known implicitly, the aquifer is physically homogeneous, mixing via dis-
persion and diffusion does not occur and the aquifer system (including boundary conditions) is
hydrologically and geochemically at steady state. In some cases, assuming negligible dispersion or diffusion
was either shown or assumed to be justified [Sudicky and Frind, 1981; Phillips et al., 1989; Castro and Goblet,
2005; Sanford, 2011]. In other systems, neglecting one or both of these processes was demonstrated to
cause errors in 14C-based age estimations [e.g., Sudicky and Frind, 1981; Maloszewski and Zuber, 1982; John-
son and DePaolo, 1996; Sanford and Buapeng, 1996; Sanford, 1997; Bethke and Johnson, 2002; Castro and
Goblet, 2005], although Zhu [2000] suggests that correction of 14C prior to flow modeling, when based on
proportionality to changes in measured 13CDIC, may allow for the impact of processes such as hydrodynamic
dispersion. Assuming steady state hydraulic boundary conditions over the time scale relevant for 14C decay
(�40 ka) has also been shown to lead to errors in age estimates [Sanford and Buapeng, 1996; Zhu et al.,
1998; Schwartz et al., 2010; Sanford, 2011].

In many cases, corrected or uncorrected 14C ages have been used as a basis for the development of concep-
tual models of larger-scale groundwater flow systems [e.g., Plummer et al., 2004; Coetsiers and Walraevens,
2009; Noseck et al., 2009]. These age estimates have also been used to constrain hydrogeological model
parameters within numerical modeling studies that consider advective transport and, in some cases, mixing
[e.g., Phillips et al., 1989; Sanford and Buapeng, 1996; Sanford et al., 2004]. Other modeling studies directly
incorporate 14C transport, mixing, and decay into simulations; where comparison with field data was made,
14C was always corrected for reactions prior to the simulation of flow, using approaches and associated sim-
plifying assumptions similar to those described above [Johnson and DePaolo, 1996; Zhu et al., 1998; Varni
and Carrera, 1998; Zhu, 2000; Castro and Goblet, 2005; Post et al., 2013]. An exception to this was the work of
Johnson and DePaolo [1996], who implicitly quantified the effect of calcite dissolution on 14C activity
through use of strontium isotopes.

There has also been extensive investigation and comparison of alternative ways to calculate or simulate
age. For example, for calculation of ‘‘mean age,’’ age is considered as a solute, the concentration of which
increases linearly with time, and which is subject to advection and mixing [e.g., Goode, 1996]. However,
mean age cannot be measured directly in the field; comparison is still required with apparent ages based
on measurements of radioactive tracers. Relative to mean age, a bias of apparent ages toward younger val-
ues is known to exist due to the mixing arising in groundwater systems and the exponential nature of radio-
active decay [Varni and Carrera, 1998; Park et al., 2002; Bethke and Johnson, 2008]. These biases can be
overcome through the simulation of age distributions, allowing concentrations of, e.g., 14C, to be deter-
mined through convolution. Radioactive tracers (including 14C) are sensitive to the first two moments of the
age distribution; hence a single radioactive tracer measurement at a single point will give a non-unique
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representation of mean age [Varni and Carrera, 1998]. The relationships can be constrained with multiple
tracers if other reactions can be accounted for [e.g., Massoudieh et al., 2012; Engdahl and Maxwell, 2014].
However, for groundwater with an age range of 2–40 ka, there are currently no alternative environmental
tracers to 14C for constraining groundwater flow models, with the possible exception of 4He in some circum-
stances [e.g., Bethke and Johnson, 2008]. Therefore, in this age range, and with the exception of systems
where reactions that affect the 14C activity do not occur to a significant degree, quantifying the effect of
reactions and transport processes on 14C is often critical to being able to directly compare flow simulation
results to a measurable quantity in the field.

With advances in the capabilities and computational efficiency of reactive transport models, it is now feasi-
ble to directly couple a wide range of physical and biogeochemical processes, including kinetic and equilib-
rium isotope fractionation, and thus use a process-based and spatially and temporally resolved approach to
quantify the fate of 14C in groundwater systems. Reactive transport models are already increasingly applied
to study patterns of stable carbon isotope signatures in organic contaminant plumes [e.g., Van Breukelen
et al., 2005; Van Breukelen and Prommer, 2008] and to interpret field-measured stable isotope signatures of,
for instance, organic contaminants [Prommer et al., 2009; Pooley et al., 2009; D’Affonseca et al., 2011], nitro-
gen [Chen and MacQuarrie, 2004], and sulfur [Prommer et al., 2009; Zhang et al., 2013], the latter in conjunc-
tion with 3H/3He data that served as an age constraint.

In this paper, we present a novel framework for quantifying the transport and fate of 14C, based on existing
modeling tools for reactive transport modeling of stable isotopes. Biogeochemical and transport processes
that affect all three carbon isotopes (12C, 13C, and 14C) in inorganic and organic state variables are directly
implemented. The approach allows simultaneous assessment of spatial variability in flow, water quality evo-
lution, and groundwater 14C concentrations, and bypasses the need for correction of 14C to obtain an ‘‘age’’
prior to flow simulation. Age distributions and mean age are also simulated, and presented for comparison.
The use of this framework is illustrated by assessment of the transport and fate of 14C and 13C, and the influ-
ence of a range of relevant processes on 14C groundwater age determination, through transient and spa-
tially explicit simulation of 14C under heterogeneous hydrogeological and geochemical conditions.

2. Method

2.1. Modeling Approach
The framework for the reactive transport of all chemical entities is based on the standard advection-
dispersion-reaction equation, as has been described in detail previously [e.g., Barry et al., 2002; Prommer
et al., 2003], and is implemented through the reactive multicomponent transport code PHT3D [Prommer
et al., 2003]. The developed reaction rate expressions could be directly employed in other reactive transport
codes that allow user-defined kinetic and equilibrium reactions. In PHT3D, the physical solute transport
processes (advection, dispersion, and diffusion) for all mobile species/components are solved by MT3DMS
[Zheng and Wang, 1999], while PHREEQC [Parkhurst and Appelo, 1999] is used to solve mixed kinetic and
geochemical equilibrium processes, such as aqueous speciation, mineral and organic matter reactions, sur-
face complexation and ion exchange. Both submodels are integrated through a sequential operator split-
ting approach. For each of the transported entities, the concentration changes induced by the
biogeochemical processes are considered, as described in previous model applications that involved DOC/
SOC-driven redox reactions in conjunction with various mineral reactions [e.g., Greskowiak et al., 2005;
Prommer et al., 2006; Engelhardt et al., 2014].

For the specific application of modeling sources and sinks of 14C, as well as 13C, the previously established
approach for simulating the fate and associated isotope carbon signature of organic contaminant mixtures
[e.g., Prommer et al., 2009; D’Affonseca et al., 2011] is expanded. Separate state variables are defined for
each of the three carbon isotopes (12C, 13C, and 14C) within each carbon-bearing phase, which may include
organic and inorganic aqueous species, SOC, carbonate mineral phases such as calcite, or adsorbed species.
The dissolved and solid phase organic carbon may also be configured to consist of different pools with vary-
ing reactivity and isotopic composition. The concentrations of each of the three isotopes are separately
tracked throughout both the physical transport and the biogeochemical reaction steps. As an example of
the reaction expressions employed, for the inorganic fraction of 14C (14CDIC) in the example below, the rate
(r) of concentration change is computed from:
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r5
X

j51;ncm

rmineral;j1
X

k51;ncp

rOM;k2k 14C DIC
� �

(1)

where rmineral,j and rOM,k are the rates of release of 14CDIC due to reactions of the jth 14CDIC-bearing mineral
phase and the kth 14CDOC-bearing organic phase, respectively; ncm is the number 14CDIC-bearing minerals
and ncp is the number of modeled 14CDOC-bearing organic carbon pools. The third term is the first-order
rate of radioactive decay (see below). Transformations between various organic pools, such as occur in fer-
mentation or formation of more refractory molecules, can also be implemented.

Mineral reactions are governed by the corresponding rate laws or solubility controls for the individual min-
erals. For instance, in this study, the kinetic, pH-dependent, preferential fractionation of 13C into calcite dur-
ing precipitation was implemented based on Appelo [2002]. The kinetically controlled degradation of the
various DOC pools is computed through appropriate reaction rate laws, where rates are typically a function
of electron acceptor availability and environmental factors such as temperature. Oxidation of DOC or SOC
to DIC may occur at different rates for the different isotopes; this preferential degradation of some isotopes
over others (e.g., 12C over 13C) causes changes in the isotope ratios in both the precursor, here DOC, as well
as in the product, here DIC. The kinetic isotope effect for the kth organic pool was computed from:

@ i CDOC;k

@t
5rtot;k Ri

ei

1000
11

� �
(2)

where rtot,k is the total oxidation rate of the kth organic pool/compound, Ri (i5 13, 14) is the mass ratio of
iC/12C, and ei is the kinetic enrichment factor associated with each of the k oxidation reactions.

2.2. 14C Decay and Age Calculations
Interpretation of 14C data to obtain age estimates is based on radioactive decay according to:

d14C
dt

5 2k 14C
� �

(3)

where [14C] is the concentration of 14C, k 5 ln2/th, and th is the half-life for radioactive decay (5.73 ka). In a
closed system and in the absence of hydrogeochemical reactions, this results in an exponential decrease in
concentration with time since recharge. The 14C concentration is usually reported as a ratio with 12C (or total
C) in units of disintegrations per minute per gram carbon, and relative to the 14C/12C ratio in a standard
(Rstd), giving an activity at time t, at, in units of percent modern carbon (pMC) [Clark and Fritz, 1997]:

at5
14C t=

12C t

Rstd

� �
3100 (4)

The apparent or radiometric age of the groundwater is typically calculated from the 14C/12C activity at the
time of recharge (a0) and the activity at time t according to:

age52
1
k

ln
at

a0

� 	
(5)

Age calculated in this manner is referred to in this paper as the raw 14C/12C age. If the absolute 14C concen-
tration is known, age can also be calculated directly from the ratio of the 14C concentration at time t to its
initial concentration, 14C0 [cf. Han et al., 2012]:

age52
1
k

ln
14Ct
14C0

� 	
(6)

The latter allows an estimate of age that is independent of changes in 12C across the domain. However, for
these calculations, assumptions include that the only process affecting 14C since recharge is decay, and that
the initial concentration is known and has not varied in time. In order to estimate an ‘‘ideal’’ radioactive age
based on 14C decay alone in simulations where reactions affect 14C and 12C and furthermore the boundary
conditions vary in time, an additional variable, 14Cd, was defined. This variable was present in identical cop-
ies of all 14C state variables, which were then subject to all the same reactions as the 14C variables, with the
one exception that 14Cd,DIC was not subject to radioactive decay. The ‘‘decay-only’’ 14C age was then calcu-
lated according to
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age52
1
k

ln
14C t

14Cd;t

� 	
(7)

3. Example Application

3.1. Study Site
To illustrate the modeling approach, a groundwater flow system that schematically approximated the bio-
geochemical and hydraulic conditions in a multilayered system of aquifers was defined. The simulation was
based on analysis of a subsection of the Gnangara groundwater system in the Swan Coastal Plain, Western
Australia [Davidson, 1995]. The carbonate-depleted Bassendean Sands dominate the surface of the central
region of the unconfined aquifer, which is referred to as the superficial aquifer [Davidson, 1995]. The Bassen-
dean Sands are characterized by a relatively low reactivity or cation exchange capacity. A common feature
at the base of the superficial aquifer is the carbonate-bearing Ascot Formation. The observed groundwater
hydrogeochemistry in the different units reflects the mineralogical differences [Meredith et al., 2012].

Wetlands and other periodically inundated or saturated surface water bodies are common across the Swan
Coastal Plain [Davidson, 1995]. DOC concentrations of up to 280 mg/L have been reported in shallow
groundwater near wetlands on the Gnangara Mound [WIN, 2012; Degens et al., 2012]. Recent re-sampling of
the (deeper) superficial aquifer groundwater bores sampled by Meredith et al. [2012] indicated that DOC
concentrations are highly variable, ranging from 4 to 80 mgC/L.

Based on the broad characteristics of the system described above, a numerical reactive transport model
was constructed and used to test the sensitivity of 14C and hence age calculations to factors such as the
presence or absence of calcite, organic matter sources of varying age, and multiple pools of organic matter
with different reactivity and isotopic composition. As the main focus of this study was to illustrate the
potential of the modeling approach for elucidating and quantifying the effect of multiple geochemical proc-
esses on the fate of 14C, a detailed and accurate reproduction of the complex 3-D multiaquifer hydrogeol-
ogy or biogeochemistry of the Gnangara system was not attempted here.

3.2. Model Description
3.2.1. Flow and Transport
The groundwater flow model underlying the reactive transport model was configured to conceptually
approximate a 2-D east-west transect of the groundwater system (Figure 1a) aligned with the direction of
prevailing groundwater flow in the superficial aquifer [Davidson, 1995; Davidson and Yu, 2008]. The top of
the groundwater mound (i.e., the water divide) coincides with the eastern side of the model domain. On

Superficial

Yarragadee
No 
flow

Recharge; free water table

Fixed 
head 
10ka: 49m
0.05ka: 35m

Fixed 
head 
50m

No flow 5000m

Ascot
aquitard

DOC source DOC source

aquitard

0m

West East

0m

80m

-320 m

a) b)

Figure 1. (a) Schematic of the modeled groundwater domain, hydraulic conductivity zones, boundary conditions, and location of DOC sources (‘‘wetlands’’; modern DOC in the east/
right-hand source, old DOC in the west/left-hand source). Vertical axis is meters above sea level (m ASL). Horizontal conductivities: superficial, 10 m d21; Ascot, 5 m d21; Yarragadee, 1 m
d21; aquitards, 0.001 m d21. Vertical conductivity is 10% of horizontal value. The extents of the hydraulic conductivity features are: Ascot formation, from (0 m, 10 m ASL) to (2400 m, 20
m ASL); left aquitard, (0 m, 210 m ASL) to (2400 m, 10 m ASL); right aquitard (3200 m, 37.5 m ASL) to (4600 m, 45.0 m ASL); and the Yarragadee-Superficial interface is at 10 m ASL. The
vertical dashed red line shows the location of the depth profiles in Figure 4. (b) 14CDIC bomb pulse input function used as model input for the transient period (10–10.05 ka), and approxi-
mate measured data for the Northern Hemisphere [Levin et al., 2010].
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the western side of the domain, the bottom of the superficial aquifer hosts the carbonate-bearing Ascot for-
mation, with slightly lower conductivity than the siliceous sands of the upper part of the superficial aquifer.
The Ascot formation is underlain by very low conductivity layers of the upper Leederville unit. On the east-
ern side of the model domain, neither the Ascot nor the Leederville are present, providing a direct hydraulic
connection with the (otherwise deeper) Yarragadee aquifer [Meredith et al., 2012, and references therein]. A
recent airborne electromagnetic survey also suggested the presence of a low conductivity lens located
close to the top of the superficial aquifer, a feature that was incorporated in the model setup. The horizontal
hydraulic conductivities of the major units were adopted directly from a fully calibrated regional aquifer
model [Davidson and Yu, 2008]. The hydraulic conductivity distribution for these simulations is indicated in
Figure 1a.

For the model simulation, the eastern and lower boundaries were defined as no-flow (Figure 1a). The total
simulation period of 10.05 ka was separated into different stress periods, the first of which covered 10 ka of
steady state flow conditions. The piezometric head in the superficial aquifer at the western boundary was
set to 50 m above sea level (ASL) for the entire simulation period, corresponding to recent head measure-
ments. In the underlying Yarragadee aquifer, the head was set to an estimated value of 49 m ASL for the ini-
tial 10 ka, then changed to the observed modern-day head of 35 m ASL [Meredith et al., 2012] for the last
0.05 ka (50 years) during which time transient flow was allowed to occur. The lower modern-day head was
induced by groundwater abstraction in the deeper aquifers. The recharge rate was set to 240 mm/yr, which
is approximately one third of the average rainfall for the area [Davidson, 1995]. Mean age was simulated fol-
lowing Goode [1996], and age distributions were simulated following Varni and Carrera [1998] for the steady
state flow part of the simulations.

3.2.2. Biogeochemistry
The conceptual model for the biogeochemical and isotopic processes was translated into a simplified site-
specific reaction network. Most attention was given to the implementation of the reactions involved in the
carbon cycle while reactions that were of secondary relevance for the purpose of this paper were excluded.
The state variables comprised of several nonredox-sensitive components (solution master species), sulfur in
two different redox states (i.e., S(16), S(22)), and dissolved organic and inorganic carbon, in each case with
separate state variables for each of the three carbon isotopes. Reactions of calcite and organic matter were
considered to be kinetic processes, as described below. Aqueous speciation was implemented for solution
master species (including 12C(14)) based on the PHREEQC database [Parkhurst and Appelo, 1999] and reac-
tions defined therein. The stable isotope composition was calculated from Rstd,13 (0.011237) according to:

d13C5
R13

Rstd;13
21

� �
� 1000 (8)

3.2.2.1. Initial Conditions and Calcite Dissolution
The initial hydrogeochemical conditions were adopted from the average water composition found within
the Bassendean Sand [Meredith et al., 2012], with the exception that 14CDIC and all organic species were set
to zero. The water composition was charge-balanced by adjusting the initial Cl concentration. Concentra-
tions and d13C values employed are listed in Table 1.

Calcite dissolution or precipitation was the only mineral reaction that was included in the simulations, and
the mineral occurs only in the Ascot Formation (Figure 1a). Dissolution and precipitation were implemented
following the rate law:

rcalcite5 k1 H1
� �

1k2 CO2½ �1k3 H2O½ �2k4 Ca21
� �

HCO2
3

� �
 � Acalcite

V

� 	
M

M0

� 	0:67

calcite
(9)

where square brackets indicate activities, k1–k4 are rate coefficients [Plummer et al., 1978; Parkhurst and
Appelo, 1999], A/V is the mineral surface area to volume ratio, M is the calcite content, and M0 is the initial
calcite content. The initial calcite content in this unit was set to 1 mol (Lbulk)21 with an initial surface area/
volume ratio of 0.19 m21. The initial d13CDIC signature of the calcite was set to 21& [Meredith et al., 2012],
and as the formation was >40 ka old [Davidson, 1995], the calcite was considered to contain zero 14C. The
pH-dependent, preferential fractionation of 13C into calcite during precipitation of the mineral was imple-
mented in the model as proposed by Appelo [2002]. Fractionation of 14C could also be implemented in a
similar manner, however, as no calcite precipitation occurred during these simulations, this process was not
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incorporated. During mineral dissolution, the isotopes were released in the same ratio in which they were
present in the mineral.

3.2.2.2. Recharge Water and Reactions of DOC
As for the initial water hydrogeochemical composition, concentrations within the recharge water were set
to typical concentrations found in the Bassendean Sands (Table 1). All concentrations remained constant
over time, except for 14CDIC. For the first 10 ka, the concentration of 14CDIC in the recharge water was set to
100 pMC. Using a 14C Rstd (cf. equation (4)) of 1.176 3 10212 (NBS-Ox1) [Stuiver and Polach, 1977] as 100
pMC, a 12CDIC concentration of 5.4 3 1024 M resulted in a 14CDIC concentration of 6.35 3 10216 M in the
recharge water. From 10 to 10.05 ka, the 14CDIC (and 14Cd,DIC) in recharge water was increased to 180 pMC
for the decade in which the bomb spike occurred, then gradually decreased over the next 0.05 ka (Figure
1b).

The effect of localized sources of recharge with high DOC concentrations, such as may occur in or around
wetlands, was demonstrated by allowing DOC to enter the model domain at two locations (Figure 1a). The
initial total DOC concentration in the sources (implemented locally into the recharging groundwater) was
set to 0.008 M (�100 mg/L). DOC concentrations of �200, �10, �1, and 0 mg/L were also tested.

The vegetation on the Swan Coastal Plain is dominated by C3 plants, and thus the d13C of organic matter
was expected to be close to 227& [Clark and Fritz, 1997]. DOC entering the groundwater from modern
wetlands is expected to have a 14C activity close to 100 pMC. However, peat layers that occur throughout
the Swan Coastal Plain [Davidson, 1995] may consist of old organic matter. Thus, the 14C activity of DOC (or
SOC) could be �100 pMC, 14C free, or of intermediate activity. In order to compare extremes of the effect of
low or high 14C activity organic matter sources, one (the eastern) DOC source was assumed to be of modern
14C activity, and the other to be 14C free. The 14CDOC for the modern source was calculated using the same
Rstd above as 100 pMC, giving a 14CDOC concentration for the modern DOC source (DOC 5 0.008 M) of 9.4 3

10215 M.

In the simulations, the oxidation of DOC entering from the two wetland sources was assumed to occur
solely via sulfate reduction, according to:

2CH2O1SO22
4 1H1 ! 2CO21HS212H2O (10)

The rate expression for DOC oxidation via sulfate reduction was adopted from earlier, comparable studies
[e.g., Zhang et al., 2013] but were modified to include carbon isotope fractionation. For most simulations,
the DOC was divided into two pools, one more reactive (labile) and one less reactive (refractory). For the jth
organic carbon pool, the rate of oxidation for the ith isotope was computed from:

Table 1. Parameter Values in the Model, in Recharge, and in Model Output at Selected Locations After 10 kaa

pH
DIC

(mM)
S(6)

(mM)
S(22)
(mM)

Ca
(mM)

DOC
(mM)

13CDIC

(&)

13CDOC

(&)

14CDOC

(pMC)

DICb

Mean
Age (ka)

Raw
(pMC)

C/C0

(pMC)
d.o.

(pMC)
Raw
(ka)

C/C0

(ka)
d.o.
(ka)

Mineral Phase
Calcite(s) (Ascot) 21 0
Aqueous Inputs
Rechargec 5.0 0.54 0.3 0 0.15 0 222 100 100 100 0 0 0 0
Wetland-West 5.0 0.54 0.3 0 0.15 8 222 227d 0 100 100 100 0 0 0 0
Wetland-East 5.0 0.54 0.3 0 0.15 8 222 227d 100 100 100 100 0 0 0 0
Simulated Water Quality
Bore Unite Depth Heads
1 B 44 54.93 6.3 1.17 0.00 0.30 0.17 0.89 223.3 228.5 3 49 105 100 5.87 20.42 0.03 0.02
2 A 14 54.92 7.9 1.67 0.09 0.21 0.85 0.38 214.0 229.7 68 50 153 99 5.74 23.50 0.12 0.12
3 Q 1 53.80 7.2 1.68 0.00 0.30 0.68 0.33 217.0 228.4 67 46 142 76 6.39 22.90 2.28 2.51
4 Y 245 52.51 6.3 1.16 0.00 0.30 0.17 0.95 223.3 228.5 95 94 200 96 0.53 25.72 0.38 0.39

aOther ions in aqueous solutions: Cl 5 2.37 mM; Na 5 2.2 mM; K 5 0.5 mM. Bore depths and heads in mAHD.
bRaw 5 14C/12C (cf. equation (4)); C/C0 5 14C/(14C in recharge); d.o. 5 decay only (14C/14Cd, cf. equation (7)).
cThe same composition was used for background/initial concentration, except the background DIC was 0 pMC, and DOC 5 0.
d50% labile, 224.0&; 50% refractory, 230.0&.
eUnits: B—Bass Sand; A—Ascot formation; Q—Aquitard; Y—Yarragadee.
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where Ctot,j is the sum of the concentrations of all carbon isotopes in the jth organic carbon pool, Ri,j is the
ratio of the ith isotope to Ctot in the jth pool, square brackets in this case represent concentrations, ks is the
rate constant, and ei is the enrichment factor for the ith isotope relative to 12C. When equation (11) was
applied to 12C organic carbon pools, the enrichment factor was set to ei 5 0. For the labile carbon organic
pool, the rate constant ks was set to 1 3 1029 mol L21 s21, and for the refractory DOC, ks was set 3 orders
of magnitude lower. The effect of preferential oxidation of lighter carbon isotopes was investigated by
either setting ei to 0 (no fractionation case) or to ei 5 25 & for 13C in the simulations with fractionation.
Fractionation of 14C is often considered to be twice that for 13C [Craig, 1954; Southon, 2011]; ei for 14C was
thus set to 210&.

In addition, the effect of the organic matter configuration with either one or two pools was tested by run-
ning comparative simulations with only a single organic matter (OM) pool, which was assumed to consist of
labile DOC, with d13C of 227&. As for the case of two OM pools with, simulations were run with and with-
out fractionation.

3.2.3. Numerical Implementation
Because 14C concentrations were below the value for numerical truncation within the transport code, con-
centrations were scaled up (by 109) before each physical transport step and subsequently rescaled prior to
each reaction step. The adequacy of the spatial resolution was tested by refining the cell size until the simu-
lated mean age and concentrations of other species indicated grid convergence over the majority of the
domain. Grid convergence was not achieved in all of the aquitard, however, as this did not affect the geo-
chemical patterns in the rest of the domain and higher grid resolution lead to excessive run times, for the
purposes of this study, the grid resolution was considered adequate.

3.3. Model Results
3.3.1. Groundwater Flow
The simulated hydraulic heads for the entire domain after 10 ka (i.e., steady state flow up to this time) and
10.05 ka are shown in Figure 2. Recharge entering the superficial aquifer moved either away from the
groundwater divide on the eastern side or downward into the deeper aquifers. After the additional 50 years
(0.05 ka) of transient conditions with reduction in pressure in the deeper aquifer, the flux diversion into the
deeper aquifer was significantly increased.

3.3.2. Hydrogeochemistry at a Simulation Time of 10 ka
Simulations achieved stable hydrogeochemical distributions after approximately 2 ka. Over this period, two
plumes that originated from the DOC sources evolved in the downstream direction and reached steady
state. Within these plumes, oxidation of DOC and calcite dissolution were the key drivers for reaction-

Figure 2. Hydraulic head (m) and advective particle tracks after (a) 10 ka at steady state, (b) 10.05 ka, with changed boundary conditions and transient simulation from 10 ka (see section
3.2.1). Black lines indicate zones of differing hydraulic conductivity (compare Figure 1a).
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induced concentration changes. During transport away from the wetlands, DOC oxidation via SO4 reduction
generated plumes of elevated DIC and a corresponding increase in pH (Figure 3). Oxidation of DOC from
the wetland located on the western side occurred more quickly as greater mixing with SO4-bearing water
from local recharge occurred. DOC from the source on the eastern side persisted in a zone where there was
less mixing, above the low-conductivity lens in the middle of the superficial aquifer (cf. Figure 2). Dissolution
of calcite in the Ascot formation lead to even higher DIC concentrations, and raised the pH and Ca concen-
trations, both in the Ascot formation itself and, due to the downward hydraulic gradient (cf. Figure 2), also
in the units below.

3.3.3. d13C and Effects of DOC Reactivity at a Simulation Time of 10 ka
The simulated d13CDIC signature (Figure 3c) evolved from a combination of physical and reactive proc-
esses. Carbonate dissolution within the Ascot formation released DIC that had a heavier d13CDIC while oxi-
dation of DOC-containing water shifted the d13CDIC toward more isotopically depleted values. The red line
in Figure 4a shows the d13CDIC depth profile at a distance of 1000 m from the western boundary (in line
with the western observation wells 1–4, Figures 2 and 3). Figure 4a also shows the results from compara-
tive simulations (i) without DOC, (ii) without calcite (cc), and (iii) with neither calcite nor DOC. In the simu-
lation with both calcite and DOC sources, the resulting d13CDIC lay in between the simulations with only
one of these processes occurring, and at some depths was the same as the no-reaction scenario, high-
lighting the nonuniqueness of the d13CDIC simulations. Furthermore, the measured value depended on
the location of the bore screen, relative to where reactions occur in the aquifer and the subsequent flow
and transport processes.

Increasing initial DOC concentrations lead to more depleted d13CDIC (Figure 4c). This highlights that in these
simulations the availability of electron acceptors was not the only control on organic matter oxidation, as is
sometimes assumed to be the case. At this location, assuming only one reactive OM pool rather than two,
or no fractionation, had an effect of 1–2& (Figure 4e). In simulations with two OM pools, preferential

Figure 3. Selected hydrogeochemical parameters after 10 ka. Concentrations in mol L21, and d13C in &. White dots indicate location of observation bores (see Figure 2).
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degradation of the labile DOC
occurred; the highest observed
ratio of labile:refractory DOC
(�0.9) occurred close to the
DOC source (Figure 3j). As the
plume moved away from the
source and mixed with SO22

4 -
bearing recharge from other
recharge areas, the labile:re-
fractory DOC ratio decreased
further.

3.3.4. 14C at a Simulation
Time of 10 ka
Oxidation of the 14CDOC-bearing
(modern) DOC from the source
on the eastern side lead to
14CDIC concentrations in excess
of the concentration in
recharge water (6.35 3 10216

M; Figure 3h). This was even
clearer when the concentration
was plotted as a ratio with the
C0 from prebomb recharge con-
ditions, as in that case the 14C
activity reached over 200 pMC
(Figure 5a). Normalizing 14C to
12C to give the raw 14C activity
(equation (2)) resulted in an
activity in the plume of oxida-
tion products of modern DOC
that was similar to the incom-
ing recharge water (Figure 5b),
as the assumed 210 per mille
fractionation during DOC min-
eralization did not lead to a
large change in the raw 14C
activity. However, the reactions
associated with the old DOC
plume elevated only 12CDIC and
therefore lowered 14C/12C ratios
and thereby 14C activities. In
and around the Ascot forma-
tion, carbonate dissolution and
upstream oxidation of old DOC
both contributed to elevated
12CDIC and resulted in raw 14C
activities as low as 24 pMC.
With normalization of 14C to
14Cd to give a decay-only 14C

activity (cf. equation (7)), the effects of the different DOC sources and carbonate dissolution were factored
out; in this case the maximum pMC was �100, and the minimum 14C activity was �54 pMC (Figure 5c).

3.3.5. Mean and 14C Age Interpretations at 10 ka Simulation Time
The mean age, which was simulated independently of 14C (see section 2), is shown in Figure 6a, and reflects
the time since recharge. Figure 7 presents age distributions for selected locations in the domain, as well as

Figure 4. Effect of different model configurations on a depth profile at 1000 m (see Figure
1a) of: (a, c, and e) d13CDIC (see also Figure 3c) and (b, d, and f) raw 14C age (see also Figure
6b); results after 10 ka. The ‘‘base case’’ is the solid red line in each plot. (a-b) Simulations
with DOC and calcite (cc); DOC (only), calcite only, and neither calcite nor DOC. Figure 4b
also shows decay only 14C age (equation (7)) for the base case. (c-d) Simulations with DOC
100 mg/L in recharge (base case), as well as 200, 10, 1, and 0 mg/L. (e-f) Simulations with
two versus one pool of DOC, with (f) and without (no f) fractionation. Red dots indicate the
depths of the bores at 1000 m as denoted in Figure 2.
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the mean age and decay-only
14C age as calculated from the
age distributions according to
Varni and Carrera [1998]. The
distributions show long tailing,
due to the diffusion and dis-
persion that arise from
exchanges between flow paths
of different origins and travel
times. It was also demon-
strated that the decay-only 14C
ages are slightly younger than
the mean ages. This bias
toward younger ages is
expected for mixing of solu-
tions with different concentra-
tions of a tracer subject to
radioactive decay [Varni and
Carrera, 1998; Park et al., 2002;
Bethke and Johnson, 2008;
McCallum et al., 2014]. In Figure
8, the bias was minimal in the
majority of bores as the
groundwater in the domain
was considerably younger than
the half-life of 14C.

Figure 6b shows the spatial dis-
tribution of the raw 14C age as
simulated by the reactive
transport model, which corre-
sponds to the 14C measure-
ment that would be obtained
by field hydrogeochemical
analyses if the model were a

reasonable representation of the flow and reactions occurring in the actual system. In these simulations, the
decay only 14C ages as calculated from the additional simulated 14C variable (Figure 6c, cf. Figure 5c) were
similar to mean ages, with a bias toward younger ages for the 14C age as age increased (Figure 6d). The
decay-only 14C ages were also very close to the raw 14C age in the simulation with no DOC or calcite present
(Figure 6e). This was in contrast to the comparison between mean age and raw 14C age, where reactions
that produce 12CDIC lead to the raw 14C age exceeding the mean age by thousands of years (Figure 6f). This
raw 14C age clearly did not give any indication of the time since recharge or of effective flow rates; if mod-
eled mean ages were compared directly to measured raw 14C ages, significant errors would be obtained
from model calibration. However, mean age and 14Cd cannot be measured directly; it is the comparison of
measured and observed raw 14C activity that will provide confidence or otherwise in the underlying flow
and reaction model. This comparison also demonstrates that in this case the differences in interpreted
mean ages and decay-only 14Cd ages caused by mixing were much smaller than the difference between
either of these age estimates and the raw 14C age, caused by biogeochemical processes.

Depth profiles at the location of the western observation bores show that both calcite dissolution and oxi-
dation of old DOC lead to a raw 14C age of �6 ka in this case (Figure 4b). Initial DOC concentrations of
�1 mg/L had no effect on the raw 14C age, but even �10 mg/L lead to ages of �1 ka at the top of the
aquifer at this location (Figure 4d). With an initial DOC concentration of �200 mg/L in both DOC sources,
the age in the unconfined aquifer at this location became younger rather than older, due to transport of
more 14CDIC from oxidation of the modern DOC source to the east. The 14C age was insensitive to the

Figure 5. 14CDIC activity (pMC) after 10 ka, as calculated based on (see also section 2.2): (a)
the ratio of 14C to the prebomb C0, (b) the ‘‘raw’’ 14C activity ([(14C/12C)/Rstd], cf. equation (4)),
and (c) ‘‘decay only’’ 14C concentration, 14C/14Cd.
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Figure 6. Calculated groundwater ages after 10 ka. (a) Simulated mean age, (b) raw 14C age (equation (4)), and (c) decay only age (equation (7)). Scatterplots show: (d) decay only 14C
age versus mean age, (e) decay only 14C age versus raw 14C age from simulation with no DOC or calcite, and (f) raw 14C age versus mean age. Dashed lines indicate 1:1. White dots and
red dots denote (left) location and (right) concentrations of observation wells 1–7 (cf. Figure 2).

Figure 7. Age distributions from observation bores 1–7 at 10 ka. Vertical dotted line indicates the mean of the age distributions, and verti-
cal dashed lines indicate the 14C age, both as calculated from convolution using the age distribution [Varni and Carrera, 1998].
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tested degree of fractionation during mineralization (Figure 4f), and the change observed with one rather
than two pools of organic matter was due to all of the initial �100 mg/L DOC being labile in this case (see
section 2).

As with the traditional geochemical correction methods, such as those discussed in section 1, the aim of
applying this modeling framework to field data is to be able to compare simulation results with 14C field
measurements and to remove the effect of reactions, thereby obtaining information on the residence times
and flow paths of water in the aquifer. A simple example of the complications arising from correcting 14C
ages along an assumed 1-D flow path will be illustrated briefly using chemistry and head data (Table 1)
from the western observation bores in the domain (Figure 2). To simplify this example, the 14C concentra-
tion in the recharge in the simulations was taken as a given; correction for the initial activity in recharge (a0,
cf. equation (5)), for example, using the different initial activity correction methods implemented into NET-
PATH [Plummer et al., 1994], was therefore not required. In this case, the water composition was only
affected by the recharge composition and two reactions. If it was assumed that any increase in Ca concen-
tration following the head gradient was due to calcite dissolution, and reduction in SO4 concentration was
due to DOC oxidation (equation (10)), changes in water quality between pairs of bores could be used to cal-
culate the contribution of reactions to changes in water chemistry [cf. Coetsiers and Walraevens, 2009].

Starting with the recharge water quality and moving along the head gradient (Table 1) in the vertically
aligned bores, the first two observation wells showed increased Ca and decreased SO4, and an associated
increase in DIC. However, the Ca concentration was lower in the third observation well than in the second,
and lower again in the fourth well, which indicated either calcite precipitation or mixing with waters from a
different flow path. In this case, it was known that calcite precipitation did not occur. Furthermore it was
clear that the groundwater flow path was predominantly perpendicular to the assumed vertical flow path

Figure 8. (a–d) Selected parameters after 10.05 ka (i.e., after 50 years of changed heads, transient flow, and bomb spike, see section 3.2). White dots denote location of observation wells
1–7 (cf. Figure 2). Concentrations in mol L21. (e) Mean age after 10.05 ka versus after 10 ka. (f) Raw 14C age after 10.05 ka versus after 10 ka. Dashed line indicates 1:1. Red dots denote
values in observation wells 1–7 (cf. Figure 2).
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at all depths (Figure 2). The hydrogeochemistry in the western bores was greatly affected by what occurred
upgradient to the east, for example, the high 14C content of DOC indicated that modern DOC from the east-
ern DOC source reached all four western wells. For a mixing analysis, the composition of the mixing end-
members would be required, however, there may not be bores placed upstream along the relevant flow
paths. With transient flow due to changing boundary conditions, flow paths will also change with time, as
was shown in Figure 2 and is further discussed in the next section. This example is clearly oversimplistic rel-
ative to typical interpretation of hydrogeochemical data, but does highlight that elucidation of whether
changes in chemistry along an assumed 1-D downgradient flow path are due to reactions or mixing of
waters from other flow paths can quickly become nontrivial.

3.3.6. Transient Conditions
Figure 8 shows selected results from the base case simulation after the additional 0.05 ka period, during
which the current pumping-induced hydraulic conditions and the 14C bomb pulse in the recharge water
were incorporated. During this period, the decreased hydraulic heads in the lower aquifer drew more water
from the superficial aquifer into the deeper aquifer, including the water containing elevated 14CDIC from the
bomb pulse (e.g., compare 12CDIC, Figure 8b and 3b). Raw 14C activity in excess of 100 pMC occurred in
regions affected by 14C bomb pulse recharge (Figure 8c). Over the 50 year period, the mean age decreased
(Figure 8e), particularly in the shallower parts of the domain, as the vertical gradients increased. However,
the raw 14C ages decreased to a much greater degree (by thousands of years, Figure 8f) and increased in
other locations, due to a combination of movement of the wetland plumes and input of bomb 14C; in some
places, ages even became negative (Figures 8d and 8f). The results highlight that a 1-D, steady state analysis
of groundwater ages in a system with transient boundary conditions will be unlikely to lead to meaningful
interpretation of time elapsed since recharge.

4. Discussion

Traditional geochemical 14C correction methods, as presented in section 1, typically do not allow for the
effects of mixing due to spatial heterogeneity or temporal variability in flow and reactions. The possibility of
a transient, 2-D/3-D approach as presented here is advantageous in that it avoids the need for prior
assumption of 1-D flow paths and allows consideration of mixing (dispersion) and diffusion, as well as
changes in boundary conditions over time, should these be relevant to the system under study. Similarly,
relative to a traditional simulation-based analysis of groundwater age that may or may not use corrected (or
uncorrected) 14C ages, incorporation of 14C reactions directly into flow and transport simulations allows the
benefit of constraint by direct comparison with field observations (raw 14C activity). Ultimately, the strength
of the method is that it allows the user to select the degree of simplicity or complexity of both the flow sys-
tem and the geochemistry to be investigated, dependent on the system being simulated.

The reactive transport approach presented here remains subject to fundamental limitations that affect the
traditional geochemical correction methods, in that data on the distribution, quantities, and reactivity of
substances in aquifers, as well as on hydraulic properties, is usually sparse, and the resulting uncertainty
may lead to poorly constrained models. Similarly, this approach also requires estimates of the initial 14C
entering the groundwater with recharge, including how this varied in the past, for example, due to temper-
ature dependence of biogeochemical or mineral processes in the unsaturated zone [e.g., Blaser et al., 2010;
Wood et al., 2014] or variability in hydraulic boundary conditions [Schwartz et al., 2010]. We have also not
explored the role of heterogeneity of hydraulic conductivity. Engdahl et al. [2012] showed that heterogene-
ous aquifers can lead to non-Fickian age distributions. The heavy tailed distributions would lead to an
increased mixing bias, and may increase the importance of this process relative to biogeochemical reac-
tions. These uncertainties will be propagated across the calculations and predictions. However, the improve-
ment over existing approaches is that (i) in this quantitative framework, the impact of such processes and
parameter variability can be studied and field data acquisition optimized through sensitivity analyses, and
(ii) if information on the spatial and temporal variability in recharge or aquifer composition and reactivity is
available, such information can be incorporated explicitly. Furthermore, once implemented into a numerical
framework, if practical simulation run times can be achieved for an appropriate spatial grid resolution, a sys-
tematic and automated inverse parameter uncertainty analysis is possible. The latter provides an improved
basis for using observations to constrain the uncertainties caused by unknown input data, and will thereby
improve confidence in predictions.
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The simulation results highlight that the 14C concentration is sensitive to the oxidation of organic matter
present at moderately high initial concentrations when the organic matter is modern, and in the case of old
organic matter, the raw 14C activity is affected. Oxidation of modern DOC resulted in a raw 14C age that was
not distorted by dilution by dead carbon; however, oxidation of old organic carbon from the western DOC
source showed that underestimating the age of the organic carbon that is reacting may lead to erroneously
high groundwater ages. Similar results were obtained for simulations where old sediment organic carbon
(SOC) was present in aquifers (not shown). It is often reported that DOC concentrations in groundwater are
of the order of 1 mg/L [e.g., Leenheer et al., 1974; Thurman, 1985; Clark and Fritz, 1997; Lapworth et al., 2008];
for these simulations, testing of different initial DOC concentrations (Figure 4) indicated that with initial con-
centrations of 1 mg/L, reactions of organic matter had little effect on the raw 14C age. However, shallow
groundwater systems can be closely linked to highly productive terrestrial and aquatic environments such
as soil, marshes, and wetland systems, where DOC concentrations can be as high as 400 mg/L [Thurman,
1985; Bauer-Gottwein et al., 2007]. Higher concentrations of DOC have also been reported elsewhere for
aquifers containing SOC [e.g., Aravena and Wassenaar, 1993; Buckau et al., 2000; Devito et al., 2000]. Further-
more, even if the sediments of an aquifer have a low SOC content, fermentation of SOC in adjacent aqui-
tards may supply labile DOC to the aquifer, altering the d13CDIC [Krumholz et al., 1997; McMahon and
Chapelle, 1991; McMahon, 2001]. Earlier studies have reported the importance of differentiating between
reactions of modern versus fossil organic matter in corrections of 14C measurements [e.g., Coetsiers and Wal-
raevens, 2009]. Consideration of the effects of DOC or SOC oxidation, with particular focus on the age of the
original organic carbon, may therefore be required at more sites than is currently recognized.

The results of different tested DOC configurations indicated that, in the simple system represented in these
simulations, 14C results were relatively insensitive to the assumption of either one or two DOC pools or to
fractionation processes. This suggests that modeling with a simple configuration may be sufficient to cap-
ture the key effects of DOC or SOC oxidation on 14C. The d13C (&) was more sensitive than 14C (%) to the
organic matter configuration and initial isotopic composition, rates, and fractionation (Figures 4c-f); there-
fore, if this quantity is to be included as a constraint on reactive transport processes, the presence of
organic matter pools of varying lability, isotopic composition will require further investigation. Furthermore,
processes such as methanogenesis may create greater degrees of fractionation than were tested here [e.g.,
Clark and Fritz, 1997; Valentine et al., 2004]. Under such circumstances, different pools of varying lability and
fractionation may thus require more detailed consideration, for simulation of both 14C and 13C.

In groundwater investigations, data on carbon isotopes are normally sparse relative to measurement of
other water quality parameters, and in particular, the isotopic composition of both DOC and DIC is seldom
analyzed. However, isotopic composition and other properties can be increasingly efficiently and accurately
quantified, even to the level of individual organic compounds [e.g., Ahad et al., 2011; Nebbioso and Piccolo,
2013]. Thus, as analytical techniques continue to improve, it may be possible to use this information to iden-
tify different DOC sources and pathways in aquifers. Simulations can also easily be extended to include iso-
tope fractionation and decay in order to better constrain biogeochemical, flow, and transport processes,
e.g., S isotopes to constrain the role of SO4 in DOC oxidation, and tritium/3He to quantify recent recharge
[Zhang et al., 2013]. For example, the large component of young water in the observation points (Figure 7)
indicates that tritium (half-life 12.3 years) would likely be present in some samples, and could therefore be
used as an additional constraint for flow and recharge rates. The incorporation of multiple tracers may be
useful in obtaining information about groundwater age, however, this is limited to age ranges where multi-
ple tracers are available, and is based on the assumption that individual tracers move at the same rate [e.g.,
McCallum et al., 2014].

5. Conclusions

This study has demonstrated that the developed reactive transport modeling approach can contribute to a
more integrated understanding of reaction and transport controls on d13C and 14C activity, and hence is a
step toward more efficient use of environmental tracers in water resource management. Application of the
modeling framework will remove the need for simplifying assumptions in correction of 14C concentrations
prior to flow simulation, and, critically, allow direct comparison of model results with measured 14C activ-
ities, or even concentrations, rather than an interpreted age. Additional flow constraints such as multiple
tracers can also be easily implemented into the reaction network, and the quantitative approach allows for
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combination with powerful inverse parameter estimation techniques. Besides the impacts on 14C activity,
the model also provides a tool for investigating hypotheses regarding inorganic and organic carbon isotope
reactions in groundwater. Simulations suggested that 14C activity is relatively insensitive to the tested
degree of fractionation during DOC mineralization but that water quality and 14C-based groundwater age
can be greatly affected by the reactions of realistic concentrations of DOC (or SOC), which may be present
in some aquifers at higher concentrations than are generally assumed, and must therefore be considered
when interpreting 14C activity data. The example application also highlighted the utility of the approach for
assessing controls on the d13CDIC and d13CDOC of groundwater, which provides an additional constraint on
reactions and flow in groundwater.
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