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Abstract Understanding the links between groundwater age, runoff generation processes,

and their effects on stream water transit time (TT) is a major research challenge. Here we present new
tritium age dating and hydrogeological characterization from 40 bedrock wells drilled at the intensively
studied Maimai Experimental Watershed in New Zealand. We investigated the extent, dynamics, and age
of the groundwater in a 4.5 ha headwater catchment over a 400 day period. In particular, we explored the
controls of bedrock structure on aquifer dynamics, the aquifer flow domain and its influence on
time-varying stream water TT. We show that low permeability hillslope bedrock minimizes deep

recharge, thereby regulating groundwater age, stream water MTT, and surface water-groundwater
interaction. Two distinct hydrologic units can represent catchment storage: shallow young soil storage and
deep much older bedrock groundwater. Groundwater ages near discharge zones were up to 23 years com-
pared to soil water ages that ranged between 0.1 and 0.5 years. This difference in age for the two main sto-
rages resulted in contrasting seasonal stream water TT response. During the 8 month wet season, stream
water TT was young and stable while stream water TT in the slightly drier summer season was highly
dynamic. These qualitative field observations are a process exemplar that support the Berghuijs and Kirch-
ner (2017) quantitative descriptions of preferential release of young streamflow; and for the Maimai catch-
ment, support the notion that most groundwater is exchanged only slowly with the surface and is therefore
relatively old.

1. Introduction

Headwater catchments are the building blocks of the hydrologic landscape and thus control the down-
stream flux of water, nutrients, and solutes to their parent watersheds. Understanding how and across what
time scales these uplands catchments store and ultimately release their water is necessary for effective
resource management, especially under changing climate regimes (Stocker, 2014) and ever increasing
demands on groundwater resources (Wada et al., 2010). While much new discovery continues on different
components of the headwater catchment water balance (Brooks et al., 2010; Overeem et al., 2013) and run-
off generation processes (Penna et al., 2015; Soulsby et al,, 2015), deep catchment storage dynamics have
received less attention. Catchment storage is a primary control of both discharge dynamics and subsurface
mixing processes (Creutzfeldt et al, 2014; Kirchner, 2009; Seibert et al, 2003), yet headwater storage
changes within bedrock remains poorly characterized (McNamara et al., 2011). In particular, the contribution
of bedrock groundwater to the storage-discharge relationship is difficult to understand and assess, and, as a
result, total catchment storage is still largely unknown in most research sites (Pfister et al, 2017; Sayama
etal, 2011).

Base flow recession analysis (Wittenberg & Sivapalan, 1999) and GRACE-based (Creutzfeldt et al.,, 2014;
Sproles et al., 2015) methods have provided insights into catchment scale storage-discharge relationships,
however, these black-box approaches fail to resolve internal processes, structures, and patterns—informa-
tion necessary to drive the next generation of catchment scale models (McMillan et al., 2011). Further,
recent increases in computational power have led to impressive new simulations of groundwater contribu-
tions to streamflow in headwater catchments (Ebel & Loague, 2006; Maxwell & Condon, 2016). But while
these and other simulations are informative, much basic field work is still needed to age-date and under-
stand bedrock groundwater flow processes in headwater catchments and to quantify its link to, and influ-
ence on, streamflow characteristics. Indeed, the influence of bedrock as an additional storage volume
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(beyond that of the soil mantle) remains a significant source of uncertainty, and until only recently, has
rock-moisture been identified as a critical headwater reservoir for both runoff generation and plant water
use (Rempe & Dietrich, 2018).

Bedrock poses a unique challenge to headwater process investigations: the logistical difficulties associ-
ated with gaining access into bedrock in steep, remote, and often roadless terrain combined with
complex fracture-dominated flow paths have historically thwarted attempts to study bedrock flow path
dynamics directly (Asano et al, 2009; Asano & Uchida, 2012; Katsuyama et al., 2010; MacDonald, 1988;
Millares et al, 2009; Uchida & Asano, 2010). Geophysical techniques offer a promising way forward
(Binley et al., 2010); however, interpretation of results are often ambiguous without significant ground
truthing. Recent advancements in mobile drilling technology (Gabrielli & McDonnell, 2012) make the
direct observation of bedrock groundwater dynamics in difficult-to-access headwater catchments more
readily available. But there exists only a limited number of studies which have gained full access to,
and provided complete characterization of, bedrock groundwater in the headwaters. Most previous
investigations have been constrained to the hillslope scale (Anderson et al., 1997; Gabrielli et al., 2012;
Masaoka et al, 2016; Montgomery et al, 1997; Onda et al,, 2001) or to using bedrock-spring discharge
as a proxy for deeper bedrock groundwater dynamics (Asano et al, 2002; Onda et al, 2001; Uchida
et al., 2002).

Recent theoretical work has provided a quantitative framework to describe the influence of subsurface
heterogeneity and permeability contrasts on the age difference between water stored in catchments
and the water released by catchments (Berghuijs & Kirchner, 2017). Yet, to date, we lack the integrated
field measurements to test this theory and to provide site-based understanding of bedrock characteris-
tics, their control on the bedrock groundwater flow domain and how these characteristics affect
groundwater dynamics, age, and surface water-groundwater interactions across varying catchment wet-
ness conditions. As interest in the connection between shallow and deeper critical zone processes
grows (Jasechko et al., 2017; McDonnell, 2017; Riebe et al., 2017), these field descriptions are increas-
ingly important.

Here we present new results from an intensive field campaign that combines hydrometric, geochemical,
and tritium-based analyses with groundwater monitoring to characterize the underlying headwater bedrock
aquifer and its connection and contribution to streamflow and stream water age. The overarching goal was
to use field data to inform the relationship between groundwater and streamflow ages. We based our work
at the well-studied Maimai watershed in New Zealand. Maimai is often viewed as an exemplar for how
steep, wet catchments generate runoff (McGlynn et al,, 2002)—yet, to date, little work has been done to
characterize the bedrock groundwater at the site. The Maimai catchment is known for its flashy and respon-
sive hydrograph, extremely high runoff ratios and young stream water discharge (Mosley, 1979; Pearce
et al.,, 1986). For nearly 40 years, it has existed as a testing ground for hypothesis testing in hillslope hydrol-
ogy, revealing insights on the mechanisms and timing of subsurface stormflow (Mosley, 1979; Pearce et al,,
1986; Sklash et al., 1986), on mixing and effusion of old and new water (McDonnell, 1990) and on the spatial
and time source components of runoff generation and its control on stream water chemistry (McGlynn
et al., 2004; McGlynn & McDonnell, 2003).

We leverage the process hydrology of Maimai to examine the role of deep bedrock groundwater and its
impact on flow and mean transit time (MTT) of stream water. We present new data from 40 wells down to
~9 m, installed with a backpackable drill rig (modified from Gabrielli and McDonnell (2012)). We sampled
them for groundwater tritium concentration and monitored water table dynamics for 400 days. Maimai
stream water is some of the youngest documented in the isotope hydrology literature with MTT estimates
on the order of only 4 months (Pearce et al., 1986). And to date, no direct observation of bedrock ground-
water connectivity to the stream has been made.

Here we use the approach of Morgenstern et al. (2010) to translate groundwater tritium values into robust
water ages and then relate this to the bedrock aquifer flow structure, groundwater dynamics, and stream
water silica concentration to determine how it affects the time-varying stream water transit time. Specifi-
cally, we address the following research questions:

1. How do bedrock permeability patterns relate to headwater landscape position?
2. What are the spatial and temporal dynamics of bedrock groundwater?
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3. How does permeability structure affect the age and spatial patterns of age within bedrock groundwater?
4, To what extent is bedrock groundwater connected to the stream and how does this influence time-
varying stream water transit time?

Whilst focused on Maimai as a test case, these research questions are some of the most pressing research
questions in process hydrology, as noted in recent reviews (Grant & Dietrich, 2017; McDonnell, 2017;
McNamara et al.,, 2011; White et al., 2015).

2, Study Site

The 280 ha Maimai Experimental Watershed is located on the northwest coast of the South Island, New Zea-
land, in the Tawhai State Forest (Figure 1; 42°05'S 171°47'E). This work focused specifically on the 4.5 ha
subwatershed known as M8 (the original site of work by Mosley (1979) and McDonnell (1990)). Elevation
within M8 ranges from 251 to 348 m.a.s.l. The landscape is highly dissected and dominated by three main
geomorphic landscape units: highly convergent and divergent hillslopes, steep ephemeral hollows, and a
gently sloping riparian zone (Weiler et al., 2003). Hillslopes are short (<100 m) and steep (range: 15-65°,
average: 34°).

Soils are thin, averaging 0.6 m deep with a range of 0.1-1.8 m, and highly transmissive (Brammer, 1996).
The bedrock underlying the catchment is a conglomerate known as Old Man Gravel. It belongs to a larger
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Figure 1. Map of the Maimai Experimental Watershed and subcatchment M8 with vicinity map inlay showing Maimai's
general location within the country of New Zealand. The M8 subcatchment also shows the location of bedrock wells and
the two surface water sampling locations. The green bar shows the location of the M8 weir and is the reference point for
watershed area (4.5 ha).
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formation known as the Old Man Group (Bowen, 1967). The gravel (now a weakly lithified conglomerate)
was deposited in the early Pleistocene as a thick (>400 m) layer of glacial outwash during an erosional
sequence in the formation of the Southern Alps (Mortimer et al., 2001). The conglomerate is composed pri-
marily of rounded sandstone clasts (greywacke) with small additions of schist and granite in a compact
sandy-clay matrix. The rounded clasts range in size from 10 to 400 mm in diameter, but are primarily less
than 150 mm (Mortimer et al., 2001). Over the scale of a few meters, the bedrock is heterogeneous in clast
size; however, over 10s-100s of meters the bedrock is relatively homogeneous (Nathan et al., 1986).

The entire M8 catchment, with the exception of the riparian zone (~5% of total area), was cleared of its
native southern beech (Fuscospora spp.) and podocarp (Podocarpaceae spp.) forest in the 1970s and
replanted with radiata pine (pinus radiata). The replanted forest was unmanaged and has proven suscepti-
ble to local fungal attack and windfall, leading to low stand densities and a thick undergrowth of invasive
and native woody and herbaceous species. Rainfall interception losses for the original native vegetation,
which is likely similar to the current vegetation cover, were measured by Pearce and Rowe (1979) and equal
to ~670 mm/yr or ~ 26% of the 2,600 mm gross annual rainfall. Rainfall is spread over ~150 rain days/yr
with a slight seasonality with drier conditions during midsummer months (January—March). Storms are gen-
erally characterized by their low-intensity and long duration. Mean rainfall intensity is 1.2 mm/h (Rowe &
Pearce, 1994), although intensities >30 mm/h have been observed. Single event rainfall totals commonly
exceed 100 mm. The catchment’s low elevation and proximity to the Tasman Sea result in mild winters.
Temperatures remain mostly above freezing, limiting snowfall occurrence to 1-2 days/yr with melt occur-
ring within hours to days.

The thin soils, high frequency of storm events, and considerable precipitation maintain high soil water con-
tent throughout much of the year resulting in a highly responsive rainfall-runoff regime (Mosley, 1979). The
Maimai has been described as the “quintessential steep humid catchment” (McGlynn et al., 2002, p. 3). Run-
off ratios are among the highest of any research catchment in literature. Mean annual runoff is 1,550 mm,
equal to nearly 60% of annual rainfall, and quick flow, as defined by Hewlett and Hibbert (1967), makes up
>65% of annual runoff.

3. Data and Methods

3.1. Bedrock Characterization and Well Installation

Forty bedrock wells were drilled and completed within the M8 catchment for water table observation and
groundwater extraction. Wells were strategically located in key landscape positions to capture the three
main hydrologic response units (i.e., hillslopes, hollows, and riparian zones) that have been previously iden-
tified to be important for runoff generation at the Maimai (McGlynn & McDonnell, 2003b; Weiler et al.,
2003). Fifteen wells were installed in hillslope positions, 14 in riparian and toe-slope positions, and 11 within
the center of a previously studied ephemeral hollow (McDonnell, 1990; Mosley, 1979) (Figure 1). Except for
Kosugi et al. (2011), we believe that this is the highest density of bedrock wells ever drilled in a small head-
water research catchment.

Bedrock wells were installed using a modified version of the portable bedrock drilling system described by
Gabrielli and McDonnell (2012). Bores were drilled to a diameter of 63 mm to varying depths depending on
water table location (see Table 1 for details). PVC casing (25.4 mm inner diameter) was installed down the
length of each bore and screened across the lower interval. Screened length was between 0.3 and 1.0 m,
dependent on the completed depth into bedrock. We backfilled the well annulus with clean sand to a posi-
tion 0.15 m above the top of the screened section and a bentonite slurry filled the remainder of the bore
length to the soil surface. In locations where soil depth was greater than 0.15 m, a soil well was colocated
with each bedrock well. Soil wells were completed to the depth of the soil-bedrock interface, screened across
the lower 0.15-0.3 m dependent on soil depth, and backfilled in a manner similar to the bedrock bores.

Bedrock saturated hydraulic conductivity (Ksat) was determined in the field through falling head slug tests
in each of the 40 bedrock bores. Slug tests were conducted by introducing a small volume of water instan-
taneously into the bore and monitoring the return of the water table to its initial depth. Slug test data were
analyzed by implementing the Hvorslev method (Hvorslev, 1951) within the Agtesolv software package.
Tests were performed 1-3 times and in locations where more than one slug test was conducted the average
value was calculated.
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Bedrock porosity was measured from large bedrock samples (~0.04 m?) cut from the surface of the intact
bedrock formation using a concrete cutting chainsaw (Stihl GS 461). Samples were transported to the Uni-
versity of Saskatchewan where porosity was determined using a water-displacement method. A sample was
slowly saturated from the bottom up to reduce pore-space air entrapment and left submerged for 20 days.
Saturated mass was measured and the sample was oven dried at 60°C until recursive weight measurements
showed no additional mass loss, establishing the oven-dry mass. Mass difference between saturated and
oven-dry states was divided by total sample volume to calculate porosity.

3.2. Bedrock Groundwater Dynamics and Flux

Streamflow, precipitation, soil, and bedrock water table position from 11 December 2014 to 31 January
2016, representing 416 days of monitoring. Streamflow was measured at the M8 catchment outlet at 10
min intervals using a 90° V-notch weir. Stage height was converted into specific discharge using a standard
rating curve for 90° sharp crested V-notch weirs (Rantz, 1982). Rainfall was recorded using a 0.2 mm tipping
bucket rain gauge located within the M8 catchment 20 m downstream of the main weir (Figure 1).

Soil and bedrock wells were instrumented with absolute pressure transducers (OnSet Loggers® or Heron
Instrument®) or capacitance rods (Tru-Track® or Odyssey Instruments®) to record water table location and
dynamics in each well at 10 min intervals. Two pressure transducers were located within a research hut
100 m from the M8 outlet to record barometric pressure in order to correct absolute pressure readings from
the deployed pressure transducers. Tru-Track® and Odyssey© capacitance rods had a blanking distance of
75 and 35 mm, respectively, which prevented the observation of saturated conditions below these lower
ranges for soil and bedrock wells instrumented with this equipment.

We used basic metrics to quantify the spatial and temporal patterns of event-based and seasonal water
table fluctuations for each bedrock well, and identified average values for wells clustered within similar
landscape units. We calculated storm response, defined as millimeters of water table displacement per milli-
meter of rainfall for each storm event. We also calculated a storm transmissivity change metric, equal to the
change in water table depth multiplied by local bedrock hydraulic conductivity, where the change in depth
was defined as the difference in water table elevation between prestorm and storm-peak levels. This value
allows for a more consistent comparison of water table dynamics between wells in different landscape units
by accounting for the effect of spatially varying hydraulic conductivity. Higher values of transmissivity
change are associated with greater groundwater flux. Additionally, Spearman rank correlation coefficient
(p), a nonparametric measure of statistical dependence between two variables, was used to test the rela-
tionship between water table fluctuations and catchment discharge.

We calculated vertical hydraulic gradient between 17 colocated soil and bedrock wells and 3 colocated bed-
rock wells and used this data set to establish spatial and temporal trends of vertical bedrock groundwater
gradients across the catchment and to map the general flow structure within the groundwater flow domain.
Gradients were categorized as either vertically upward, vertically downward, or hydrostatic. We considered
the hydraulic gradient to be hydrostatic when differences in potentiometric surfaces were within 20 mm.

3.3. Transit Time Estimation

Tritium (3H)-based MTT and mean groundwater age estimates were conducted on water samples collected
during a synoptic sampling campaign during a low-flow period on 24 February 2015. Two surface water, 3
soil water, and 23 bedrock groundwater samples were taken from locations within M8. To remain consistent
with literature, we report stream sample ages as MTT and soil and bedrock samples as groundwater age.
Although it is recognized that measurements of mean transit time or mean groundwater age carry limited
information in comparison to full transit time distributions (McDonnell et al., 2010), MTT still provides funda-
mental understanding of catchment storage-release trends and allows for beneficial comparisons between
catchments across hydroclimatic and geologic spectra.

Additionally, while much theoretical progress is being made in transit time distribution modeling (Berghuijs
& Kirchner, 2017; Harman, 2015; Rinaldo et al., 2015) field limitations continue to constrain efforts to fully
characterize whole-catchment flow path distributions. We determined stream water MTT and groundwater
age estimates by employing a lumped parameter convolution approach as outlined in Matoszewski and
Zuber (1982):

GABRIELLI ET AL.

3942



~1
AGU

100

ADVANCING EARTH
/AND SPACE SCIENCE

Water Resources Research 10.1029/2017WR021825

OC
Cout(t)= J g(t)Cin(t—1)e “"dt (M
0
where Coy(t) is the *H concentration of individual samples at time t, g(t) is the transit time distribution, G, is
the 3H concentration of precipitation into the system, and e™** is the radioactive decay term to account for the
natural decay of the tritium isotope, where the decay constant A=In (2/T1/2) and T,,, = 12.32 years for 3H.

Cin was determined from long-term monthly tritium measurements made at the Kaitoke reference station
near Wellington, New Zealand, approximately 150 km north of Maimai. We scaled rainfall input at Maimai
by a factor of 1.15 based on a standard latitude adjustment and verified this scaling factor with tritium
measurements taken from two aggregated rainfall samples collected over a 10 month period at the outlet
and upper elevations of the larger Maimai watershed that M8 is located within. See supporting information
Figure S2 for the tritium input function at Maimai.

Tritium concentrations, used to define C,,;, were analyzed by the GNS Science Water Dating Laboratory
(Lower Hutt, New Zealand) using electrolytic enrichment and liquid scintillation counting (Morgenstern &
Taylor, 2009). Recent advancements in this method have led to further tritium enrichment that is now >90-
fold, leading to a lower detection limit of 0.02 tritium units (TU). The decay of tritium from hydrogen bomb
testing in the 1960s and 1970s to very low levels in New Zealand results in MTT estimates that are relatively
insensitive to the model choice (i.e., g(r)) when estimating the transit time distribution of the studied flow
system—meaning the shape of the model (i.e,, the f-value) is no longer critical for accurate and unambigu-
ous MTT estimates (Morgenstern et al., 2010). We used a uniform exponential piston flow model with 70%
exponential flow within the total flow volume—which was found to be a reasonable ratio by Morgenstern
et al. (2010)—to estimate g(t) as follows (Matoszewski & Zuber, 1982):

g(1)=0 for © < 1,y (1—f) )

g(r)=(frm)”exp{— <é>+<;>—1} for © > tm(1-F) 3)

where f represents the ratio of the exponential flow volume to total flow volume and 1, is the mean age in
years. To highlight the relative insensitivity of mean age estimates to the selected f-values within the model,
we conducted a sensitivity analysis by varying f from 40% to 100%. We also compared age results from the
dispersion and gamma models with the exponential piston flow model following Stewart et al. (2017). We
focus on results for the exponential piston flow model with f equal to 70%; however, results for the sensitiv-
ity analysis and comparison to dispersion and gamma models can be found in supporting information.

3.4. Silica Analysis and Catchment Transit Time

To estimate a series of stream water transit times for catchment M8 discharge, we followed an approach
similar to Peters et al. (2014). An empirically derived relationship between groundwater silica concentration,
tritium-based groundwater age, and stream water silica concentrations was used to estimate stream water
TT. Dissolution from water-rock interactions tends to increase groundwater silica concentrations with
increased subsurface contact time allowing silica to be used as a proxy for stream TT (Burns et al., 2003;
Edmunds & Smedley, 2000; Katz et al., 2004; Stewart et al., 2007). We established two regression relation-
ships; one between catchment discharge volume and catchment discharge-silica concentration, and a sec-
ond between silica concentration in soil and bedrock water samples and tritium-based age measured at
those sampling locations. The discharge-silica relationship was developed from grab samples collected dur-
ing a moderate sized storm event (35 mm rainfall) from the M8 catchment outlet at intervals which cap-
tured pre-event, event and recession conditions. Thirteen water samples were collected in 250 mL HDPE
bottles, filtered using 0.45 um cellulose acetate syringe filters, and refrigerated within 24 h of sampling.
Analysis was conducted at the Oregon State University Collaboratory using an ion chromatograph (Dionex
ICS-1500). We applied the discharge-silica regression model to the time series of catchment runoff to pro-
duce an estimated stream water silica concentration at 10 min intervals for 1 year (25 December 2015 to 24
December 2016). We then applied the silica-groundwater age regression model to the silica time series to
estimate stream water TT over the same period. This produced a 1 year time series of estimated stream
water TT covering more than 60 storms and seasonal shifts in catchment wetness conditions and water
balance.
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4, Results

4.1. Bedrock Characterization

Lab-based porosity measurements of bedrock samples taken from the upper 1 m of bedrock had an aver-
age value of 0.21 (n = 3, standard deviation = 0.03), which is within the range of established porosities for
sandstone (Freeze & Cherry, 1979).

Variability in Ksat for all bedrock wells spanned 5 orders of magnitude and ranged from 5.42E-9 to 6.99E-
5 m/s (Table 1). Slug tests revealed spatial patterns in Ksat that broadly followed geomorphic landscape
units. Mean Ksat increased from hillslopes to hollows to the riparian zone with mean values each of 5.6E-08,
6.8E-07, and 1.3E-05 m/s, respectively. Mean Ksat between hillslope and hollow values was not statistically
significant (P-value 0.068), but was statistically significant between hillslope and riparian and hollow and
riparian (P-value 0.015 and 0.033, respectively). The increase in conductivity with increasing upslope accu-
mulated area may indicate that wetter zones with greater upslope area undergo greater mineral weathering
resulting in more permeable bedrock.

4.2. Bedrock Groundwater Position

Bedrock groundwater was present in the majority of wells over the entire study period (Table 1); however,
during an unusually dry period between December 2014 and February 2015, water tables dropped below
well screens in some riparian and ephemeral hollow locations. We note that January 2015 was the single
driest month in 660 months of record at the Reefton meteorological station 5 km southeast of Maimai.

Water table depths ranged from 0.26 to 7.65 m below the ground surface. Generally, the water table was
shallower in the riparian zone and at the center of the hillslope hollows and deeper in toe-slope and upper
hillslope positions (Table 1). We fit a relation between depth to water
table and distance to stream channel with a power-law regression
(R?=0.72) and applied this to a 1 m grid DEM of M8 to produce a
catchment scale water table map (Figure 2). Figure 2 shows the shal-
low water table in topographically convergent areas and a rapid deep-
ening of the water table with distance from the stream channel.
Estimated depth to water table ranged from 0.98 m in the near-
stream riparian corridor to approximately 10.5 m at ridgeline. Mean,
median, and standard deviation of depth to water table over the
entire catchment domain were 5.25, 5.43, and 2.03 m, respectively.

4.3. Bedrock Groundwater Dynamics

A representative example of water table dynamics for each of the
three main landscape positions is shown in Figure 3. Although there
was variability within each landscape position, event-based water
table fluctuations, seasonal fluctuations, storm response, and trans-
missivity change metrics all captured consistent trends delineating
the three landscape units. Generally, lower-lying areas had a greater
range and variability, while dynamics became more attenuated with
distance from the stream channel.

Seasonally, maximum water table fluctuation for all wells over the
monitoring period ranged from 0.14 to 1.36 m. The range in seasonal
water table fluctuations was greatest in the shallower riparian and
toe-slope zones. Seasonal fluctuations were smaller in wells located in
the center of hollows and even smaller further in the upper hillslope
positions (i.e., wells 8,9, 11, 12). Upper hillslope wells displayed almost
no seasonal fluctuations, with the most near-ridge well (well 12) fluc-

@ Observation Wells|
—— Regression Model
——- 95% Conf interval

0 10 20 30 40 50 60
Distance to stream, m

Depth to WT, m
o N »~ o ]

Figure 2. Depth to water table for the underlying headwater bedrock aquifer
based on average water table depths over 400 days from 36 monitored bed-
rock wells. Depth to water table is overlaid on the three-dimensional represen-
tation of the bedrock aquifer free-water surface. The M8 three-dimensional
DEM is included above the water table layer for visual comparison. The inset
scatter plot shows the relationship between distance to stream and depth to
water table (R? = 0.72).

tuating only 0.14 m c¢cm during the study period, which included one
of the driest periods on record.

Average event-based water table response (measured as mm change
in water table per mm of rainfall) for each well over the 70 monitored
storm events is presented in Table 1. Spatially averaged response was
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Table 2

Tritium Units and Corresponding Groundwater Age and MTT for Bedrock, Soil,
and Stream Water Samples Within the M8 Catchment, Respectively

Discharge,
mm hr 1

Water Table Elevation, m.a.s.l.
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Figure 3. (a) Rainfall, (b) runoff time series along with water table elevation data from a representative (c) riparian,
(d) hollow, and (e) hillslope wells. Box and whisker plots show median, and first and third quartiles of the water table
dynamics for each of the three landscape positions.

3.9, 3.23, and 1.96 mm/mm for riparian, hollow, and hillslope locations,
respectively. Water table response and transmissivity change captured
similar spatial trends to those observed for average event-based and

seasonal water table fluctuations, generally indicating greater damp-

Well/sample Land§§ape Tfiti“_’lfl‘J SDt':'U Gr;)hl;rrlm_clj_water ing with distance from the stream channel (Table 1). The mean hill-
name osition units age ears . . P .
i () (V) ag (years) slope, hollow, and riparian bedrock transmissivities each increased
8 Hillslope 1.38 003 105 progressively by an order of magnitude, from 3.76 X 10~ % to 4.79 X
12 Hillslope 1.65 0.04 6.5 10710535 X 10 ¢ m2s " tivel
13 Hollow 2.11 0.04 03 0> m-s - respectively.
16 Hollow 2.14 0.04 0.3 Spearman rank correlation coefficients between catchment discharge
17 Hollow 201 0.04 03 and water table dynamics decreased from the riparian zone to hollow
21 Hollow 187 004 13 . ynamics d P .
23 Hollow 1.73 0.03 53 to hillslope (Table 1). Riparian zone wells were extremely responsive
24 Riparian 1.24 0.03 13.5 to precipitation inputs with rapid water table rises and recessions in
25 Riparian 1.85 0.03 2.5 phase with the storm hydrograph (p = 0.71). Ephemeral hollow wells
;? gfpar!an ;?g 88431 8; responded to individual storm events but were slightly more delayed
Iparian o y 2 . . . .

o8 Riparian 217 0.04 03 and attenuated than the riparian zone (p = 0.61), while hillslope wells
29 Riparian 2.05 0.04 03 had an even more attenuated storm response; water table rise and
30 Riparian 2.06 0.03 03 fall was not always attributable to specific storm events (p = 0.52)
32 Riparian 213 0.04 0.3 (Figure 3).
33 Riparian 2.18 0.05 0.3
34 Riparian/Hill 0.97 0.02 23
9 Riparian/Hill e e 22 4.4. Bedrock Groundwater Gradients
36 Riparian/Hill 1.02 0.02 22 G dwater head dient th tch t domi
37 Riparian/Hil 172 003 55 roundwater head gradients across the catchment were predomi-
38 Riparian/Hill 2.16 0.04 03 nantly downward in all landscape positions (Figure 4) indicating that
39 Riparian/Hill 1.72 0.03 5.3 the catchment is continuously recharging surface and soil water into
40 Riparian/Hill 2.17 0.04 03 the bedrock groundwater aquifer. Hillslope head gradient calculations
41 Sl R 205 0.04 05 were sporadic based on the transient nature of saturated hillslope
42 Soil-Riparian 2.15 0.04 0.3 ] p. . . o P
43 Soil-Hollow 250 0.05 01 soils which occurred only during wet antecedent moisture conditions
44 Stream-Upper Riparian 1.85 0.03 0.3 or during larger storm events. Within the ephemeral hollow, soil-
45 Stream-Weir 2.11 0.04 25 bedrock well pairs showed consistent downward head gradients

Note. Samples 41, 42, and 43 are soil wells, sample 44 is a stream sample across all wetness conditions and storm intensities, with the exception
from the same catchment location as soil well 42, and sample 45 is from the of the most downslope well pair (well 13 and associated soil well).

main M8 weir.

Transient flow reversals occurred during storm event peaks under wet
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Figure 4. Vertical groundwater head gradients between nested soil-bedrock
wells (shown by a single well number on the y axis) and nested bedrock-
bedrock wells (shown as two well numbers on the y axis). Colored horizontal
bars represent gradient direction. The white space within horizontal bars is
indicative of dry periods when no soil water was present in the wells, thus no
gradient was calculated. The exception to this is the late periods wells 28 and
21 which were missing data due to instrument failure. Additionally, rainfall and
runoff data are displayed for the corresponding time period. Note, data logger
failure prevents full display of time series—however, trends in the overall data

do not deviate significantly from the subset presented.

antecedent moisture conditions, resulting in hydrostatic conditions, or
upward soil well gradients at the base of the hollow.

The riparian corridor groundwater flux was also consistently down-
ward. The exception to this trend was the most downstream well pair
(well 26 and associated soil well) located 15 m upstream from the M8
weir. During wet conditions, the hydraulic gradient remained hydro-
static between storm events and briefly switched upward during rain-
fall periods. During drier conditions gradients also switched to
upward (or hydrostatic) during rainfall events, but remained down-
ward between events. Under extremely dry conditions (not shown in
Figure 4) upward gradients prevailed, indicating bedrock groundwater
subsidies to base flow (as discussed below). For this well pair (well 26),
hydraulic gradients were upward, hydrostatic, and downward for 27%,
26%, and 47% of the monitoring period.

4.5. Tritium Measurements Groundwater Age and

Stream Water MTT

A synoptic sampling of 30 locations on 24 February 2015 within the
M8 catchment produced tritium-based age estimates for 2 surface
water samples, 3 soil water samples, and 23 bedrock groundwater
samples. The catchment was extremely dry, with a 30 day antecedent
precipitation index (API) value of 25.2 mm (API as defined by Kohler
and Linsley (1951)), and a catchment discharge of 0.00075 mm/h cor-
responding to a flow exceedance probability of 99%. Table 2 presents
tritium concentrations and estimated MTT for each sampling location.
We tested various model shapes (i.e., f-values) for both surface and

groundwater samples and the resulting estimated ages are provided in supporting information Table S1.
No significant difference was noted in sample ages using the various f-values, so we focus on results for age
values reported for an f-value of 70%. Groundwater age for all bedrock wells ranged from less than 0.1 to
23 years (>2.50 to 0.97 TU, respectively). The three soil water samples taken from hillslope, toe-slope, and
riparian positions had ages less than 0.5 years. Soil water sample 43, collected from a perennial soil seep

Streamwater MTT
and groundwater age, y

~ Elevation[m] ¢ 01-07

o ©07-25
025-65
- ©65-135
0 1530 Gom %  ©135-23

Figure 5. Spatial distribution of soil and bedrock groundwater age and stream
water MTT across the M8 catchment. Bedrock and soil samples are indicated by
colored circles and surface samples are indicated by stars.

within the instrumented hollow, was the youngest of all waters tested
with a value of >2.50 TU. This is similar in concentration to recent pre-
cipitation, indicating extremely short travel times. Sample 42 from the
most upstream portion of the riparian zone had a value of 2.15 TU,
corresponding to an age of 0.3 years, which is identical to the surface
water collected in the same location (sample 44). Soil water sample
41, collected from a perennially saturated soil well at the base of a
short planer hillslope near the catchment outlet, had a tritium concen-
tration of 2.05 TU, corresponding to a groundwater age of 0.5 years.

Bedrock groundwater within M8 ranged in tritium concentration from
2.18 to 0.97 TU (groundwater age 0.3-23 years, respectively) indicat-
ing that the water in the underlying aquifer includes a wide range of
ages representing heterogeneous flow paths (Figure 5). The bedrock
groundwater age varied both spatially and with depth, revealing com-
plex spatial patterns associated with the groundwater flow structure.
Groundwater age was weakly related with well depth (R* =0.32). All
groundwater samples older than 2.5 years were found at depths
greater than 2.8 m, while the youngest waters were found predomi-
nantly in shallower wells. There was no significant correlation
between groundwater age and depth to water table, upslope accu-
mulated area, or the topographic wetness index (as calculated by
Beven and Kirkby (1979)).
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Generally, upper hillslope and deep riparian and toe-slope positions contained the oldest water, while younger
water was found primarily in shallow bedrock wells within hollow and riparian positions. Bedrock wells along
the entire length of the ephemeral hollow generally had younger water. All groundwater age estimates for wells
within the hollow were less than 1.3 year old (>1.87 TU), with the exception of the most upslope well, well 23,
which had an age of 5.3 years (1.73 TU). The location, depth to water table and water table dynamics of well 23
were more characteristic of other hillslope wells, as opposed to hollow wells, and as such, the older groundwater
at this location was expected. The two upper hillslope samples (wells 8 and 12), collected at depths greater than
7 m, had groundwater ages of 6.5 and 10.5 years, respectively (1.65 and 1.38 TU, respectively).

Riparian zone and toe-slope wells had the greatest water age and ranged from 0.1 to 23 years (2.5 and 0.97
TU). All toe-slope and riparian wells in the upper portion of the catchment, regardless of exact landscape
position, contained young waters less than 0.3 years (TU > 2.01). Further downstream in the riparian zone,
shallow wells remained young while deeper wells contained older water (>5 years, TU < 1.72). The oldest
waters were found in toe-slope positions on the east side of the catchment within 20 m upstream and
downstream of the catchment outlet. These wells (24, 34, 36, 37, and 39), all with sampling depths greater
than 3.0 m, had estimated ages of 23, 22, 5.5, 13.5, and 5.3 years, respectively.

4.6. Silica and Time-Varying Stream Water TT

The regression model captured the strong linear relation between the log-transformed values of discharge
and silica (R*> = 0.98; Figure 6a). Silica concentration showed strong dilution with increasing discharge.
When applying this relationship to 1 year of catchment runoff, the estimated catchment discharge-silica
concentration dropped to a low of 3.14 mg/L during peak storm events and rose to a high of 19.4 mg/L dur-
ing an extended dry period in early 2015 (Figure 7b).

Using the relation between the derived silica concentration and groundwater age (Figure 6b, R? = 0.92) we
estimated stream water TT from the 1 year time series of silica concentration (Figure 7c). TT ranged from
0.37 to 2.5 years. Time-weighted mean TT was 0.62 years and the volume-weighted mean was 0.41 years.
The TT time series showed a distinct bimodal age distribution that followed seasonal catchment wetness
conditions and discharge volume. During the drier months of December through February, the catchment
was in a state of older low-flow discharge punctuated by occasional precipitation inputs that transiently
flushed young water to the stream channel. Base flow conditions quickly reestablished post storm-
hydrograph peaks and TT increased. Beginning in March, precipitation became more persistent, the grow-
ing season slowed and temperatures declined, reducing the evapotranspiration budget. Base flow dis-
charge increased between events as the catchment wetted up, available storage declined and the
streamflow became younger. Catchment wet-up continued through April until soil water storage filled and
antecedent wetness remained high between events, indicated by sustained high runoff. This tipped the
catchment into a state of young water discharge and stream water TT remained short and relatively stable
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Figure 6. (a) Linear relationship between the log-transformed M8 stream specific discharge and stream water silica
concentration and (b) nonlinear relationship between silica concentration in bedrock groundwater and soil water and
measured groundwater age. Both plots show values for individual grab samples, the fitted regression model, and 95%
confidence interval.
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Figure 7. (a) Time series of precipitation and runoff, (b) estimated stream water silica concentration and (c) estimated
stream water TT with 95% confidence band. The blue hashed line represents the time-weighted stream water TT (0.62
years) and the red hashed line represents the volume-weighted stream water TT (0.41 years). The box plot shows median,
first, and third quartiles. Whiskers are equal to the 10th and 90th percentiles and red dots are outliers at the 5th and 95th
percentiles.

through the remainder of the wet season. Beginning in October/November the catchment began to dry up
as the next growing season initiated. As a result, stream water TT became much more dynamic and again
fluctuated between low-flow older and event-driven younger periods.

5. Discussion

Our intensive process-based hydrometric, hydrochemical, and isotopic field campaign focused directly on
characterizing the location, dynamics, and age of the bedrock aquifer and its contributions to streamflow.
We found contrasting groundwater and streamflow ages at the Maimai watershed—supporting the recent
quantitative theoretical work of Berghuijs and Kirchner (2017). The volumetric contributions of old bedrock
groundwater to runoff generation were limited by low bedrock permeability. Catchment storage was domi-
nated by contrasting domains of shallow, young soil water versus deep and much older bedrock water and
aquifer storage. Young soil contributions to streamflow masked bedrock groundwater influence on stream
water transit time except for short dry periods during summer base flow conditions.

5.1. What Controlled Bedrock Groundwater Location and Dynamics?

5.1.1. Water Table Position

We found that the shape of the underlying bedrock aquifer reflected a subdued replica of the land surface
(Figure 2). This is consistent with other field and modeling studies in humid regions and suggests a topo-
graphically controlled water table (Haitiema & Mitchell-Bruker, 2005; Sanford, 2002; Winter et al., 2003).
While the topographic control on water table position is not surprising given early descriptions of this
(Todd, 1956), what was surprising was the particularly shallow ridgeline water table positions in the M8
catchment. This is in stark contrast to catchments in other geologic settings with similar climatic regimes
(Hale et al., 2016; Haria & Shand, 2004; Katsura et al., 2008) and especially other watersheds where we have
worked—e.g., WS 10 at the HJ Andrews Watershed, where ridgeline water tables were very deep and fluctu-
ated greatly between the dry and wet seasons (Harr, 1977). The depth to ridgeline water table exemplifies
the complex interrelationship between climate, topography, and geology, representing the balance point
between recharge inputs from above and the ability of the bedrock formation to transmit water down-
gradient (Jamieson & Freeze, 1982). In a simple sense, the Maimai’s shallow ridgeline water tables represent
reduced groundwater flux compared to other sites with deeper water tables under similar recharge and
geologic conditions (Fetter, 2000). The lower hydraulic conductivity limits the flux, forcing the water table
to rise, increasing the hydraulic gradient until bedrock groundwater recharge is balanced with discharge. As
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a metric, ridgeline water table depth, when considered along with the local precipitation regime, can pro-
vide insight on the landscape scale hydrologic importance of bedrock in terms of the extent of water move-
ment. This also provides some understanding into the relative amounts of active storage and total
catchment storage and their links to flow and transport. For example, a high water table in a hydrologically
responsive catchment would imply a smaller vertical groundwater flux and greater horizontal partitioning
of precipitation inputs to shallower flow paths, thus greater volumes of younger water contributing to run-
off. Conversely, a high ridgeline water table in a catchment with a dampened stream response would indi-
cate greater vertical recharge to depth, larger active groundwater storage and greater volumes of older
water contributing to runoff (Tague & Grant, 2004).

Gleeson and Manning (2008) used 3-D numerical simulations to explore the control of recharge rates and
hydraulic conductivity on water table location. They found that increasing the ratio of recharge (R) to
hydraulic conductivity (K) resulted in higher water table elevations. Indeed, the R/K ratio at Maimai is 0.64
(recharge 200 mm/yr and bedrock hydraulic conductivity of 1.0 X 10~ m/s), equal to the highest R/K value
explored by Gleeson and Manning (2008). The high R/K ratio that we observed at M8 is consistent with the
Gleeson and Manning (2008) prediction of the shallow ridgeline water table at our site.

5.1.2. Water Table Dynamics

Groundwater dynamics at M8 were spatially and temporally variable with some distinctions between the
three major landscape units (Figure 3). The spatially variable water table dynamics revealed locally complex
interactions between topography, aquifer characteristics, recharge source and timing, as well as pressure
propagation through the vadose zone.

Seasonally, water table dynamics were most variable in the riparian zone and hollow positions and least var-
iable in near-ridge wells. This trend was opposite to what we expected. During drier summer months as the
landscape drained, we expected that hillslope water table positions would drop significantly and the ripar-
ian water table position would remain relatively constant, as has been reported in hillslope studies in other
humid catchments (Hale et al., 2016; lwagami et al., 2010; Katsuyama et al., 2005; Kosugi et al., 2011, 2006).
The absence of this trend at Maimai, where the near-ridge water table levels showed little seasonality, is
likely due to the low hydraulic conductivity of the OMG formation, with its low hydraulic conductivity. The
scarcity of bedrock fracturing at M8 forces recharge to occur through the bedrock’s primary porosity,
instead of through preferential fracture-based recharge, a flow process that has been previously attributed
to large and rapid water table fluctuations (Gabrielli et al., 2012; Gleeson et al., 2009; Montgomery et al.,
1997; Praamsma et al.,, 2009). Additionally, unsaturated bedrock storage increased with distance to the ridge
as the vadose zone overlying the aquifer thickened. This low permeability unsaturated wedge likely
smooths and buffers seasonal variations of bedrock infiltration, while also delivering a relatively constant
rate of recharge to the free-water surface. These factors combined maintained the observed near-stationary
hillslope water table position near the ridgeline.

In lower lying wetter zones where bedrock water tables were shallow, more pronounced dynamics were
observed in response to storms and seasonally. The thin or nonexistent unsaturated zone in the bedrock in
this area is not able to buffer the groundwater table from storm event inputs. The observed increased
hydraulic conductivity in the riparian zone and ephemeral hollows (possibly a weathering feedback) caused
a more pronounced decline in water tables during dry periods. This drove a spatially variable heteroge-
neous but structured groundwater drainage pattern that was correlated to wetter convergent regions of
the catchment with greater groundwater mobility.

5.2. The Bedrock Groundwater Domain: Gradients, Age, and Flow Contributions to the Stream

Identifying the groundwater flow domain within small headwater catchments is often complex due to bed-
rock heterogeneity and considerable topographic relief that drives small-scale spatially variable flow paths
(Fujimoto et al., 2014; Katsura et al., 2014; Kosugi et al., 2011; Masaoka et al., 2016; Oshun et al., 2016; Salve
et al., 2012). Previous catchment studies have shown the value of combined hydrometric and tracer analy-
ses to constrain runoff processes and develop conceptual hydrologic models that are both parsimonious
and consistent with multiple data sets (Clark et al., 2011). Our extensive soil and bedrock well network pro-
vided the ability to independently identify the groundwater flow domain through hydrometric analysis (i.e.,
groundwater flow gradients (Figure 4)) and tritium-based MTT via groundwater isochrones (Table 2). The
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two data sets identified spatially consistent groundwater recharge and discharge zones within the catch-
ment confirming contributions of bedrock groundwater to catchment runoff.

5.2.1. Bedrock Groundwater Gradients

Groundwater head gradients across all hillslope positions were downward and indicated no bedrock
groundwater discharge along the catchment hillslopes, consistent with previous studies at M8 (Gabrielli
et al, 2012) and many hillslope bedrock groundwater observations elsewhere (Katsura et al., 2014; Kosugi
et al, 2011; Salve et al,, 2012). Interestingly, downward groundwater gradients within most of the wetted
riparian corridor, including the ephemeral hollow, indicated that for the majority of the observed study
period the stream channel acted as a groundwater recharge source (as opposed to sink) for bedrock
groundwater. Although losing streams are common across many landscapes (Sophocleous, 2002), they are
much less common in humid headwater regions, where the riparian corridor is generally viewed as the dis-
charge zone for deeper hillslope flow paths (Voltz et al., 2013). This presents new implications for land use
management at M8 and other similar riparian recharged headwater catchments, because hillslope or shal-
low riparian-derived contaminants may be transported to depth more easily in these locations.

Upward groundwater gradients were observed at the base of the ephemeral hollow during the peak of
storm events with wet antecedent conditions. The specific discharge calculated using the measured bed-
rock aquifer hydraulic conductivity and the well head gradient was a mere 0.5 L/h/m? Even assuming uni-
form discharge across the entire riparian corridor (~5% of catchment area), bedrock groundwater
contributions to catchment runoff of this rate would only deliver 0.00025 mm/h (assuming direct connec-
tion to the stream channel), a rate too small to be measured or appreciably shift hydrometric or hydrochem-
ical characteristics during event runoff periods.

Similar event-based discharge gradients were also noted at the most downstream riparian transect, but like-
wise were too small to measurably influence storm runoff characteristics. However, discharging bedrock
groundwater at this location was found to appreciably contribute to catchment discharge under extremely
low base flow conditions in the absence of recent rainfall input to the stream channel.

5.2.2. Bedrock Groundwater Age

Recharge and discharge zones represent the initiation and endpoints of groundwater flowlines (Salvucci &
Entekhabi, 1995) thus, spatial patterns of groundwater age should mirror spatial patterns of the groundwa-
ter flow domain. Indeed, we found younger waters in recharge zones and correspondingly older water in
discharge zones. Bedrock groundwater samples extracted from the recharging upper riparian corridor were
among the youngest waters in the catchment, indicative of recent recharge from young overlying stream
and soil water. In the lower riparian zone, older bedrock groundwater was colocated with discharging gra-
dients suggesting stream water should reflect contributions from these older sources. Indeed, we found
stream water to be 2.5 years, increasing in age from a computed 0.3 years only 120 m upstream. The inde-
pendent agreement of groundwater head gradients with spatial groundwater age patterns not only pro-
vides direct source-area evidence of bedrock groundwater contribution to streamflow, but better informs
process understanding of the catchment groundwater flow domain and surface water-groundwater
interactions.

The lack of correlation between groundwater age and spatial and depth metrics is likely a result of the
inability of one-dimensional or two-dimensional landscape-derived metrics to fully capture the complex
three-dimensional groundwater flow structure and storage volume that sets groundwater age. This inability
for simple topographic parameters to capture the groundwater age at Maimai may hint at why many other
studies have also failed to find simple landscape-derived scaling metrics that accurately capture stream
water MTT (Tetzlaff et al., 2009). In humid catchments, storage volume is critical in setting the age of dis-
charge, and the degree to which any metric acts as a proxy for this storage volume likely controls the
strength of its correlation to catchment MTT (McNamara et al., 2011). In steep humid topographically driven
catchments with low permeability bedrock, shallow flow paths dominate and storage is small. Single or
composite metrics such as flow path length or gradient tend to scale with catchment MTT since landscape
form acts as a sufficient proxy for the subsurface mixing volume (McGlynn et al., 2003; McGuire et al., 2005).
However, as bedrock permeability increases and the active mixing zone deepens, storage likewise increases
and simple topographic metrics no longer capture this, now much larger, storage volume that controls
catchment MTT. Instead, metrics that are a better proxy for the increased subsurface storage are more
suited. Hale and McDonnell (2016) compared catchments with similar rainfall-runoff regimes but with
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different underlying bedrock permeabilities. For less permeable younger catchments, MTT scaled with topo-
graphic characteristics, while MTT at older and more permeable catchments not only failed to scale with
topographic characteristics but instead scaled to catchment area, indeed, a better proxy for the increased
storage. This elegantly captured the effect of bedrock permeability, and thus storage, on catchment stream
water age and the required shift in metrics to accurately reflect the increase in storage depth. In a further
example, Asano and Uchida (2012) found that bedrock flow path depth controlled base flow MTT in eight
nested granite catchments. Geologic structure was similar across all catchments, so that the volume of bed-
rock storage per unit area was set by the flow path depth. Accordingly, flow path depth accurately scaled
with subsurface storage volume and thus differences in catchment MTT between catchments.

At Maimai, bedrock groundwater age was not captured by topographic metrics likely because these metrics
fail to capture the larger three-dimensional flow domain and storage volume that determined groundwater
age. However, it should be pointed out that Maimai streamflow is dominated by shallow subsurface flow paths,
thus simple landscape-derived metrics should scale to stream water MTT at this site. Indeed, this was found in
earlier studies at Maimai by McGlynn et al. (2003). In general, as catchments shift from shallower to deeper
flow path dominance, the metrics that capture discharge MTT should equally shift to capture the increasing
volume of storage, which acts as a primary control on setting mean catchment age (Pfister et al., 2017).

5.3. Stream Water Transit Times Dominated by Contrasting Shallow and Young Soil Water Versus
Deep and Old Bedrock Groundwater

Our silica-based TT estimates demonstrate the time-varying nature of stream water TT at M8. This highlights
the intricate connection between catchment wetness condition, discharge, and transit time. Antecedent wet-
ness conditions and event precipitation drive spatially distributed landscape scale connectivity that deter-
mines the release of differentially aged water from differentially stored subsurface units to the stream
channel. The integration of these varying runoff sources through time and space form the single time-varying
mean runoff age observed at the catchment outlet (Soulsby et al,, 2015). The contrasting seasonal nature of
stream water TT at M8 reflects seasonal shifts in environmental forcing factors, primarily precipitation, and
evapotranspiration, which drive landscape scale shifts in hydrologic connectivity. The Maimai remained under
high wetness conditions for nearly 8 months of the year from March to October, and correspondingly, young
shallow subsurface flow dominated runoff. Stream water TT remained near 4 months, an age that corresponds
to soil water storage residence times observed by Stewart and McDonnell (1991). During this extended wet
period, TT was relatively stable and age fluctuations were minimal despite order-of-magnitude changes in
catchment discharge. Perhaps most significant was the persistence of young stream water between storm
events while the catchment drained. Elevated base flow discharge, sourced primarily from younger soil water
storage, dominated runoff, and diluted the older bedrock groundwater discharge signal.

During summer months, when precipitation inputs dropped slightly and evapotranspiration rates increased
significantly, base flow decreased by almost 3 orders of magnitude compared to the wet season. Anteced-
ent wetness was low and spatial connectivity of shallow soil stores to the stream channel declined. Stream
water TT became highly variable. Transient connectivity of younger shallow flow paths during and immedi-
ately following rain events temporarily changed stream water to much shorter TTs. But between events TT
lengthened considerably, reflecting the contraction of younger flow paths and the reduction of discharge
volume to levels where contributions from older bedrock groundwater were proportionately more
significant.

Birkel et al. (2015) similarly found antecedent wetness drove hydrologic connectivity at a Scottish Highlands
catchment, which in turn also controlled the time-varying nature of stream water TT. Interestingly, their TT
time series, established using a tracer-aided model, showed an almost reverse trend from what we found at
M8 (Soulsby et al., 2015): TT was stable at low discharge and highly dynamic (and young) at high discharge.
This contrast from Maimai perhaps offers end-member examples of differences in catchment storage and
the resulting transit time dynamics that arise from differences in shallow-versus-deep proportioning of sub-
surface water in humid catchments. At the “more permeable” Scottish catchment (with its glacial drift
deposits and deep soils), greater volumes of catchment precipitation are transferred to deeper storage, and
accordingly, runoff contains greater contributions of this storage unit across all flow conditions. This deep
storage acts as the primary source of runoff during low flows and stream water TTs reflect the age of this
single stable storage unit. At higher flows, although younger flow paths are activated, they do not
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completely inundate the dominant deeper groundwater signal and catchment TT is controlled by the pro-
portional mixing of the two (or more) storage units. This creates a highly flow dependent and highly vari-
able stream water TT at higher flows. But at Maimai, where the redistribution of moisture to deep
groundwater storage is minimal, the reverse dynamics were observed. Stream water TT is stable at high
flows, reflective of the large volume of young shallow water effusing to the stream channel that effectively
“drowns out” the bedrock groundwater signal (Figure 7). However, during low-flow periods bedrock
groundwater contributions, although small, are proportionately significant and stream water TT becomes
highly variable with large age fluctuations across a small range of discharge. Differences in subsurface per-
meability contrasts between these two sites drive different patterns of subsurface moisture redistribution,
so while stream water TT is controlled by the proportional mixing of the two main catchment storage units
at both catchments, the conditions under which these storages dominate streamflow are reversed.

These results are in line with recent theoretical analysis of Berghuijs and Kirchner (2017) who explained the
general, but somewhat paradoxical observation, of young rivers draining old aquifers. Under steady state
conditions they showed that the mean age of water residing in an aquifer could be much older than the
mean age of water discharging from that aquifer. This age contrast was directly controlled by contrasts in
hydraulic conductivity within a hypothetical two-layered aquifer system. The M8 subsurface structure,
where shallow highly conductive soil sits atop deep and much less permeable bedrock provides a clear and
compelling field-based example that supports this theoretical work. Indeed, mean stream water transit
times on the order of months contrast ages of bedrock groundwater that extend to multiple decades.
Although our groundwater age observations do not provide a mean age of the entire aquifer, the spatial
sampling of this aquifer by our 40 wells provides some insight, if only qualitatively, to the distribution of
ages within the groundwater system (in our data, 0.1-23 years). It is clear that large volumes of the hillslope
bedrock aquifer are much older than the surface water system they drain into. This supports other recent
observations of isolated groundwater systems and the preferential release of younger stored water (Ber-
ghuijs & Kirchner, 2017; Jasechko et al.,, 2016, 2017).

5.4. An Evolving Perceptual Model of Maimai Hydrology

Previous water balance studies at the site concluded that the bedrock underlying Maimai was “essentially
impermeable” (Pearce et al., 1977), a notion adopted by subsequent studies (McDonnell, 1990; McGlynn et al.,
2002; O’Loughlin et al., 1978) and embedded into the evolving perceptual rainfall-runoff model for nearly 40
years despite no actual testing of the bedrock itself. The Pearce et al. (1977) water balance suggested that
water loss to the deeper groundwater system was only 100 mm/yr, yet measured hillslope runoff ratios of
only ~13% (Woods & Rowe, 1996) contrasted with a catchment scale runoff ratio of nearly 60% (Pearce et al.,,
1977). These contradictory observations hinted at loss of subsurface hillslope stormflow to the bedrock and
potential riparian zone subsidies of water from these deeper hillslope flow pathways. More recent bedrock
testing at Maimai revealed bedrock saturated hydraulic conductivities that questioned initial claims of “imper-
meability” (Graham et al,, 2010), with bedrock groundwater dynamics observed on storm-event time scales
(Gabrielli et al,, 2012). This has suggested a deeper hydrologically active zone than previously thought.

So why have previous studies at Maimai not seen bedrock groundwater? Simply put, bedrock groundwater
contributions to streamflow at Maimai are extremely limited. Figure 8 shows our conceptual model of the
primary groundwater flow paths and general groundwater flow domain. The lack of fractured bedrock, low
bedrock conductivity, and predominately downward hydraulic gradients result in a relatively isolated
groundwater body that has limited connectivity to the stream channel. Further, the sharp permeability con-
trast at the soil-bedrock interface causes most infiltrating water to flow laterally downslope at this boundary
instead of continuing vertically into the bedrock. This, combined with shallow soils, minimal available soil
storage, and long periods of high antecedent wetness means that the majority of precipitation flows only
through the soil profile en route to the stream channel resulting in the now well-observed high runoff
ratios, large volumes of quick flow, and young runoff observed at Maimai (McDonnell, 1990; Mosley, 1979;
Pearce et al., 1986).

Although bedrock groundwater storage (based on porosity and volume of saturated bedrock) is large at
M8, the low bedrock hydraulic conductivity results in a minimal groundwater flux within the headwater
aquifer. This has the effect of increasing the bedrock groundwater age, while simultaneously reducing con-
tributions to the stream channel. So although the potential of bedrock groundwater to influence stream
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Figure 8. Perceptual model of the bedrock groundwater flow domain through various cross sections of the M8 catch-
ment. (a) shows approximate area of observed bedrock groundwater recharge and discharge zones represented by the
magenta and green outline, respectively. Cross section A-A’ (b) shows deeper and older contributions of bedrock ground-
water discharge to the lower reach of the stream channel with some portion of hillslope recharge being lost to the larger
regional groundwater system. Cross section B-B’ (c) shows groundwater recharge occurring across all landscape positions
in the upper portion of the catchment, and cross section C-C’ (d) displays the upper reaches of the riparian zone contrib-
uting soil water to bedrock groundwater recharge and to stream discharge, while the lower reach of the riparian zone
contributes both hillslope-derived soil water and bedrock groundwater to the stream.

water TT is high because its age is much greater than that of other shallower storages, this is offset by the
low total bedrock discharge volume—which is too small to considerably alter stream water MTT under
most runoff conditions. This dichotomy establishes what is effectively a two-storage compartmentalized
hydrologic system with a young, shallow, and dominant upper domain and a much deeper and relatively
isolated older groundwater body beneath.

Lastly, it is necessary to address the conflicting hillslope versus catchment runoff ratios that initially led to
the notion of a hillslope bedrock underflow runoff mechanism. Upon further inspection, the 110 day hill-
slope monitoring period conducted by Woods and Rowe (1996) at Maimai occurred during the summer
months when high evapotranspiration and reduced precipitation had dried up the catchment. This had the
effect of increasing the necessary precipitation input to surpass hillslope runoff generation thresholds, and
thus, many small storms produced no hillslope runoff. This caused the hillslope runoff ratio during this
period to dramatically deviate from the annually averaged total catchment runoff ratio.

Although event-scale water table dynamics were observed within the bedrock aquifer both during our
study and previously (Gabrielli et al., 2012), they are likely an integrated response to changes in barometric
pressure (Van der Kamp & Gale, 1983), precipitation-induced pressure propagation (Rasmussen, 2001; Rigon
et al.,, 2016), and small amounts of direct recharge to the water table. In the steep landscape at Maimai,
increases in water table height over both storm and seasonal time scales do not equate to proportionally
large changes in groundwater hydraulic head. For example, a midslope water table may rise 0.2 m during a
large storm event, however, if this position were 30 m above the riparian zone, the resulting hydraulic
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gradient change would be only 0.7%. In unfractured low-conductivity bedrock, this would not alter consid-
erably the groundwater flow structure, and no measurable increase in bedrock groundwater discharge
would likely occur. Although, small rises in water table can produce large volumes of hillslope discharge in
shallow soils due to a transmissivity feedback mechanism (Bishop et al., 2004), we do not expect this phe-
nomena to occur within the deeper bedrock underlying Maimai.

Early water balance estimates at Maimai by Pearce et al. (1977) calculated approximately 100 mm/yr loss to
deeper groundwater. In a system which receives 2,600 mm of rainfall annually and has minimal groundwa-
ter flux, small uncertainties inherent in precipitation, discharge, and evapotranspiration measurements can
be equal to the total estimated loss to deeper groundwater. We are therefore cautious to place an exact
value on bedrock groundwater recharge and discharge amounts. However, our new analysis suggests that
approximately 200 mm/yr is recharged to the bedrock aquifer, half of which is discharged back into the
catchment above the M8 weir and thus contributes to runoff generation processes, while the other half
likely subsidizes flows at larger catchment scales down valley from the upper M8 headwaters (the subject
of active ongoing work).

6. Conclusion

Our findings showed that despite a relatively shallow bedrock groundwater aquifer that displayed both
event and seasonal scale water table fluctuations, bedrock groundwater contributions to catchment dis-
charge at Maimai were minimal. The unfractured low-conductivity bedrock limits percolation to depth over
short periods of time, and therefore, bedrock groundwater infiltration was controlled by the permeability of
the bedrock matrix, occurring as flow through the primary porosity of the conglomerate bedrock. Although
bedrock groundwater storage itself was considerable, the low recharge rate combined with the stable hill-
slope water tables likely drives an annually constant discharge to the riparian corridor. With the exception
of some transient event-scale switches in vertical groundwater gradient at two well locations, the general
gradient direction remained temporally and spatially constant throughout all conditions. All hillslope loca-
tions and mid and upper reaches of the riparian zone were groundwater sinks, while a small zone of upwell-
ing bedrock groundwater was identified near the catchment outlet.

We noted a shift from soil storage effusion during the 8 month wet season to a combined soil and bedrock
storage effusion during the drier summer months, which was reflected in stream water MTT. During the wet
season, large volumes of young soil water controlled the stream water MTT signal and maintained a relatively
stable and young stream water age even during interstorm periods. During drier months, bedrock groundwa-
ter contributions to runoff became proportionally large enough to exert some control on stream water MTT.
During these intervals, stream age fluctuates significantly between young and old conditions corresponding
to storm and interstorm periods and reflected the mixing of the two main catchment storage units.
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