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Abstract Headwater groundwater subsidy, defined here as out-of-catchment groundwater flow
contribution from a headwater catchment to its larger parent watershed (i.e., higher-order stream), can
influence the water quality and quantity of regional water resources. But the integrated flow and transport
modeling approaches currently being implemented to quantify this subsidy are limited by an absence of
critical field observations, such as water table dynamics and groundwater age that are required to test such
models. Here we couple tracer (and hydrometric) observations from the well-studied 4.5-ha M8 headwater
catchment in the Maimai experimental watershed with a new semianalytical free-surface integrated flow and
transport model. Our main research goals are to quantify the magnitude, age, and flow paths of the
headwaters groundwater subsidies at the Maimai experimental watershed. Additionally, we explore through
virtual experiments the effects of watershed slope, watershed active thickness, and recharge rate on the age,
flow path, and magnitude of out-of-catchment headwater groundwater subsidies versus within-catchment
(or local) groundwater flow contributions. Our results show that more than 50% of groundwater recharged in
the Maimai headwaters subsidizes their parent watershed. The relative proportion of headwaters
groundwater subsidies is inversely proportional to recharge rate and/or directly proportional to slope angle.
Our results also show that the age of the headwater groundwater subsidies is more than 500 years, almost 9
times older than the age of within-catchment groundwater flow contributions. These findings highlight
the need to consider headwaters groundwater subsidies in groundwater management area considerations.

1. Introduction

Significant strides have recently been made in modeling the links between topography, geology, climate,
and groundwater across multiple scales (e.g., Condon & Maxwell, 2015; Gleeson et al., 2016; Maxwell et al.,
2015; Zech et al., 2016). Many of these works build on decades of research with integrated flow and transport
models that have helped reveal the linkages between watershed-scale processes and regional and local scale
groundwater systems (as outlined in M. P. Anderson et al., 2015). Since the early benchmark works of Toth
(1963) and Freeze and Witherspoon (1967), useful simulations of steady state local and regional groundwater
flow and transport have been conducted using analytical and numerical modeling approaches (Ameli et al.,
2013; Cardenas & Jiang, 2010; Fiori & Russo, 2008; Janković et al., 2003; Marklund & Wörman, 2011).

One key issue in recent groundwater research is the quantification of headwater groundwater subsidy, defined
as out-of-catchment groundwater flow contribution from a headwater catchment to higher-order lower-
elevation stream (Hwang et al., 2012). This subsidy has been shown anecdotally to impact (1) water quality
in the higher-order streams (Ameli et al., 2017; Jasechko et al., 2016; Winter et al., 2003), (2) the fate and bio-
geochemical alteration of nonpoint source agricultural pollution (Pinay et al., 2015; Thomas et al., 2016;
Van Meter et al., 2018; Weyer et al., 2014), (3) the water replenishment in economically important aquifers
within arid and semiarid mountainous regions (Manning & Solomon, 2005; Wilson & Guan, 2004), (4) the gen-
eration andmigration of petroleum andmineral deposits (Person et al., 1996), and (5) the ecological function-
ing (e.g., transpiration) of the watershed (Golden et al., 2017; Hayashi & Rosenberry, 2002; Maxwell & Condon,
2016). For example, Genereux et al. (2002) showed, in a coastal plain watershed in Costa Rica, that while 49%
of water in the watershed’s regional water body was derived from regional groundwater flow, 99% of the
water body’s chloride was derived from distant upland headwater groundwater sources.

But while recent studies have shown the importance of headwaters groundwater subsidies to their parent
watersheds, the timing, flow paths, and age of the linkages between groundwater in steep headwaters
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and their parent watersheds are poorly understood but critically required for predicting the watershed
biogeochemical processes (e.g., Pinay et al., 2015) and sensitivity to environmental changes (e.g., Carey
et al., 2010), as well as for designing reliable water quality policy (Van Meter et al., 2018) and understand-
ing the synchronicity between water quality and water quantity responses (Hrachowitz et al., 2016;
McDonnell & Beven, 2014).

Quantifying the magnitude, age, and flow paths of headwaters groundwater subsidies to their larger parent
watershed is a major research challenge. But how can we do this? While pure modeling approaches provided
useful insights into the general behavior of regional-scale groundwater flow and the controls on the magni-
tude of regional-scale groundwater flow (e.g., Gleeson & Manning, 2008), they do not reveal the realities of
storage and release within the headwaters nor the measured flow paths and ages that are needed to suffi-
ciently define groundwater contributions from headwaters to higher-order streams. At the same time, purely
experimental approaches have shown that headwaters groundwater contributions to higher-order lower-
elevation streams are nontrivial (e.g., Gardner et al., 2011; Harrington et al., 2014; Smerdon et al., 2012), but
they are unable to account for the full suite of flow paths and transport connections given instrumentation
restrictions. In addition, practical restrictions such as spatiotemporal variability of tracer measurements and
the short time to equilibrium of some tracers (e.g., 222Rn; Harrington et al., 2014; McCallum et al., 2015;
Smerdon et al., 2012) often limit the applicability of purely tracer-based experimental approaches to charac-
terize headwaters groundwater subsidies.

Here we take a hybrid approach that combines a dense field-based data set from a bedrock drilling campaign
at the Maimai watershed in New Zealand (for a review, see McGlynn et al., 2002) with the new physically
based semianalytical integrated flow and transport model of Ameli and Craig (2014). We use this hybrid
approach to validate the findings of previous theoretical studies on the magnitude of regional groundwater
flow and to calculate the age and flow paths of groundwater subsidies from the Maimai headwaters to the
larger Maimai watershed.

Our model has a free-surface and meshless design that allows for efficient simulation of water table location
as well as water particle tracking to generate local and regional groundwater flow paths and ages. We start by
testing the model against observed groundwater flow and transport processes in the M8 headwater catch-
ment within the Maimai watershed. To do this, we use observed water table measurements in combination
with tracer-based estimation of groundwater ages from newly drilled bedrock wells (Gabrielli, 2017). We then
performed a series of virtual experiments (following Weiler & McDonnell, 2004) to explore the factors control-
ling the age and magnitude of headwaters groundwater subsidies to their larger parent watershed. Our main
questions are the following:

1. Does our semianalytical model capture observed water table location and tracer-based estimations of
groundwater ages (and transit times)?

2. What are the magnitude, age, and flow paths of the groundwater subsidies from the Maimai headwater
catchments (including M8 catchment) to the larger Maimai watershed?

3. How are the patterns, fluxes, and age of headwaters groundwater subsidies to their larger parent
watershed influenced by the annual groundwater recharge rate, watershed slope, and watershed active
layer thickness?

2. Materials and Methods
2.1. Study Site

The 280-ha Maimai experimental watershed is located on the northwest coast of the South Island, New
Zealand (Figure 1; 42°050S 171°470E). The Maimai watershed is composed of approximately 28 small head-
water catchments ranging in size from 1 to 17 ha. Most catchments are aligned orthogonal to the main valley
drainage system (called Powerline Creek). Elevation ranges from 225 to 402 m above sea level. The landscape
is highly dissected and dominated by three main geomorphic landscape units: highly convergent and diver-
gent hillslopes, steep ephemeral hollows, and relatively gently sloping riparian zones (Weiler et al., 2003).
Hillslopes are short (~50–100 m) and steep (range: 15° to 65°, average: 38°). Annual rainfall is 2,600 mm occur-
ring over 186 days/year on average (Neary et al., 1978). Annual runoff and base flow at the watershed outlet
are estimated as 1,660 and 624 mm, respectively (McGlynn et al., 2004; Pearce et al., 1986).
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The soil and bedrock geology are relatively uniform (McGlynn et al., 2004). Soils are thin, averaging 0.6 m and
ranging from 0.1 to 1.8 m, and are highly transmissive. The early Pleistocene conglomerate forms the bed-
rock, known as the Old Man Gravel formation. This formation is composed primarily of sandstone clasts
embedded in a consolidated sandy-clay matrix (Bowen, 1967). Bowen (1967) suggests that the upper part
of this formation is characteristically weathered to a rusty yellow-brown with a thickness of less than
120 m at Jones Creek and Donnelly Creek, 110 km north and 145 km south of the Maimai watershed, respec-
tively. In Donnelly Creek, the total thickness of the bedrock formation is estimated to be on the order of 250m
(Bowen, 1967). Bedrock porosity—determined from lab based water displacement tests (Gabrielli, 2017)—is
on average 0.205. For this measurement, three 0.05-m3 bedrock samples were extracted from the bedrock
surface within the M8 headwater catchment using a concrete cutting saw (measured porosities were
0.205, 0.197, and 0.210).

2.2. Field Analysis

Field analysis for this study focused primarily on the 4.5 ha M8 catchment within the larger Maimai experi-
mental watershed (Figure 1b). M8 has been studied intensively for more than 40 years, providing consider-
able insights on subsurface runoff generation (Mosley, 1979; Pearce et al., 1986), the effusion of old water
(McDonnell, 1990), and the transient spatial and temporal source components of stormflow (McGlynn
et al., 2004). In 2014, 40 wells were drilled and completed within the M8 bedrock. These wells were used
for hydraulic conductivity and ground water table measurements, as well as for tritium-based age estimates
on groundwater samples (section 2.3). We focused on 10 deep observation wells drilled from 3 to 9.5m below
the ground surface and located in riparian, hollow, and hillslope positions (Figure 1b). To isolate the effect of
groundwater flow from shallower subsurface flow, we focused on observations made on 24 February 2015 of
water table and groundwater age during a time of extremely low flow when the catchment was in deep base
flow conditions. The age of water along the M8 stream network was also estimated based on tritium obser-
vations on the same day at two surface locations (M8 Weir and Upper Riparian in Figure 1b).

In addition, we used 13 years (1975–1987) of discharge records from the M8 Weir (supporting
information Figure S1a) to estimate base flow (Figure S1b). To do this, we employed the Web-Based
Hydrograph Analysis Tool’s base flow separation package (Lim et al., 2005). Low base flow (10th

Figure 1. The layout of the Maimai watershed. (a) The entire watershed with each headwater catchment labeled. The green
rectangle depicts the computational domain, and the orange boundary shows the position of the M8 catchment within
the larger Maimai watershed. The main valley drainage network of the Maimai watershed is known as Powerline Creek.
(b) the M8 catchment and the location of measurement stations. The locations of the sampled bedrock wells are labeled as
1–10. Surface water samples were collected during a base flow period from the main M8 catchment weir (M8WEIR) and
from surface flow at the location marked as Upper Riparian.
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percentile), average base flow, and high base flow (90th percentile) over 13 years equaled 4, 365, and
730 mm/year, respectively. Median base flow was also estimated as 165 mm/year. The coefficient of
variation of estimated base flow was 5% between 1975 and 1987.

2.3. Tracer-Based Groundwater Age (and Transit Time) Estimates

We estimated tritium-based groundwater ages and surface water transit times using the convolution
approach (Małoszewski & Zuber, 1982) with an exponential piston flow model (EPM). To select EPM expo-
nential flow volume parameter, we performed a sensitivity analysis for the Maimai groundwater age and
transit time estimates for a sensible range of EPM exponential flow volume parameter (40–90%). This
analysis showed that only for very old waters the ages were sensitive to the choice of the exponential flow
volume parameter. To enable comparison between the water samples, we consistently used an EPM
model with 70% exponential flow volume parameter for all samples. Note that the assessment of over a
hundred long-term time series data from groundwater discharges in New Zealand, covering the time of
the tritium-pulse, indicated that the EPM with 70% exponential flow volume parameter provides a realistic
age distribution for hydrogeologic settings similar to the Maimai watershed (Morgenstern &
Daughney, 2012).

Tritium measurements in rainfall were available from monthly rain samples since 1960, and tritium concen-
trations in groundwater and stream water were measured in samples collected from groundwater wells
and stream in the Maimai catchment between February 2015 and February 2016. Tritium analysis was done
using liquid scintillation counting in Quantulus ultralow-level counters following vacuum distillation and
electrolytic enhancement (Morgenstern & Taylor, 2009). Low uncertainty of tritium measurements was
achieved by tritium enhancement by a factor of 95 which yields a detection limit of 0.02 tritium units.
Although tritium age interpretations are still ambiguous in the Northern Hemisphere and require tritium time
series or multitracer data, in the Southern Hemisphere, the amount of tritium in the atmosphere has already
decayed to insignificant levels so that it no longer causes ambiguity in the age interpretation (Morgenstern &
Daughney, 2012). The calculated range of uncertainty for age estimation in this study is comparable to similar
studies in the other sites (Cartwright et al., 2018, and references therein). Figure 2 shows the estimates of
groundwater ages (and transit times) and their uncertainty at different locations.

2.4. Modeling Groundwater-Surface Water Interaction and Groundwater Age
2.4.1. Semianalytical Groundwater-Surface Water Interaction Model
We used the semianalytical 3-D groundwater-surface water interaction method described by Ameli and Craig
(2014) to simulate local and regional scale groundwater flow at the Maimai watershed and its headwater
catchments. This physically based, meshless method exactly satisfies the governing equation of the steady
state saturated flow in each layer of an unconfined aquifer. This method uses a free-surface boundary condi-
tion (Bear, 1972; Bresciani et al., 2016) to calculate the location of the water table. This condition is iteratively
imposed using a recharge-water table depth relation scheme presented in Ameli and Craig (2014) that cre-
ates a spatially variable recharge rate and enables delineation of discharge areas where the water table
reaches the land surface. At each iteration, recharge rate is constant in most parts of the recharge areas

Figure 2. Simulated and observed (or estimated) groundwater table depths, groundwater ages and transit times at mea-
surement locations. (a) Performance of the calibrated model in emulating the observed groundwater table depths at 10
measurement locations in the bedrock. (b) Performance of the calibrated model in emulating the tracer-based estimates of
groundwater ages and stream water transit times at 12 measurement locations in the bedrock and stream. The bars show
the uncertainty range for estimated ages and transit times. NS = Nash-Sutcliffe; UR = Upper Riparian.
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(with a rate equal to maximum recharge rate) but smoothly decreases in the vicinity of discharge areas
wherein the water table approaches the land surface. The iterations continue until pressure head along
the a priori unknown water table location converges to zero (average pressure head in the entire watershed
becomes <0.001 m).

The modeled computational domain was assumed rectangular with a length of Lx = 1,150 m and width of
Ly = 2,200 m (Figure 1a). The computational domain in the vertical direction consisted of a two-layer system
represented by a more permeable bedrock formation with a thickness of 100 m overlaying a potentially less
permeable bedrock formation. The top boundary was the digital elevation model-based ground surface. The
no-flow bottom boundary of the computational domain was assumed to be at Z = 0 in the reference example
solved in this paper. This treatment leads to a varying aquifer thickness from 225 to 402 m with an average
thickness of 302 m for the computational domain. The model structure and thickness is consistent with avail-
able information on the Maimai watershed bedrock geology as explained in section 2.1. In addition, no-flow
boundary conditions were imposed along the four sides of the rectangular computational domain.

The mathematical formulation and solution parameters of this model as well as the implementation of the
boundary conditions, including free-surface condition to locate the water table, are explained in Text S1.
Themodel provides continuous maps of subsurface mean pore water velocities in x, y, and z directions (equa-
tion (A.4) in Text S2), and this information is used to track water particles and model groundwater age and
transit time.
2.4.2. Random Walk Particle-Tracking Method to Model Groundwater Age and Transit Time
Water particle release points in the forward tracking approach used here were placed uniformly and spaced
10 m along the land surface. In the unsaturated zone, particles were assumed to move vertically with a velo-
city of 1 m/year (see Text S2 for more details). This velocity is consistent with bedrock characteristics observed
at the ridge line of the M8 catchment where Gabrielli (2017) used tritium-based groundwater age dating and
bedrock porosity measurements to determine recharge rates. In the saturated zone, continuous mapping of
steady state saturated velocity in x, y, and z directions (Vx(x, y, z), Vy(x, y, z), and Vz(x, y, z), respectively; equation
(A.4)) was used to track water particles using the following particle-tracking approach:

xp tð Þ ¼ xp t $ Δtð Þ þ Vx xp t $ Δtð Þ; yp t $ Δtð Þ; zp t $ Δtð Þ
! "

&Δt; (1a)

yp tð Þ ¼ yp t $ Δtð Þ þ Vy xp t $ Δtð Þ; yp t $ Δtð Þ; zp t $ Δtð Þ
! "

&Δt; (1b)

zp tð Þ ¼ zp t $ Δtð Þ þ Vz xp t $ Δtð Þ; yp t $ Δtð Þ; zp t $ Δtð Þ
! "

&Δt; (1c)

where xp(t), yp(t), and zp(t) are the positions of the particle p at time t, and xp(t$ Δ), yp(t$ Δ), and zp(t$ Δ) are
the positions of the particle p at time t$ Δ. In the particle-tracking algorithm, a small time step (Δ = 0.001 day)
was assumed to ensure the precise calculation of the particle’s location and movement.

Along the generated pathlines, equations (1a)–(1c) determine groundwater flow length and transit time from
recharge zones to discharge interfaces and can also determine these at any point of interest within the sub-
surface domain. Here we define water transit time (τ) through the system following the nomenclature of
McDonnell et al. (2010) as τ = tout $ tin where τ is the elapsed time from the input of a water parcel through
a system input boundary at time tin to the output of that water parcel through a system output boundary
(e.g., stream) at time tout. We also follow the McDonnell et al.’s (2010) definition of age of a water parcel
sampled at any location W (x, y, and z) within the catchment system. The age of a water parcel at location
W (x, y, and z) is then defined as τw = tW $ tin, where τw is the elapsed time from the input of water parcel
through the catchment to the arrival time (tW) of that water parcel at location W. As noted in McDonnell
et al. (2010, p. 1746) “the transit time is thus the age at the exit of the system. Similarly, the age of water
sampled at an observation well within a catchment represents the transit time for water through the catch-
ment area to that well.”

For each example solved here, we calculated themedian transit time (MedTT) andmedian flow length (MedFL)
corresponding to all pathlines between recharge and discharge zones (e.g., stream). In this paper, we used
MedTT, rather than the widely used “mean transit time” (cf. McGuire & McDonnell, 2006), as the median of
simulated transit times more realistically represents age-related observations in the shallow subsurface or
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stream network, given the extremes when looking in terms of age (i.e., very old water particles stored in deep
groundwater reservoirs), because a mean would be biased to these extremes. Berghuijs and Kirchner (2017)
theoretically proved that the age of deep groundwater can be an order of magnitude older than the age of
the water that we measure in the stream network. In addition, for each example solved in this paper, we cal-
culated MedTT and discharge rate at 100 points located longitudinally along the main valley drainage net-
work of the Maimai watershed (Powerline Creek). For each example, the simulated MedTTs and discharge
rates were then used to calculate the coefficient of variation of the transit times and discharge rates along
the length of Powerline Creek.

The modeling approach uses a steady state assumption and homogenous and laterally constant material
property within each layer of bedrock formation. The validity of the employed assumptions are supported
by existing observations in the Maimai watershed. Minimal variation in long-term base flow (5% coeffi-
cient of variation between 1975 and 1987) also supports the validity of the steady state assumption for
groundwater flow and discharge behavior, within a bedrock with an unusually homogenous geology
(Pope et al., 2000), and uniform lateral pattern of saturated hydraulic conductivity (Bowen, 1967;
McGlynn et al., 2004).

2.5. Model Testing

We calibrated our model to calculate (1) the saturated hydraulic conductivities of the top layer (Kt) and the
bottom layer (Kb) of the bedrock formation and (2) the maximum recharge rate (R), using measured field data
from the M8 catchment. Note that the saturated hydraulic conductivities are assumed to be constant in each
bedrock layer. In addition, the maximum recharge rate refers to the recharge rate applied along the most
parts of the recharge areas where the water table is well below the land surface. The maximum recharge rate
decreases in the vicinity of discharge areas where the water table approaches the land surface using the
recharge-water table scheme presented in Ameli and Craig (2014).

To constrain the range of parameters in a manual calibration, we used available measurements and estima-
tions of saturated hydraulic conductivities and recharge rates. Saturated hydraulic conductivity of the upper
portion of bedrock formation was measured at 40 well locations using falling head slug tests. Values ranged
from 6.99 × 10$9 to 4.01 × 10$5 m/s and averaged 5 × 10$7 m/s. A plot-scale hillslope sprinkler experiment
was also conducted on an open bedrock surface, as outlined in Gabrielli (2017), which identified a mean per-
colation rate of 5.69 × 10$8 m/s. We therefore used a range from 1 × 10$6 to 1 × 10$9 m/s for the calibration
of Kt. The range of saturated hydraulic conductivities for the calibration of lower portion of bedrock formation
(Kb) were assumed from 1 × 10$7 to 1 × 10$10 m/s. Using available observations, we roughly estimated bed-
rock groundwater recharge rates of 167 mm/year through the application of a simple Darcy-based flux
approximation and 216 mm/year using a tritium-based groundwater transit time approach (Text S2). We
therefore used a range from 167 to 216 mm/year for the calibration of maximum recharge rate (R) within
our semianalytical model.

The performance of the calibrated model was assessed for its ability to (1) simulate the measured water
table depths at 10 groundwater observation wells and (2) capture the tritium-based bedrock groundwater
age estimates from samples collected at the 10 groundwater observation wells, as well as tritium-based
stream water transit time estimates made at two locations along the M8 stream network (sampling loca-
tions are shown in Figure 1b). The best set of calibrated parameters (Kt, Kb, and R) was manually obtained
to achieve two best (maximum) Nash-Sutcliffe (NS) values between simulated and observed/estimated (1)
water table depths and (2) groundwater (and stream) ages. We also calculated the ranges for each of the
calibrated parameters in which two NS values are within 10% of the best NS values. A formal uncertainty
analysis is beyond the scope of this study, but the mentioned analysis provides some general insights
into the uniqueness of the calibrated parameters and the sensitivity of modeled results to the calibrated
parameters. Finally, the calibrated model was validated for its ability to match the base flow values calcu-
lated from long-term flow observations at the M8 catchment (165 mm/year; median long-term base flow)
and at the Powerline Creek outlet (624 mm/year).

2.6. Virtual Experiments

Once our model was parameterized and assessed based on the hydrometric and tracer field data, we
then used the model to perform a series of virtual experiments (Weiler & McDonnell, 2004) to explore
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the impacts of different controls on groundwater flow from the Maimai headwater catchments and their
subsidies to their larger watershed. In this virtual experimentation approach, we explored the impact of
different controls by changing the value of one (control) and keeping all else the same and without
any further calibration.

While the list of possible variables (controls) to explore was long, the important controls—deemed
important from literature reviews (e.g., Bresciani et al., 2016) and our own recent field work at the
Maimai (Gabrielli, 2017)—we assessed, were (1) the recharge rate, (2) the regional topographic relief
roughness or average watershed slope, and (3) the average watershed (aquifer) active thickness. To
explore the first control, we considered four different recharge rates equal to 4, 175, 365, and
730 mm/year. These values cover the 10th percentile to 90th percentile of long-term estimated base
flow rates at the M8 catchment as explained in section 2.2 (Figure S1). At the same time, this range
in recharge values represents a plausible range for recharge rate in arid to humid climates (Gleeson &
Manning, 2008). To explore the impacts of watershed slope, we generated three different land surface
topographies with overall average slopes of 30°, 20°, and 10° through uniform scaling of the topographic
surface elevation from the original LiDaR-based land surface topography of the Maimai watershed. Note
that the average slope of the Maimai watershed is 38°. This range in watershed slope (10–38°) is gener-
ally representative of slopes from other forested watersheds around the world. To explore the impacts of
watershed active thickness, we adjusted the location of the no-flow boundary at the bottom of the com-
putational domain to Z = 100 m, Z = $100 m, and Z = $200 m from the reference no-flow boundary at
Z = 0 m used for the original calibrated model. This treatment leads to average watershed thicknesses of
approximately 200, 400, and 500 m, respectively. In each headwater catchment shown in Figure 1a and
for each virtual experiment, we calculated the headwater groundwater subsidy index (Is), equal to the
ratio of the number of pathlines discharging out of the headwater catchment toward Powerline Creek
to all pathlines that originate from the headwater catchment. Indeed, the headwater groundwater sub-
sidy index represents the proportion of out-of-catchment groundwater contribution from the headwater
catchment to the total groundwater recharged into the headwater catchment. We calculated the M8
catchment’s subsidy index and the average of all catchments’ subsidy indexes toward Powerline Creek.

3. Results
3.1. Model Testing Against Hydrometric and Tracer Measurements

The calibrated groundwater flow and transport model was able to simulate the observed groundwater table
depths and tritium-based groundwater age (and transit time) estimates with the best (maximum) NS values
of 0.34 and 0.95, respectively, in 12 measurement locations within the M8 headwater catchment (Figure 2).
The model, however, overestimated groundwater table depth along the ridgeline. This can be attributed
to nonuniform thickness of the computational domain that led to a larger transmissivity along the ridgeline
compared to the riparian areas.

The calibrated maximum recharge rate (R) was 175 mm/year. The calibrated values of saturated hydraulic
conductivities of the top (Kt) and bottom (Kb) bedrock layers were 1.15 × 10$7 and 1.05 × 10$8 m/s, respec-
tively. The ranges for calibrated parameters in which two NS values were within 10% of the best NS values are
155–185 mm/year for recharge rate, 9.95 × 10$8 to 1.20 × 10$7 m/s for Kt, and 8.50 × 10$9 to 6.10 × 10$8 for
Kb. The flowmodel predicted groundwater base flow rate at the M8Weir of 168 mm/year, consistent with the
median long-term base flow of 165 mm/year. The simulated groundwater base flow at the Powerline Creek
was 621 mm/year consistent with the annual base flow at the Maimai watershed outlet (624 mm) estimated
in the previous studies.

3.2. Groundwater Subsidies From the Headwater Catchments to the Larger Maimai Watershed

The simulated MedTT and MedFL corresponded to all pathlines between recharge zones in the M8 catchment
and discharge zones (both out of and within the M8 catchment) were 111 years and 209 m, respectively.
MedTT corresponding to the pathlines discharged out of the M8 catchment boundary into Powerline Creek
was 415 years, while MedTT corresponding to the pathlines discharged within the M8 catchment boundary
were significantly younger (48 years). The calibrated model also showed the M8 catchment’s subsidy index
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(Is) of 48% (Figure 3b0). Indeed, 48% of recharge water into M8 catchment discharged out of the catchment
boundary into Powerline Creek.

The calibrated model was then used to calculate transport features along the entire Maimai watershed.
MedTT and MedFL corresponding to all pathlines between recharge and discharge zones in the entire
Maimai watershed were equal to 197 years and 238 m, respectively (gray line in Figure 4). MedTT corre-
sponding to the pathlines discharged out of the boundary of headwater catchments into Powerline
Creek was 501 years, while MedTT corresponding to the pathlines discharged within the headwater
catchments was 64 years. The average of all headwater catchments subsidy index (Is) was
53% (Figure 3b).

With the calibrated model able to capture the hydrometric and tracer based field observations, we explored
changes in the groundwater flow patterns as a result of changes in recharge rate, watershed slope, and
watershed active thickness in the following sections.

Figure 3. Impacts of recharge rate (R [mm/year]) on the distribution of groundwater flow pathlines and headwater groundwater flow subsidies at the entire Maimai
watershed (a, b, c, and d) and the M8 catchment (a0 , b0 , c0 , and d0). (a) and (a0) R = 4 mm/year, (b) and (b0) R = 175 mm/year (reference model), (c) and (c0) R = 365 mm/
year, and (d) and (d0) R = 730 mm/year. Blue (and red) lines refer to pathlines discharged out of (and within) the headwater catchments. Is is the subsidy index
referring to the proportion of out-of-catchment groundwater contribution to total groundwater recharged into the headwater catchment. Is in the upper panel is the
average subsidy index for all headwater catchments and in the lower panel is the subsidy index for the M8 catchment. The yellowmap shows the simulated locations
of groundwater discharge areas. Only 1/20 of all generated pathlines are shown in the upper panel due to visualization restrictions.
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3.3. Impact of Recharge Rate on Headwaters Groundwater Subsidies

As recharge rate increased, the water table elevation rose, and a larger number of low-order stream val-
leys throughout the entire watershed became groundwater seepage faces (yellow surface in Figure 3).
This led to a higher proportion of short groundwater flow pathlines (red lines in Figure 3) that discharged
into the low-order stream valleys within headwater catchments and resulted in a lower MedTT and MedFL
between recharge zones and discharge zones (Figure 4a, column 1). The M8 subsidy index and the aver-
age subsidy index for all headwater catchments feeding Powerline Creek also decreased (Figure 4a,
column 1).

An increase in the rate of recharge lowered the proportion of cross-catchment pathlines. Long regional path-
lines originating from the upslope portion of the watershed (top left and right corners of the watershed in
Figure 3) that discharged into Powerline Creek shifted tomedium length regional groundwater pathlines that
discharged perpendicular to Powerline Creek. These changes in pathline architecture caused a more uniform
groundwater discharge transit time (and length) pattern and subsidy index along the watershed. MedTT,
MedFL, and Is for M8 became more similar to the average of all headwater catchments along the watershed
(Figure 4a, column 1). A recharge rate increase also increased the percentage of discharge area (Ad) and cre-
ated a more uniform groundwater discharge rate along seepage faces throughout the entire watershed
(Figure 5). In addition, the coefficient of variation of transit times and groundwater discharge rates along
(the length of) Powerline Creek decreased (Figure 4b, column 1). In general, with increased recharge rate,
both the flow and transport characteristics became more uniform throughout the watershed including along
the Powerline Creek, and the behavior of the M8 headwater catchment became more representative of the
average behavior of the entire watershed. Finally, with an increase in recharge rate from 4 to 730 mm/year,
the coefficient of variation of watershed-scale groundwater table depth decreased from 16.5% to 7.5%. This
implies that the water table departs less from the land surface topographic configuration as the recharge
rate increases.

Figure 4. (a) Impact of recharge rate (first column), average watershed slope (second column), and watershed active
thickness (third column) on MedTT, MedFL, and headwater groundwater subsidy index (Is) for all headwater catchments
within the Maimai watershed (black line) and the M8 headwater catchment (red line). Note that MedTT and MedFL refer to
median transit time and median transit length, respectively, corresponding to all pathlines between recharge zones in
parent headwater catchment and discharge zones (both out of and within the parent headwater catchment). (b)
Coefficient of variation (CV) of groundwater transit times (black) and discharge rates (red) along the Maimai watershed
main valley drainage system (Powerline Creek). CVs are calculated based on simulated transit times and discharge rates at
100 points located longitudinally along the length of Powerline Creek. Gray line refers to flow and transport characteristics
of the M8 and the entire Maimai for the reference model.
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3.4. Impact of Watershed Slope on Headwater Groundwater Subsidies

With hypothetical decreases in average slope of the watershed, the extension of seepage faces (yellow sur-
face in Figure 6) increased as the water table intersected more low-order stream valleys. This also led to an
increase in the number of short groundwater flow pathlines (red lines in Figure 6) that discharged into the
low-order stream valleys within headwater catchments and ultimately a decrease in MedTT and MedFL
between recharge zones and discharge zones (Figure 4a, column 2). The groundwater subsidies from head-
water catchments to parent watershed also decreased.

A hypothetical decrease in watershed slope did create a more uniform groundwater discharge rate through-
out the watershed (Figure 7), similar to the effect seen with an increase in recharge rate. Indeed, groundwater
discharge rate at the low-order stream valleys becamemore similar to the groundwater discharge rates at the
high-order stream valleys. In addition, MedTT, MedFL, and Is for M8 became more similar to the average of all
headwater catchments along the watershed (Figure 4a, column 2). In general, with a hypothetical decrease in
watershed slope, simulated flow and transport characteristics within M8 became more aligned with the flow
and transport characteristics of the entire watershed. The slope of the land surface, however, had less impact
on flow and transport characteristics compared to the recharge rate as discussed in section 3.3 for the range
of variables considered in this paper. Furthermore, decreases in watershed slope from 38° to 10° significantly
reduced the coefficient of variation of watershed-scale water table depth from 13.7% to 1.2%. This implies
that the water table further follows the land surface topographic configuration as the landscape topography
becomes gentler.

3.5. Impact of Watershed Active Thickness on Headwaters Groundwater Subsidies

An increase in watershed active thickness slightly increased MedTT, MedFL, and groundwater flow subsidy
from headwater catchments toward Powerline Creek (Figure 4a, column 3). The extension of groundwater
discharge areas slightly decreased as active aquifer thickness increased (not shown here). In addition,
increases in watershed active thickness from 200 to 500 m increased only slightly (from 12.9% to 13.90%)
the coefficient of variation in groundwater table depth along the watershed.

Figure 5. Impact of recharge rate (R [mm/year]) on the distribution of recharge (green) and discharge (blue) flux rates at the Maimai watershed. The color map shows
the distribution of normalized discharge/recharge fluxes with respect to corresponding recharge rates. Parameter Ad refers to the percentage of discharge area in the
entire computational domain. (a) R = 4, (b) R = 175, (c) R = 365, and (d) R = 730.
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4. Discussion

Our study is one of the first that we are aware of that brings together field and modeling approaches—constrained
with tracer and groundwater age, stream transit time, water table head data, and hydrogeological
characterization—to determine headwaters groundwater subsidies to their parent watershed. Our
modeling results showed that the new semianalytical integrated flow and transport model of Ameli
and Craig (2014) was able to predict the available hydrometric and tracer field observations. Only a
small range for groundwater recharge rates and saturated hydraulic conductivities of the upper part
of bedrock formation were able to replicate the field observations. This suggests that a watershed
tracer and hydrometric (groundwater) responses are sensitive to these well-constrained parameters.

4.1. Controls on Headwater Groundwater Subsidy to the Parent Watershed

Our reference model (calibrated with hydrometric and age observations from field data) showed that 48% of
the groundwater recharged within the 4.5 ha M8 headwater catchment discharged out of the M8 catchment
and into its larger parent watershed. These groundwater losses from the M8 catchment are significant,

Figure 6. Impacts of average land surface slope (S) on the distribution of groundwater flow pathlines and headwater groundwater flow subsidies for the entire
watershed (a, b, c, and d) and the M8 catchment (a0, b0 , c0, and d0). (a) and (a0) S = 38° (reference model), (b) and (b0) S = 30°, (c) and (c0) S = 20°, and (d) and (d0)
S = 10°. Blue (and red) lines refer to pathlines discharging out of (and within) the headwater catchments. Only 1/20 of all generated pathlines are shown in the upper
panel due to visualization restrictions.
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especially for a catchment whose bedrock has been generally described as poorly permeable (Mosley, 1979).
Also notable is the large difference between the simulated groundwater ages at depth and the previously
reported young streamflow age within the M8 catchment (on the order of months; Pearce et al., 1986).
This reflects a system type similar to the theory proposed by Berghuijs and Kirchner (2017) where
groundwater can be much older than the streamflow when most of the streamflow originates from the
highly conductive soil layer above the bedrock groundwater which produces subsurface stormflow (cf.
Ameli et al., 2015). Such an interpretation is supported by the recent work of Gabrielli (2017). Our model
showed that outflow from the parent watershed (at Powerline Creek) was composed of 621 mm/year of
subsidized groundwater from its headwaters or 37% of the total annual streamflow (of 1,660 mm/year).
This base flow groundwater contribution from headwaters has previously been shown to impact water
quality (e.g., silica concentration) of the Powerline Creek outflow (McGlynn et al., 2004).

Our virtual experiment results suggest that recharge rate and average watershed slope can significantly
affect the magnitude, age, and flow paths of headwaters groundwater subsidies. These factors also control
groundwater table location and the spatial distribution of groundwater discharge-recharge areas. As
recharge rates decrease, the areal extent of seepage faces (discharge zones) decreases which leads to a lower
proportion of local flow within headwater catchments and a higher proportion of regional groundwater flow
out of the headwater catchments toward the higher-order stream. In addition, high-relief watersheds gener-
ally showed a larger proportion of groundwater flow exports from headwaters to the higher-order stream
compared to the low-relief systems. These findings are consistent with previous modeling studies (Gleeson
& Manning, 2008; Holzbecher, 2001; Welch & Allen, 2012) and field work (Genereux et al., 2002; Winter
et al., 2003) that have described a larger proportion of streamflow (or lake water) being sourced from regional
groundwater compared to local groundwater in high-relief landscapes and/or dry climatic conditions.

Our reference model results also showed long transit time of 501 years for groundwater discharging from
headwater catchments into the main valley drainage system of the Maimai watershed. This transit time
was significantly larger than the transit time for groundwater discharging within the headwaters (64 years).

Figure 7. Impact of land surface slope (S) on the distribution of recharge (green) and discharge (blue) fluxes at the Maimai watershed. The color map shows the dis-
tribution of normalized discharge/recharge fluxes with respect to the applied recharge rate (calibrated recharge rate equal to 175 mm/year). Parameter Ad refers to
the percentage of discharge area in the entire watershed. (a) S = 38°, (b) S = 30°, (c) S = 20°, and (d) S = 10°.
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These values are somewhat consistent with other studies. For example, Kolbe et al. (2016) reported a transit
time for local and intermediate groundwater flow of greater than 50 years into a 35 km2 agricultural
watershed. Goderniaux et al. (2013) suggested a mean transit time of thousands of years for deep regional
groundwater flow into a large, 1,400 km2 watershed. Our virtual experiment showed that as the watershed
slope increased, the transit time and flow length of headwaters groundwater subsidies toward higher-order
stream increased. This finding is supported by recent tracer-based global observations which have shown
that steeper catchments have a higher proportion of old streamflow (Jasechko et al., 2016). Using a water bal-
ance approach, Sayama et al. (2011) also showed that steeper watersheds stored greater volumes of water,
and thus, they would have longer mean transit times compared to watersheds with lower topographic gra-
dients under similar recharge conditions.

4.2. Free-Surface Versus Topography-Driven Approaches to Quantify Headwater
Groundwater Subsidy

The widely used topography-driven assumption (Toth, 1963), where the water table is assumed to be a
replica of land surface, was not valid for most of the examples solved in this paper. The coefficient of variation
of simulated watershed-scale water table depth was large for most examples (except for the lowest topo-
graphic relief roughness) implying that the water table depth largely varies along the watershed and water
table configuration rarely followed the land surface configuration. Our results showed that as recharge rate
decreased and/or average watershed slope increased, the spatial variation of water table depth along the
watershed increased, and the water table configuration departed further from the topographic surface con-
figuration. This leads to a larger difference between the groundwater divide and the surface water divide
(obtained through topographic analysis) of high-order streams and is consistent with the numerical model-
ing study of Tiedeman et al. (1997) who showed that the groundwater watershed was 50% larger than the
surface water watershed for a regional water body within a dry and steep landscape. Gleeson and
Manning (2008) and Haitjema and Mitchell-Bruker (2005) also theoretically showed that recharge rate and
watershed relief control topography-driven versus recharge-driven water tables.

Results also showed a substantial difference in the characteristics of headwater groundwater subsidy (e.g.,
magnitude, transit time, and transit length) between situations where water table configuration departed
from the land surface topography and situations where water table (to some extent) follows the land surface
topography. Thus, the treatment of groundwater table as a free-surface condition, where a priori unknown
location of groundwater table is calculated as part of the solution, provides a more reliable estimate of
sources, transit times, and flow paths of local and regional groundwater flow, critically required for an effi-
cient future ecosystem and water quality/quantity management and policy design work. This has also been
emphasized in the recent studies that suggest that the groundwater table should be viewed as a variable
interface changing by groundwater systems’ properties and environmental changes (Bresciani et al., 2016;
Condon & Maxwell, 2015; Kolbe et al., 2016). Of course, the meshless nature of the model used in our paper
can further facilitate the implementation of the free-surface condition, as mesh definition and discretization
in general may cause some difficulties in the incorporation of free-surface condition (see An et al., 2010, for
more details).

4.3. Open Questions at Maimai and Elsewhere Regarding Headwater Groundwater Subsidy

Our virtual experiments suggest that there are conditions under which the simulated flow and transport char-
acteristics within the M8 catchment become strikingly similar to that of the average of all other catchments
located in the Maimai watershed (Figure 4a). These similarities are enhanced as the recharge rate increases
and/or watershed slope decreases. Of course, this finding can be the consequence of (1) an unusually homo-
genous geology of the underlying Old Man Gravels (as discussed by Pope et al., 2000), (2) our hypothesized
uniform lateral patterns of saturated hydraulic conductivity observed in the Maimai watershed (McGlynn
et al., 2004), and (3) highly organized topographic structure as discussed for this system since the early work
of Mosley (1979). All of this opens new avenues for future hydrology and water quality studies in the Maimai
watershed (and elsewhere) to leverage these possible scaling relations or new hydrological and biogeochem-
ical understanding. The observed similarities between M8 catchment’s response and the rest of watershed’s
response raise the following question: Under which structural and climatic conditions might the watershed’s
hydrological and biogeochemical responses become simply the linear sum of their headwater catchments’
responses? Or conversely, under which condition can the study of one headwater catchment guide the
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understanding of the entire watershed response? These would be fruitful questions to go after, building on
earlier work of Shaman et al. (2004) and Uchida et al. (2005) on the linearity of watershed response.

New field indicators may also guide the prediction of the magnitude and linearity of headwater groundwater
subsidy at the Maimai watershed. Our virtual experiments suggest that as the degree of longitudinal variabil-
ity in groundwater age (and groundwater discharge rate) along the Powerline Creek decreases (due to an
increase in recharge rate; Figure 4b, first column), the linearity of headwaters groundwater response
enhances, while the proportion of out-of-catchment groundwater subsidy decreases (Figure 4a, first column).
This may raise the following question: To what extent can longitudinal measurements of flow and tracers
along the high-order stream over a period of time guide the prediction of temporal changes in (1) the pro-
portion of out-of-catchment groundwater subsidy, (2) the linearity of watershed response, and (3) recharge
rate at the Maimai watershed? In many ways, this is M. G. Anderson and Burt (1978) revisited—where instead
of their work documenting the discharge of subsurface stormflow from hollows to a stream reach, the ques-
tion today is one of deeper connections and processes and accounting for both flow and transport.

Elsewhere, understanding of the controls on transit time, flow paths, and the magnitude of headwaters
groundwater subsidies may have important implications for developing large-scale water quality manage-
ment and source water protection strategies and designing future field and groundwater modeling experi-
ments. Groundwater subsidies from headwater catchments can provide high-order stream with old waters
that have high concentrations of major ions (Genereux et al., 2002) and solutes (Van Meter et al., 2018).
Our results showed that the age, source, and flow paths (and therefore the concentration) of such old water
changes with recharge rate, implying that a watershed’s water quality response may alter under changing
climate. New research is needed to explore the large simulated values of the transit time of the groundwater
subsidies determined in this paper and in other similar studies. Such large transit time may suggest that the
water quality response time to management practices is long and that current water quality status in the
watershed can be related to past land use practices of the watershed and surrounding basins (as also sug-
gested in Hrachowitz et al., 2016; McDonnell & Beven, 2014; Morgenstern et al., 2014). Our results suggest
that this response time becomes longer and the proportion of regional groundwater subsidy becomes larger
as recharge rate decreases; the decrease in recharge rate is a potential future scenario for much of the earth
surface stemmed from future global warming and land development (Gleeson et al., 2016).

5. Conclusion

We linked a new dense groundwater well network in the well-studied Maimai watershed and a new physi-
cally based semianalytical integrated flow and transport model to quantify the groundwater flow out of
headwater catchments and their subsidies to their parent watershed. Themeshless nature of themodel facili-
tated an efficient implementation of the free-surface condition for delineating the a priori unknown location
of the water table, as well as an efficient characterization of local and regional groundwater flow paths and
transit times. The model was able to simulate the flow and tracer observations in the M8 catchment and
watershed outlet. The model showed that almost 50% of groundwater that was recharged in the M8 head-
water catchment discharged outside of the headwater catchment divide and subsidized the main valley drai-
nage network of the Maimai watershed. Along the entire watershed, 53% of groundwater recharge that
occurs within the headwater catchments is subsidized to their parent watershed. Our virtual experiments
showed that the relative proportion of this headwater groundwater subsidy increased as recharge rate
decreased and/or watershed slope increased. The findings of this paper have implications for the manage-
ment of groundwater resource quality/quantity and their interaction with the other elements of hydrologic
cycle. Our findings also guide the interpretation of field indicators to predict the controls on groundwater
subsidy from headwater catchments.
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