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Abstract. The purpose of this study is to simulate tritium strikingly different. While both distributions provide valu-
concentrations and groundwater transit times in river wa-able information, the methodologies used to derive the TTDs
ter with particle-tracking (MODPATH) and compare them are fundamentally different and hence must be interpreted
to solute transport (MT3DMS) simulations. Tritium mea- differently. With the current MT3DMS model settings, only
surements in river water are valuable for the calibration ofthe methodology used with MODPATH provides the true
particle-tracking and solute transport models as well as forTTD for use with the convolution integral.

understanding of watershed storage dynamics. In a previ-
ous study, we simulated tritium concentrations in river wa-
ter of the western Lake Taupo catchment (WLTC) using a
MODFLOW-MT3DMS model (Gusyev et al., 2013). The 1 Introduction

model was calibrated to measured tritium in river water at

baseflows of the Waihaha, Whanganui, Whareroa, KuratauParticle tracking is a widely applied tool to calibrate aquifer
and Omori river catchments of the WLTC. Following from porosity values in groundwater flow models and to charac-
that work we now utilized the same MODFLOW model for terize water availability and quality at groundwater discharge
the WLTC to calculate the pathways of groundwater parti- points such as wells, springs, lakes, and streams (Haitjema,
cles (and their corresponding tritium concentrations) using1995; Kauffman et al., 2001; McGuire and McDonnell,
steady-state particle tracking MODPATH model. In order to 2006; Stichler et al., 2008). For example, particle-tracking re-
simulate baseflow tritium concentrations with MODPATH, sults are commonly used for mapping recharge-contributing
transit time distributions (TTDs) are necessary to understandirea to the pumping wells (US EPA, 1994) and obtaining
the lag time between the entry and discharge points of a traceransit times of groundwater at the discharge point (Haitjema,
and are generated for the river networks of the five WLTC 1995; McGuire and McDonnell, 2006). The MODPATH-
outflows. TTDs are used in the convolution integral with an generated transit time represents the time taken by a ground-
input tritium concentration time series obtained from the pre-water molecule to travel in a groundwater volume from the
cipitation measurements. The resulting MODPATH tritium starting cell, i.e. groundwater recharge at the aquifer top, to
concentrations yield a very good match to measured tritiuman outlet cell, such as a pumping well or a spring (Pollock,
concentrations and are similar to the MT3DMS-simulated 1994; Boronina et al., 2005; McGuire and McDonnell, 2006;
tritium concentrations, with the greatest variation occurringMcDonnell et al., 2010; Sanford, 2010). Integrating over all
around the bomb peak. MODPATH and MT3DMS also yield flow paths in an area, a transit time distribution (TTD) can
similar mean transit times (MTTs) of groundwater contribu- be constructed from MODPATH transit times at a discharge
tion to river baseflows, but the actual shape of the TTDs ispoint. The TTD provides the fraction of water that had a
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certain transit time through the aquifer and can vary both in In the particle-tracking technique, velocities obtained with
shape and in scale, usually defined as a central tendency sughoundwater flow models are used to produce particle path-
as mean transit time (MTT) or mean residence time (MRT)lines with associated particle travel times. These pathlines
(McDonnell et al., 2010; Stewart et al., 2012). The TTDs canand travel times account only for advective transport and
then be an input to the convolution integral to obtain tracerdo not account for parameters that are available in trans-
concentrations at discharge points. port models such as MT3DMS (e.g. dispersion, diffusion,
While many lumped parameter models (LPMs) exist to decay, sorption, dual porosity). Goode (1996) demonstrated
derive these TTDs, using MODPATH-MODFLOW allows differences in groundwater ages due to dispersion in ideal-
one to simulate the TTD of a groundwater tracer directly re-ized 1-D aquifer settings, but did not construct transit time
lying on the actual groundwater flow dynamics and hencedistributions at the groundwater discharge points. Therefore,
eliminates the need to compare between different alternaa direct comparison of measured and simulated environ-
tive LPMs, e.g. exponential, piston—exponential, gamma, andnental tritium tracer concentrations with particle-tracking
dispersion (Matoszewski and Zuber, 1982; McGuire and(MODPATH-MODFLOW) and solute transport (MT3DMS-
McDonnell, 2006; Sanford, 2010). For example, Eberts etMODFLOW) models is needed to provide insight into the
al. (2012) compared simulated tracer concentrations comapplicability of particle tracking simulation of groundwater
puted using TTDs from particle tracking and LPMs for wells contaminant movement in the aquifer systems and river water
in four aquifer systems by using two Excel-based programsat baseflows.
an updated TRACERMODEL1 and TracerLPM, which can This study is a continuation of the western Lake Taupo
use TTDs from MODPATH as input to the convolution inte- catchment (WLTC) work, which has two objectives: (1) to
gral for obtaining tracer concentrations (Jurgens et al., 2012)simulate tritium concentrations in river water of the WLTC
While appropriately selected LPMs could simulate tracerwith particle tracking (MODPATH), and (2) to gain under-
time series concentrations in wells only particle tracking standing of MODPATH and MT3DMS methodologies by
could identify spatially variable sources of tracers and con-comparing river TTDs and tritium concentrations of both
taminants in those wells (Eberts et al., 2012). models. In the first phase of this work, detailed in Gusyev
Groundwater flow and particle-tracking models have alsoet al. (2013), a steady-state MODFLOW model of the region
been used to simulate isotope tracer concentrations and/avas calibrated to observed groundwater elevations and base-
tracer-based groundwater ages at groundwater dischardéows. This model was the basis for a transient MT3DMS
points such as wells, springs, and lakes. McMahon etmodel that had annual inputs of tritium in precipitation
al. (2010) calibrated transient finite-difference MODFLOW and was calibrated to observed tritium values in baseflow.
and MODPATH models to apparent groundwater ages fromTo expand on this work, a steady-state particle-tracking
isotopes at seven multi-screen monitoring wells. WeissmarMODFLOW-MODPATH model has been developed, utiliz-
et al. (2002) modelled chlorofluorocarbon (CFC) ground-ing the calibrated values from the MODFLOW-MT3DMS
water ages at monitoring wells using cumulative frequencymodel. Next, TTDs are generated for the river water of the
curves obtained with particle-tracking simulations. Trold- Waihaha, Whanganui, Whareroa, Kuratau, and Omori catch-
bord et al. (2007) constructed probability density curves us-ments of the WLTC. Then the tritium concentrations in the
ing particle tracking and obtained isotope concentrations useutlets of the five river catchments are simulated by con-
ing the convolution integral for a comparison of tracer con- voluting the tritium input time series with the MODPATH-
centrations and ages at wells. Starn et al. (2010) distributedenerated TTD obtained for the river network. These results
particles with assigned isotope concentrations and estimatedre compared with measured and MT3DMS-simulated tri-
groundwater recharge by backwards particle tracking fromtium concentrations for the Waihaha, Whanganui, Whareroa,
the well to the model surface. Szabo et al. (1996) presenteuratau, and Omori river catchments (Gusyev et al., 2013).
tritium measurements and other tracers in wells and conin addition, we compare the MODPATH and MT3DMS
ducted one-dimensional cross-sectional modelling of travelTTDs and discuss the discrepancies between the method-
times. Boronina et al. (2005) discussed modelling tritium ologies and proper interpretation of each distribution. Fi-
in an aquifer and a groundwater-driven spring with MOD- nally, the current limitations of the particle-tracking ap-
FLOW and a particle-tracking PMPATH model, which is an proach in view of transient groundwater flow simulations
alternative to the USGS (United States Geological Survey)are discussed.
particle-tracking model MODPATH. Several studies com-
pared MTTs from tritium and CFCs to MTTs obtained with
MODPATH particle tracking in Trout Lake, Wisconsin (Pint 2 Approach
et al., 2003; Hunt et al., 2005; Walker et al., 2007). In the
Trout Lake watershed, Fienen et al. (2009) used measureg.1 MODFLOW model
stable oxygen isotopes and tritium concentrations in wells to
refine groundwater pathways between the Big MuskellungerThe groundwater flow model MODFLOW of the WLTC
and Crystal lakes in a cross-sectional model. was developed by Gusyev et al. (2013) using the Visual
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- reaching them (Pollock, 1994). For the weak sink option, we
— set up MODPATH to stop particles at sink cells where dis-
i charge to a sink cell is greater than 5% of the total inflow
14-20 to the cell, which is the default VMOD setting (SWS, 2010).

20-29

However, this setting is not expected to be important in our
W case due to relatively thin layers of 20 m and location of all

£ sink cells in layer 1. In cases where the sink cells comprise a
larger percentage of the aquifer thickness, other MODPATH
settings should be considered (Abrams et al., 2013).

In each cell, one MODPATH particle was assigned at the
water table and cell centre using a Python script, resulting
in 120585 particles. The location of these grid cells and the
vertical position of a particle were identified by interrogating
MODFLOW groundwater heads (*.hds) and the VMOD grid
file (*.vmg). All assigned particles were tracked forward in
Figure 1. (a) MODFLOW model setup of the WLTC from Gusyev time with E_i 30-day tim(_a step from the startiﬂg cell Ioc;atiqn
et al. (2013), andb) the groundwater transit time map for river (O the ending cell location, and discharged in the drain sink
water of the WLTC produced with the MODPATH-MODFLOW  Cells. The transit time of each particle was recorded in the
model. The colour coding indicates groundwater age from 0yrMODPATH endpoint file. An R script was used to separate
(blue) up to 200 yr old (red). out the transit times from the endpoint file for each of the five

river catchments and to sort particles by their transit times.

These selected particles were weighted by their associated
MODFLOW (VMOD) graphical user interface (Harbaugh et groundwater recharge value obtained from a starting cell lo-
al., 2000; SWS, 2010). A brief summary of the WLTC model cation to construct the MTTs and cumulative frequency dis-
settings and calibration to groundwater levels and river basetributions (CFDs) of transit times for river water at baseflow
flows is presented in this paper. For the detailed descriptiordf the five WLTC river catchments. These weighted transit
refer to Gusyev et al. (2013). In the MODFLOW model, times were also used to calculate higher moments such as
the WLTC area of 1072 kfnwas represented by the finite- variance, skewness, and kurtosis.
difference grid with a uniform grid cell size of 80 m resulting It is noted that the sink cells exaggerate the width of the
in 500 rows and 335 columns. The WLTC aquifer system wasactual streams. This leads to an error in the MODPATH
assumed to be 320 m thick based on the WLTC hydrogeologyransit time distribution if the width of the stream cell in
and was represented with a uniform layer thickness of 20 MMODFLOW is large compared to watershed width (Abrams,
for each of 16 layers. The rivers and streams of the WLTC2013). This can be (approximately) corrected by first remov-
were assigned to layer 1 as drain cells with drain bottom eleing particles that fell directly on sink cells and hence have a
vation 1 m below the top elevation of layer 1. The water level transit time of zero. Then the remaining transit times are each
in Lake Taupo was simulated using a constant head boundnultiplied by the ratio of the particles with non-zero transit
ary of 363 m, which was assigned to relevant model lay-times to the total number of particles released. For the five
ers using bathymetry data (Gusyev et al., 2013). In the flonwatersheds considered in this study, the ratios of drain cells
model, Gusyev et al. (2013) used groundwater recharge ado total number of cells in the watershed were 0.87 (Wai-
signed in 10 recharge zones; see Fig. 1a. From the MT3DM%$1aha), 0.88 (Whanganui), 0.92 (Whareroa), 0.87 (Kuratau),
model, the calibrated effective porosity values of the tran-and 0.88 (Omori).
sient MT3DMS model were used as the starting point for
the MODPATH particle tracking with the calibrated heads 2.3 Tritium measurements in rain and river water
and flows of the steady-state MODFLOW model (Gusyev

etal., 2013). Following Gusyev et al. (2013), the same tritium measure-
ments in rain and river water were used in this study for
2.2 MODPATH model the tritium rain input and river water calibration targets. The

tritium input to an aquifer was a time series from 1952 to
MODPATH version 4 (Pollock, 1994) was used to conduct 2011 of annual measured tritium in precipitation. The tritium
forward particle tracking in the WLTC. In forward parti- concentrations measured in river water at baseflows of the
cle tracking, the particles are released at the water sourc@aihaha, Whanganui, Whareroa, Kuratau, and Omori river
(e.g. point of groundwater recharge) and collected at sinksub-catchments were used as calibration targets, see loca-
cells such as drains. These sink cells could be either weakjon of tritium measurements for each of five catchments in-
meaning they can only discharge a portion of water enteringdicated by color coded circles in Fig. 1a. The tritium data
the cell, or strong, meaning they discharge all groundwateiof the period 2001-2002 are from Vant and Smith (2002),
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whereCj, (t — T) [TU] is the input tritium concentration at
time ¢, f(T) is the probability density function (PDF) of

it 4 AT [1: : ) _ )
transittimes, and™*" [-] is the subsurface first-order decay; gincide with surface watersheds shown by solid black lines

g 1 - g
for tritium 2 = 0.05626yr=, which represents the tritium j, rig 1h Therefore, the TTDs in this study are developed
half-life of 12.32 yrs (Morgenstern and Taylor, 2009). The in- ¢om grouped particles based on groundwater water divides
put tritium concentrationCin (: — 7), varies in time and is @, he aquifer.

function of the lag time(r — '), between the current time, The particle transit times are used to develop CFD curves
and a specific transit tim. In this study, PDFs are obtained o the river network in each of the five selected catchments
for all watersheds using the central finite-difference method(Fig_ 2a), using the adjustment values estimated earlier to
on their respective CFDs obtained with MODPATH. Forward . rect for the stream width in MODPATH. The CFDs for

and reverse finite-difference methods did not yield appré-gach catchment differ in both scale, which is defined by the

ciably different PDFs; hence numerical error is expected tOMTT, and shape, which is defined by the variance, skew-

be small. The convolution integral was evaluated with MAT- \os5 and kurtosis (summarized in Table 1). In order to make

LAB'’s convolution integral function and an Excel workbook 5 meaningful comparison of shape irrespective of scale, all

using a numerical version of the convolution integral (Ebertsy ansit times in a catchment were divided by their respective

etal., 2012), leading to identical results. MTT, hence resulting in a normalized CFD curves for each
catchment (see Fig. 2b).

3 Results In Fig. 2, the normalized CFD curves for all five catch-
ments are roughly similar in shape to the exponentially
3.1 MODPATH transit times shaped CFD, which is common for many large water-

sheds receiving groundwater recharge over their entire area
In this study, the tritium calibration with MODPATH for river (Matoszewski and Zuber, 1982; Haitiema, 1995; Abrams,
water used porosity values calibrated with MT3DMS. The re-2012). In the WLTC model settings, the entire modelled
sulting transit time map obtained with MODPATH particles area receives groundwater recharge and hence is concep-
is shown in Fig. 1b. In Fig. 1b, the colour code represents theually similar to the exponential flow system described by
starting location and transit time of each particle to the riverMatoszewski and Zuber (1982). However, it is also noted
network. The transit times of MODPATH particles vary from that the Omori and Whareroa CFDs are virtually identical
very short (blue) located near surface water features to relain shape, while the Kuratau, Waihaha, and Whanganui CFDs
tively long (red) located near groundwater divides. The verytend to have more short and long transit times. This is con-
short travel times follow the placement of the surface wa-sistent with observations made by Abrams et al. (2013) that
ter features in the model and indicate the importance of im-watersheds with more partially penetrating streams tend to
plementing a detailed river network. In the absence of thesakew toward shorter and longer transit times with a smaller
detailed surface water features, surface water features woulftequency of intermediate transit times. This implies that the
be smeared and discharge zones would be exaggerated in tk@iratau, Waihaha, and Whanganui watersheds have a greater
model, resulting in many particles discharging too soon toincidence of weak sinks; see Gusyev et al. (2013).
the stream (perhaps even with a transit time of zero if they
fell directly on the smeared stream network). As shown in3.2 MODPATH tritium concentrations in river water
Fig. 1b, the groundwater divides rarely coincide with the sur-
face water divides of the river catchments in the WLTC. Con- The MODPATH tritium concentrations in river water of the
taminants recharged in one surface water catchment may biéve WLTC outflows are shown in Fig. 3 in tritium units (TU)
discharged in another surface water catchment, an importargnd are obtained by convoluting PDFs derived from the nu-
point in view of groundwater quality and pollution manage- merical derivative of the MODPATH CFDs (Fig. 2a) with the
ment. In other words, groundwater watersheds do not alwaysritium input time series (orange line in Fig. 3). The simulated
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Table 1.MTT, variance, skewness, and kurtosis for MT3DMS and MODPATH as well as % difference between MT3DMS and MODPATH

values of five river catchments.

Parameter CFD WLTC
Omori  Whanganui Kuratau Waihaha Whareroa
MODPATH 3.16 6.36 7.51 10.35 16.10
MTT [yrs] MT3DMS 3.29 6.10 7.05 9.48 15.11
% Difference 4.26 —4.04 —6.16 —8.36 -6.15
MODPATH 15.97 106.91 176.37 268.98 392.20
Variance [yrg] MT3DMS 3.94 33.69 39.25 62.62 100.37
% Difference —75.34 —-68.49 -—-77.74 -76.72 —74.41
MODPATH 2.49 3.33 3.80 3.10 2.02
Skewness [-] MT3DMS 1.19 1.53 1.56 0.94 0.14
% Difference —52.38 —-53.93 -59.06 —69.67 -92.97
MODPATH 9.34 14.85 20.40 13.13 5.65
Kurtosis [-] MT3DMS 2.17 2.04 3.13 0.76 -1.13
% Difference —76.80 —86.24 —-84.67 —94.22 —-119.97

—— water. The Omori has a narrower range of transit times as in-
ritlum Input dicated by its small variance (15.92yr meaning that there
= Omori is a higher frequency of short transit times as compared to
= -Whanganui the other four catchments. The resulting tritium maximum
10 — Kuratau | output for the Omori is greater than at the other watersheds
5 ---Waihaha (compare the pink curve in Fig. 3 to the other curves). Sim-
L e e Whareroa ilarly, the Whareroa has the largest MTT (16.1yr), which is
1] . . . .
£ | ! a result of the wide range of transit times reflected in the
2 | | baseflow, as indicated by its large variance (39222 y&s a
£ o ' result, more tritium is decayed in the subsurface and the pre-
3 , L , y pre
= | Nras] bomb tritium input concentrations are also much slower to
[ T flush from this catchment. This is manifested as a relatively
1 : ' gradual increase in tritium concentrations in the Whareroa

1955 1965 1975 1985

Year

1995 2005

Figure 3. Annual tritium input and the baseflow tritium concentra-
tions calculated by MODPATH for five watersheds from 1955 to
2010. Watersheds are listed in order of increasing MTT.

MODPATH tritium concentrations all have a sharp tritium

rise from 1955 to 1970 due to the bomb peak, sharp declin

during the bomb tritium peak.

In the 1970s, tritium in rain decreased quickly and fell be-
low tritium concentrations in river water (Fig. 3). This rapid
decrease in tritium can be observed in the Omori output be-
cause of its short MTT with small variance and low removal
of tritium due to tritium half-life of 12.32 yr. Conversely, the
Whareroa, which has a largest MTT with highest variance,
removes much more tritium in the subsurface but concur-
rently is slower to flush out the high concentrations of tri-

&um. As a result, in the early 1980s, the tritium response for

from 1970 to 1990, and approach the natural background tri'the Omori actually dipped below that of the Whareroa during

tium concentrations from 1990 to 2010 (Fig. 3). Note thatin

he model simulation (Fig. 3). As the bomb tritium contin-

Fig. 3 the watersheds in the legend are not only listed in orde[]ed to be removed from the Whareroa, either via discharge

of increasing MTT but also in order of highest tritium peak;
hence it appears that the smaller the MTT, the higher the tri
tium peak will be. For example, the Omori has the smallest

MTT (3.16 yr) in Table 1, and as a result tritium will on aver-

age remain in the aquifer for less time than in the other four
watersheds. This reduced MTT of groundwater results in lesgyic<o1ved constituent in groundwater —

decay of tritium in the subsurface; see Ef). However, it

or decay, the Omori again returned to the highest tritium con-
centration in the early 1990s due to its small MTT and to the
shortest transit times (Fig. 3).

The significance of the above discussion is that sharp
changes in an input — be it tritium, nitrate, or some other
can lead to some un-
expected responses. In particular, the assumption that the

also appears that a narrower range of transit times Comribmer%lative magnitude of tritium between two watersheds is a
to the higher peak of the output tritium concentrations in river
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Figure 4. The baseflow tritium concentration calculated by MOD- Figyre 5. The CFDs of Omori(a), Kuratau (b), Whanganui
PATH and MT3DMS (Gusyev et al. 2013) for five watershéase) (c), Waihaha(d), and Whareroa(e) watersheds calculated by
MODPATH and MT3DMS (Gusyev et al., 2013).

function of the MTT and a constant tritium decay, while

true for the peak and present day (at least in this study)in the advection—dispersion equation solved by MT3DMS
was not true in the 1980s. In addition, both MTT and vari- (Goode, 1996; Zheng and Wang, 1999; Zheng, 2006).

ance were important factors in determining the amplitude of A sensitivity analysis of MODPATH tritium simulations
the tritium response curves during the bomb peak in the fivayas conducted by varying the porosity by 25 %. Decreas-

river catchments. ing porosity decreases the MTT and, as a result, increases
the peak tritium response (MODPATH High in Fig. 4a—
3.3 MODPATH and MT3DMS tritium results e). Increasing porosity increases the MTT and, as a re-
comparison sult, decreases the peak tritium response (MODPATH Low

] N in Fig. 4a—e). This is consistent with observations in the
MODPATH- and MT3DMS-simulated tritium concentra- previous section where watersheds with higher MTTs had
tions in TU resulting from the tritium input time series gmgjler tritium peaks (Fig. 3). In these two porosity cases,

(Fig. 3) are compared in Fig. 4a—e for each of the five catchthe MODPATH CFDs have the same shape but are scaled by
ments. The measured tritium concentrations in river water ofyercentage values and are not shown in Fig. 2a.

each catchment are shown by solid circles. For the tritium-

calibrated porosity values, the tritium concentrations calcu-3.4 MODPATH and MT3DMS CFD methodology

lated with MT3DMS by Gusyev et al. (2013) are shown by comparison

solid lines, and those calculated with MODPATH are shown

by dashed lines in Fig. 4. It is noted that the MODPATH and While the MODPATH and MT3DMS CFDs have very simi-
MT3DMS models vyield virtually identical tritium results, lar MTTSs, as indicated by Table 1, they are surprisingly dif-
with the exception of the peak where there were slight dif-ferent in shape; see Fig. 5a—e for a comparison of MOD-
ferences in amplitude in all five river catchments. This sim- PATH and MT3DMS CFDs for each river basin. To under-
ilarity is because the WLTC aquifer system is dominated bystand this difference, we must first elucidate the methodolo-
advective transport and the tritium decay process (Gusyegies used to derive each CFD. In the MODPATH methodol-
et al., 2013), which reduce influence of the dual poros-ogy, uniformly spaced particles were tracked from their re-
ity mass transfer coefficient and dispersion—diffusion termslease at the top of the aquifers until they reached discharge
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points such as constant head, river, drain, and stream cellfe utilized in developing the MT3DMS CFDs. They were
All particles discharging to a river cell belonging to a par- developed to provide a very informative step of how tran-
ticular watershed were sorted from smallest to largest transisit times help to shape the tritium output. The shape differ-
time. Particles released directly on a river cell had a transitences of MT3DMS and MODPATH CFDs are attributed to
time of zero; hence they never entered the aquifer and weréhe limitation of the MT3DMS CFD generation methodol-
removed before constructing the TTD. Finally, because sinkogy (Zheng, 2009).
cells comprised an artificially large-(8 %) percentage of the We conducted quantitative comparisons of the five CFDs
watershed surface, the MODPATH transit time correction de-by calculating higher moments, which required unfolding
scribed in Abrams (2013) was utilized. To construct the CFD,the data sets by appropriately weighting MODPATH transit
each particle was weighted based on the recharge assignedtimes by groundwater recharge and MT3DMS transit times
its cell of origin to the total recharge that was assigned toby river discharge. In all cases, the MTT differs by less than
the watershed. Recharge was constant for the entire simut0% between the MODPATH and MT3D methodologies
lation, so the weight assigned to each particle was constarfsee Table 1). This is expected, as both methods take into ac-
with time. As a result of the above procedure, the transit timecount the entire range of transit times in the watershed. While
for every particle was accounted for; hence this is a TTD thatthe MODPATH method considers each particle explicitly, the
can be applied in Eqlj. MT3DMS method utilizes the average of transit times dis-
For the MT3DMS methodology, the CFD for the river net- charging to an individual sink cell. In other words, the very
work is generated by simulating groundwater age concenshort and very long transit times are only (weakly) included
trations. An initial concentration of zero age was assignedin the distribution developed with MT3DMS via their influ-
uniformly at the top of the aquifer and a zero-order decayence on the mean at individual sink cells. As a result, the
rate of —1 was assigned to MT3DMS to represent ageingvariance for all CFDs developed with MT3DMS is less than
of 1 year per simulation step of 1 year. All dispersion, dif- the variance of the respective MODPATH CFDs (Table 1).
fusion, and sorption parameters were left unchanged from Not only do the MODPATH CFDs explicitly include very
the tritium simulations. The model was then run for 200 yr short transit times, but these very short transit times also have
to reach steady-state concentrations in river cells. The simua higher frequency than any other range of transit times. This
lated concentration found in each river cell is representatives indicated by the progressive decrease in slope of the CFD
of the groundwater age of all particles mixed together in thatas transit times increase. In other words, the peak in the fre-
cell. This methodology was defined by Cornaton (2004) toquency of transit times occurs with times that are shorter
simulate a spatial map of groundwasgye and indeed yields than the mean, resulting in a large positive skew (Table 1).
informative cross-sectional images (as shown in Gusyev efhe impact of these more frequent short transit times in the
al., 2013). To develop the CFD in Fig. 5, the output concen-MT3DMS CFDs is (weakly) represented in the average value
tration of each river cell was inferred to represent the mearat each cell. As a result, the MT3DMS CFDs have positive
groundwater transit time of all particles reaching that cell (askews as well, but the skews are smaller than those of the re-
result of the assigned zero-order degradation rate). The MTBpective MODPATH CFDs. Similarly, because of the higher
(i.e. output concentration) for each cell was recorded, andrequency of short transit times, the kurtosis is always higher
these MTTs were sorted from smallest to largest. A weightin MODPATH than in MT3DMS.
was assigned to each time based on the ratio of the influx of
groundwater to that cell over the total influx of groundwater 3.6 Hypothetical examples of MODPATH and

to the groundwater watershed. MT3DMS CFD methodology
3.5 Comparison of MODPATH and MT3DMS CFD To further illustrate the difference between the two method-
results ologies, we introduce 1-D, 2-D, and 3-D cases to construct

CFDs for the hypothetical river network in idealized aquifers.
In all five cases, the MT3DMS CFDs have less short transitFor clarity, we will henceforth refer to the CFDs generated
times compared to MODPATH CFDs. Using the MT3DMS using the MODPATH methodology as MODPATH CFDs.
PDFs with the convolution integral in Eql)(also produces It is noted that the MT3DMS methodology of generating
much smaller tritium concentrations for each of the five river CFDs can be replicated in MODPATH and that the MOD-
catchments, especially around the peak (these results are nBATH methodology of generating MODPATH CFDs can be
shown). While dispersion could potentially result in similar replicated in MT3DMS. In all three cases, the MODFLOW
discrepancies, the tritium response curves were insensitive tmodel was created to have an MTT of 20.5yr by assign-
dispersion values in the WLTC model. Note that MT3DMS ing a constant porosity of 0.3, recharge of 0.445myéar
CFDs are not required for generating tritium concentrationsimplemented in layer 1, and saturated thickness of 30.48 m.
with MT3DMS. Gusyev et al. (2013) implemented a method The model was assigned horizontal hydraulic conductivity of
to develop MT3DMS CFDs only after the tritium outputs 10 mday L. For the 1-D model (Fig. 6a), a single layer was
were developed; hence a calibrated value for porosity coulditilized; hence the model was a Dupuit—Forchheimer flow
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@ Top view of 1D model (b) Top view of 2D and 3D model sit times (from very short to very long) is represented and
the CFD has an exponential shape as expected for the ideal

I I aquifer, which has a MTT of 20.5 yr in our settings; see Hait-
jema (1995). For the MT3DMS CFD, however, each of the
five discharge cells has the exact same groundwater age con-
centration, which is a proxy for MTT of all particles reaching
a discharge cell. As a result, the MT3DMS CFD has a pulse
shape, shown by the orange curve in Figure 6¢, with the jump
from O to 1 occurring at a transit time of 20.5 yr, which is in-

Side view of 1D model

(;’ ! =T deed the MTT for this aquifer setting. This demonstrates why

gos : o T the MODPATH and MT3DMS methodologies employed for

g i,/ the WLTC model generated very similar MTTs but very dif-

g 0.6 /‘/ 1D, 2D, 3D MODPATH CFD ferently shaped CFDs.

-3 it In the 2-D case, the MODPATH CFD is exactly the same

504 / _ lz ::Z:ZE: as the 1-D case, which is expected for this idealized (con-

g // ' stant recharge, porosity, saturated thickness, and Dupuit—

2 o |/ 3D MT3DMS CFD Forchheimer flow) aquifer (Haitiema, 1995) (see Fig. 6c).

2 // ; — Heterogeneous MODPATH CFD The 2-D MT3DMS CFD is also similar to its correspond-

3 o Heterogeneous MT3DMS CFD ing 1-D case but does not have a discrete jump. Rather, there
0 2 0 60 80 100 are a few river cells that have a slightly smaller and slightly

Transit Time (Years) larger MTT than 20.5yrs (Fig. 6¢). This is likely a result of

Figure 6. (2)1-D conceptual mode{b) 2-D conceptual model, and coarse discretization; a more refined grid would have yielded

(c) MODPATH and MT3DMS CFDs developed for a 1-D, 2-D, and an even smalle_r range of MTTS in_ eacl_w cell. Interesti'ngly,
3-D conceptual model (dispersion and diffusion transport was dis-the 3-D case with the isotropic aquifer yields a much differ-
abled in the MT3DMS). ent MT3DMS CFD (MTT of 21.86 yr) than the 1-D and 2-D

cases (MTT of 20.5yr) (Fig. 6¢). In the 3-D case, resistance

to vertical flow is present but minimal since the aquifer is still

isotropic. In fact, the impacts of this resistance are not ob-
model due to the absence of resistance to flow in the verservable for the MODPATH CFD, which is virtually identical
tical direction. The model grid was 30 rows by 5 columns to the 1-D and 2-D MODPATH CFDs on the scale of Figure
with 10m cell size. The 1-D case conceptualizes a one-6¢c. However, this relatively minor resistance to vertical flow,
dimensional flow aquifer bounded by a no-flow boundary onwhich was absent in the 1-D and 2-D Dupuit—Forchheimer
the left side representing a groundwater divide (black cells)ymodels, does influence the shape as well as the MTT of the
and a constant head boundary of 30.48 m representing th1T3DMS CFD.
river network on the right side (blue cells). The MODPATH  To further stress aquifer complexities, we investigated
particles were assigned at each cell centre on the top of thaquifer heterogeneity with the 3-D model. For the aquifer
aquifer (see plan view in Figure 6a) and produced pathlinesheterogeneity case, we randomly added zones of horizontal
to the discharge cells (see the cross-sectional view in Fig. 6ahydraulic conductivity with values of 5-30 m daythrough-
In the 2-D and 3-D models, the model grid had 1000 rowsout the model domain following analysis introduced by Hait-
and 1000 columns with cell size of 10 m, five layers of equaljema (1995). Though we repeated this with multiple ran-
thickness, and a hypothetical river network implemented indom hydraulic conductivity zonations, all yielded a sim-
layer 1 (Figure 6b). As in the 1-D case, the model was sur-lar response in the MODPATH CFDs of the heteroge-
rounded by no-flow cells, and the hypothetical river network neous aquifer, which was consistent with findings by Hait-
was represented by constant head cells of 30.48 m. Both 2-[ema (1995). However, the heterogeneous MODPATH CFD
and 3-D cases are different in vertical hydraulic conductiv- deviated from the prior MODPATH CFDs, and the MT3DMS
ity setting in the MODFLOW model. For the 2-D model, CFD deviated further from the homogeneous cases as well
a vertical hydraulic conductivity of 1000 mday was as-  (Fig. 6¢). The most important observation from this result is
signed to approximate Dupuit—Forchheimer flow. The sim-that the MT3DMS CFD becomes less shaped like a pulse and
ulated groundwater contours range from 30.48 m at the headhore similar to the MODPATH CFD (though for this simple
cells to 31.48 m with contour interval of 0.125m. In the 3-D case there is still quite a difference between the MODPATH
model, vertical hydraulic conductivity was set equal to the and MT3DMS CFDs).
horizontal hydraulic conductivity and resulted in a similar  Further introduction of real-world complexities of a 3-D
groundwater contour range. aquifer system — such as saturated thickness, aquifer poros-

The resulting CFDs of all three cases are demonstratedty, groundwater recharge, partially penetrating streams, and

in Fig. 6¢. For the 1-D simulation, the entire range of tran- higher degrees of anisotropy — will result in very different
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local groundwater TTDs that will be represented by varia-ing zonal reaction processes such as denitrification, which is
tions in MTTs in each of the individual sink cells. For exam- dependent on dissolved oxygen and organic matter concen-
ple, consider a sloping river network where some headwatetrations in the aquifer. Third, the TTDs are based on steady-
stream cells will skim water from only the upper portion of state model runs with temporally constant recharge and sat-
the aquifer (physical weak sinks) and hence will have a con-urated thicknesses. The MODPATH model has the capabil-
centration (i.e. MTT) in MT3DMS that is younger than the ity of conducting transient simulations, and transient TTDs
MTT for the entire aquifer (the results of the 3-D simulation can be constructed by weighting each particle based on the
are not shown). Other stream cells will take up water thatrecharge when it entered the aquifer. However, obtaining tri-
has bypassed those headwater streams and hence will hatiem concentrations from transient TTDs is non-trivial. A
a concentration (i.e. MTT) in MT3DMS that is older than new CFD is required for each year that TU is calculated
the MTT for the entire aquifer (Abrams, 2012). These com-in the transient simulation — in other words, if calculating
plexities will cause the MT3DMS CFD simulation to further TU at yearly intervals for 200 years to construct a TU curve
deviate from the pulse shape for the 1-D case shown in Fig. Gvould require 200 CFDs. Finally, any travel times and re-
and, in theory, possibly approach the MODPATH CFD sim- sulting reactions in the unsaturated zone and river beds are
ulation. Indeed, this is why the MT3DMS CFDs shown in not considered. For this particular watershed, these assump-
Fig. 5 are not pulse-shaped, but rather have approached th@ns are reasonable; this is especially true since the tracer is
shape of the MODPATH CFD for each of the five WLTC wa- tritium. The assumptions underlying the convolution integral
tersheds due to complexities of the WLTC model settings. may lead to conceptual errors when studying other dissolved
constituents in groundwater such as nitrates.
Consequently the MODPATH and MT3DMS CFDs were
4 Concluding remarks compared to understand better the model results and assump-
tions for generating CFDs in river networks. Even though
In this work, we presented an approach to calibrate thethe MT3DMS CFDs for the river network are only yielding
steady-state MODFLOW-MODPATH model to measured tri- approximations of the true transit time CFD, the informa-
tium concentrations in river water at baseflows of the fivetion they provide is still useful. Most importantly, they still
river catchments of the WLTC. In the previous study, Gusyevyield the correct MTT for the watershed. Furthermore, the
et al. (2013) developed the steady-state groundwater floMT3DMS distribution provides insight into the variations
MODFLOW model for the WLTC and calibrated the tran- from an idealized watershed described in Haitiema (1995)
sient MT3DMS model to tritium measurements in river wa- and Abrams (2012). These factors include weak sinks, vari-
ter. The model had several important features: the uniformations in saturated thickness, variations in recharge, etc. The
80 m model grid to include small surface water features, 10MODPATH and MT3DMS CFDs must be interpreted differ-
zones of groundwater recharge, and 5 zones of aquifer porogently, with the understanding that only MODPATH is pro-
ity. The results of the groundwater flow model indicated vari- viding the TTD that should be used in the convolution in-
able saturated thickness and groundwater elevations ranginggral. This may be seen by the match of MODPATH tri-
from 357 m above mean sea level at the Lake Taupo shore ttum responses using the CFD in conjunction with the con-
over 1000 m in the northern part of the model domain. In thisvolution integral to the MT3DMS tritium outputs (Fig. 5).
study, the calibrated MODFLOW-MT3DMS model was used Using the MT3DMS CFDs with the convolution integral
with particle-tracking MODPATH to produce TTDs and a yields a much different (and inaccurate) tritium response
map of transit times for the WLTC river network. The MOD- because, even though they have a similar MTT, the shape
PATH TTDs were convolved to obtain tritium concentration of the MT3DMS CFDs generally has both more short and
in river water for the five river catchments of the WLTC. long transit times than MODPATH. Hence, we promote both
The tritium concentrations obtained with MODPATH show a CFDs when using MODPATH and/or MT3DMS, as the tran-
good match to measured tritium time series despite accountsit time CFD generated by MODPATH is necessary to gener-
ing only for advective transport. ate tritium and nitrate output functions with EQ),(but the
When generating tritium concentrations with MODPATH MT3DMS CFD allows us to understand the variation from
TTDs, it is important to understand many implicit assump- idealized conditions. This would be particularly useful in as-
tions of the convolution integral. First, there is no spatial sessing when a lumped parameter model could have been
component in the convolution integral; time is the only vari- used in place of a distributed parameter model, which would
able. As a result, input tritium concentrations at each timebe valuable information for future studies.
t are assumed to be spatially uniform over each individual As a final remark, we would like to highlight the value
watershed. This is a valid assumption for tritium in precip- of tritium measurements in river water for the calibration of
itation, but it may not be true for other chemicals such asparticle-tracking and solute transport models. For the model
nitrate. Second). is assumed to be constant over time and calibration, tritium has less uncertainty than other tracers be-
the entire aquifer thickness. Again, this assumption is validcause of its known input concentrations measured in pre-
for a non-reactive tritium tracer, but may not be for describ- cipitation, its chemical inertness in the subsurface, and its
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unresponsiveness to air exchange processes in river water. Fienen, M., Hunt, R. J., Krabbenhoft, D. P., and Clemo, T.: Ob-

precipitation, tritium concentrations are independent of air

taining parsimonious hydraulic conductivity fields using head

temperature and pressure, and measured monthly at many and transport observations: A Bayesian geostatistical param-

ground stations of the Global Network of Isotopes in Pre-
cipitation established by the International Atomic Energy
Agency (IAEA/WMO, 2014). For the subsurface processes,
tritium, being a part of the water molecule, does not re-
act with aquifer matrix or dissolved chemicals in ground-
water. In river water, the tritium concentrations discharged
with groundwater remain almost unaffected by evaporation
and exchange with air. Because of its radioactive decay,
tritium concentrations in groundwater are still dependent

eter estimation approach, Water Resour. Res., 45, W08405,
doi:10.1029/2008WR007432009.

Goode, D. J.: Direct simulation of groundwater age, Water Resour.

Res., 32, 289-296, 1996.
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