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Abstract In Part 1 of this two-part series, Hale and McDonnell (2016) showed that bedrock permeability
controlled base flow mean transit times (MTTs) and MTT scaling relations across two different catchment
geologies in western Oregon. This paper presents a process-based investigation of storage and release in
the more permeable catchments to explain the longer MTTs and (catchment) area-dependent scaling. Our
field-based study includes hydrometric, MTT, and groundwater dating to better understand the role of sub-
surface catchment storage in setting base flow MTTs. We show that base flow MTTs were controlled by a
mixture of water from discrete storage zones: (1) soil, (2) shallow hillslope bedrock, (3) deep hillslope bed-
rock, (4) surficial alluvial plain, and (5) suballuvial bedrock. We hypothesize that the relative contributions
from each component change with catchment area. Our results indicate that the positive MTT-area scaling
relationship observed in Part 1 is a result of older, longer flow path water from the suballuvial zone becom-
ing a larger proportion of streamflow in a downstream direction (i.e., with increasing catchment area). Our
work suggests that the subsurface permeability structure represents the most basic control on how subsur-
face water is stored and therefore is perhaps the best direct predictor of base flow MTT (i.e., better than
previously derived morphometric-based predictors). Our discrete storage zone concept is a process explana-
tion for the observed scaling behavior of Hale and McDonnell (2016), thereby linking patterns and processes
at scales from 0.1 to 100 km2.

1. Introduction

In Part 1 of this two-part series, Hale and McDonnell [2016] showed that bedrock permeability controlled stream
base flow mean transit time (MTT) and MTT scaling relationships for two nested, mesoscale catchments in west-
ern Oregon, USA. Despite striking similarities in hydrologic regime, topography, soil hydraulic properties, and
vegetation, MTTs and MTT scaling relationships were distinctly different between the two catchments. The
defining difference between the catchments was the permeability of the bedrock—one deeply weathered and
fractured marine-derived sandstones and siltstones (Drift Creek-Oregon Coast Range; eight nested subcatch-
ments included in this study) and the other with poorly permeable volcanic bedrock (primarily massive breccias
and tuffs) with fractures only significant within the top 3 m (HJ Andrews (HJA)—Western Cascades Range;
seven nested subcatchments). The sandstone catchments had distinctly longer MTTs (mean MTT was 6.2 years,
n 5 8) than the volcanic catchments located less than 140 km to the west (mean MTT was 1.8 years, n 5 7).
More importantly, the scaling relationships that allow MTT to be estimated based on easily attainable catch-
ment characteristics were different; MTTs at the more permeable sandstone catchments (Drift Creek) scaled
best with catchment area while MTTs at the volcanic catchments (HJA) were highly correlated to indices of
catchment topography (flow path gradient and length) and showed no correlation with catchment area.

The MTT scaling relationships at the HJA, originally reported by McGuire et al. [2005], have been linked
mechanistically to shallow, lateral subsurface flow initiated by the abrupt permeability contrast at the
soil-bedrock interface being the dominant runoff generation process [Harr, 1977; McGuire and McDonnell,
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2010]. In addition to topographic metrics, other studies have shown that MTT scales with other factors,
including soil type and drainage class [Soulsby et al., 2006; Tetzlaff et al., 2014], catchment aspect [Broxton
et al., 2009], depth of hydrologically active soil and bedrock [Asano and Uchida, 2012], or some combination
[Heidb€uchel et al., 2013; Hrachowitz et al., 2009; Rodgers et al., 2005]. Based on their results and the existing
process understanding at the HJA, Hale and McDonnell [2016] concluded that the primary control on the dif-
ferent MTT scaling relations they observed was the contrasting subsurface permeability distribution result-
ing from the specific lithology, structure, and weathering history of the bedrock. However, the specific
processes responsible for the MTT behavior of the Drift Creek catchments remain unclear. In fact, given that
no other MTT-focused studies to date conducted in small to mesoscale catchments have observed scaling
relations where MTT increases with increasing drainage area [Tetzlaff et al., 2009], the reasons for such
behavior generally are still wanting.

In spite of well-established theory relating the amount of water stored in a catchment to stream discharge
[Botter et al., 2009; Brutsaert and Nieber, 1977; Kirchner, 2009; Rinaldo et al., 2015], process understanding of sub-
surface water storage generally remains a poorly understood component of catchment hydrology [McNamara
et al., 2011]. It is well recognized that subsurface storage properties play a key role in driving runoff dynamics
[Ali et al., 2011; Frisbee et al., 2011; Kosugi et al., 2006; Oswald et al., 2011; Spence, 2010] and setting stream water
geochemical composition [Anderson et al., 1997a; Birkel et al., 2011b; Haria and Shand, 2004; Manning et al.,
2013; Rademacher et al., 2005; Soulsby et al., 2007] by regulating where and how fast water flows through the
catchment system. Hence, the ability to predict hydrological and/or water quality response to catchment distur-
bances (e.g., toxic releases, land-cover change, climate change) is predicated on having a solid process under-
standing of how water is stored and moves through the subsurface [Kirchner et al. 2000].

In early conceptualizations of subsurface runoff generation processes [e.g., Hewlett and Hibbert, 1967;
Weyman, 1973; Whipkey, 1965], storage was generally considered to be limited to the soil pore space as the
underlying bedrock was assumed impermeable (see Bonell [1993] for review). However, over the past two
decades, researchers have provided unequivocal evidence linking deeper (relative to the soil profile) stor-
age components to runoff generation in steep mountainous catchments (including Anderson et al. [1997b],
Asano et al. [2002], Blumstock et al. [2015], Duvert et al. [2016], Frisbee et al. [2011], Haria and Shand [2004],
Kosugi et al. [2006, 2011], Millares et al. [2009], Rademacher et al. [2005], Soulsby et al. [2007], and Wilson and
Dietrich [1987]). These storage components can lead to very long residence times of water in the subsurface
both during and between events and can skew our understanding of streamflow sources, flow paths, and
transit times [Maloszewski et al., 1983; Stewart and Thomas, 2008; Stewart et al., 2007, 2010, 2012; Uhlenbrook
et al., 2002]. Yet subsurface storage is an inherently difficult characteristic to study because it is largely
unobservable with current technology [Soulsby et al., 2009]. Notwithstanding recent advancements in
ground-based geophysics [Robinson et al., 2008] and gravity remote sensing [Reager and Famiglietti, 2009],
the total storage volume of a catchment is virtually unknowable because the overall control volume is diffi-
cult to define. Even when the control volume is reasonably assumed, the internal pore volume and pore
connectivity are still poorly characterized by current measurement technologies [Rinaldo et al., 2011].
Although recent estimates of storage have been attempted by extrapolating point-based measurements
[McNamara et al., 2011] and via catchment-based mass balance [Sayama et al., 2011], one of the best prox-
ies for characterizing catchment storage is stream water MTT [Birkel et al., 2011a; Fenicia et al., 2010;
Katsuyama et al., 2010; Uchida et al., 2006].

Mean transit time is defined as the time it takes, on average, for a parcel of water to travel through a catchment
from the point of entry to the point of exit [Bolin and Rodhe, 1973]. When the steady state assumption of reser-
voir theory used in lumped-parameter transit time models is applied, MTT is equivalent to turnover time—
defined as mobile catchment storage divided by discharge [Bolin and Rodhe, 1973]. This important link allows
storage to be estimated when stream discharge and MTT are known [Soulsby et al., 2009]. We note that the
steady state assumptions required for this relationship to hold are never met in catchment studies and that
recent theoretical advances now provide the framework for determining time-variant MTT with high temporal
resolution tracer data sets [Benettin et al., 2013; Botter et al., 2012; Harman, 2015; Hrachowitz et al., 2013, 2010;
Heidb€uchel et al., 2013]. Nonetheless, this methodology provides for the best possible tracer-based approxima-
tion of total storage at the catchment scale given current theory and real-world sampling limitations.

So how might catchment storage control MTT ranges and scaling? Sayama and McDonnell [2009] showed
the effect of catchment storage volume on MTT ranges using a modeling experiment where the
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topography, soils, and climate of two well-studied catchments (HJ Andrews WS10 (Oregon, USA) and
Maimai M8 (New Zealand)) were interchanged to investigate their influence on stream water MTT. They
found that greater soil depth, and hence greater storage, led to longer transit times regardless of which
topographic configuration or climate type was used. However, in catchments with complex subsurface fea-
tures such as fractured bedrock, the relationship between storage and MTT is not as straight forward [Rinaldo
et al., 2011]. In situations where multiple discrete bedrock aquifers actively and independently contribute to
streamflow—as has been observed in Japan [Kosugi et al., 2011] and Wales [Haria and Shand, 2004]—stream
water MTT will be the integration of the unique transit time distribution of each storage component [Har-
man, 2015]. Therefore, the age and relative contribution of each storage component contributing to stream-
flow sets the stream water MTT [Botter et al., 2010]. Further, if the relative contribution of the individual
storage components to streamflow changes with storage volume, then stream water MTT will vary as catch-
ment storage varies, as shown by Niemi [1978], Morgenstern et al. [2010], Heidb€uchel et al. [2012], and Soulsby
et al. [2011, 2015]. To date, no empirical studies that we are aware of have assessed the role of catchment
storage on the scaling relationships of stream water MTT in small to mesoscale catchments.

Here we use a mechanistic assessment of catchment storage within the Drift Creek catchment in Oregon,
USA, employing both water balance methods and MTT-based estimates of storage volumes, to explain the
MTT scaling relations of Hale and McDonnell [2016]. Water balance storage estimations, referred to as
‘‘dynamic storage,’’ are determined by the fluxes of water into and out of the catchment over a given period
of time [Sayama et al., 2011]. Since MTT-based estimates of storage reference the subsurface volume that
the tracer mixes with, including dynamic, mobile water stores, and ‘‘passive’’ (partially immobile, see Birkel
et al. [2011a]) water stores, it is referred to as ‘‘total storage’’ (this approximation of total storage ignores
storage components that are irrelevant to streamflow). To attempt to avoid MTT-based storage estimates
that are biased by the MTT truncation reported by Stewart et al. [2010], we use 3H-based MTT estimates
together with our deuterium-based MTT estimates from Hale and McDonnell [2016] to estimate total storage
(we note that, as Frisbee et al. [2013] show, it is possible for the true transit time distribution of streams in
mountainous headwater catchments to include transit times that are longer than what can be captured
even by the 3H-based MTT method—this topic is addressed further in section 5.1).

Using ultralow level tritium (3H) measurement capabilities [Morgenstern and Taylor, 2009] and a well-
characterized 3H input function for our study region (B. Michel, personal communication, 2011), we are able
to report, for the first time in the Northern Hemisphere, 3H-based MTT estimates from single stream water
samples. In addition, we use a network of shallow and deep bedrock groundwater wells to interrogate and
attempt to delineate different subsurface storage zones within the catchment. We use 3H/3He groundwater
dating to help develop our conceptual model of how subsurface storage controls stream water MTTs.
Although groundwater dating has been proven to be an invaluable tool for understanding groundwater
systems [e.g., Aeschbach-Hertig et al., 1998; Cook et al., 2005, 1996; Manning and Caine, 2007; Manning et al.,
2012], it has sparsely been used in concert with stream base flow MTT studies to reconcile how storage is
related to MTT in small to mesoscale catchments [e.g., Rademacher et al., 2005; Duvert et al., 2016].

We combine our MTT-based storage analyses and 3H/3He groundwater dating with water balance-based stor-
age estimates, borehole characterizations, and groundwater dynamics to investigate the process link between
bedrock permeability and MTT scaling relationships. We frame our study around the following questions:

� How does bedrock permeability affect catchment-scale water storage?
� How old is the water in storage?
� What is the process link between MTT scaling and bedrock storage and release?

Lastly, we relate these findings to the intercomparison with the HJ Andrews catchment detailed in Hale and
McDonnell [2015] to form an overall conceptualization of how bedrock permeability controls subsurface
storage, MTTs, and MTT scaling relationships.

2. Study Site

We use the Needle Branch catchment located in the Drift Creek drainage of the Alsea River in the central
Coast Range of Oregon (Figure 1; 44.58N 123.98W) to investigate the role of catchment storage in controlling
MTTs. Needle Branch lies within a highly dissected mountainous area, characterized by short, steep slopes
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which give rise to medium-gradient to high-gradient streams [Thorson et al., 2003]. Overall topographic
relief is 237 m, with an outlet elevation 132 m (NAVD88) and median slope of 34% (see Hale and McDonnell
[2016] for additional terrain characterization). The catchment is forested with an even-age stand (approxi-
mately 40 year old) dominated by Douglas-fir (Pseudotsuga menziesii) with red alder (Alnus rubra), occurring
predominantly along the riparian corridor and occasionally on the hillslopes. Mean annual precipitation for
Needle Branch is 2235 mm (PRISM 1971–2000 ‘‘normals’’ grid, PRISM Climate Group, Oregon State Univer-
sity, http://prism.oregonstate.edu, created 16 June 2006). On average, greater than 85% of the annual pre-
cipitation occurs from October to April in ‘‘long-duration, low-to-moderate intensity frontal storms’’ [Harr,
1976]. Snow accumulation occurs occasionally, but is typically highly transient.

The bedrock underlying the research catchment is the Eocene-aged Tyee Formation comprised by
rhythmic-bedded layers of marine-derived greywacke sandstones and siltstones [Snavely et al., 1964]. Boring
logs from a series of wells installed throughout the Needle Branch catchment show that the shallow bed-
rock is weathered and fractured at least to a depth of 9 m below the ground’s surface (see Hale and
McDonnell [2015] for detailed core descriptions). Boring logs from two deep wells installed near the ridge of

Figure 1. Study site map. Contour intervals are 10 m.
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the upper catchment provide further evidence that the highly weathered and fractured zone extends to
approximately 10–13 m depth (Figure 2). Well-1DP (DP 5 deep) was located at the inside of a road-cut;
based on the exposed cut section, we estimate that approximately 1.5 m of saprolite and 2 m of fractured
bedrock was removed from the location during road installation. Beds of fresh sandstone and siltstones
begin at 11.5 m and continue to the installation depth (38.1 m) at Well-1DP. Water-bearing fractures were
encountered between 30 and 35 m. Reconnaissance with a downhole camera indicated that these fractures
were oriented parallel to the bedding plane and were the only water-bearing fractures observable within
the borehole. Approximately 6 m of saprolite and 6 m of highly weathered and fractured rock overlay
bedded layers of fresh sandstone and siltstone at Well-2DP (Figure 2). No water-bearing fractures were
encountered during the drilling process at Well-2DP, nor were any observable with the downhole camera.
The average bed thickness for both boreholes was in agreement with values reported by Snavely et al.
[1964] for this formation (0.9–1.5 m). Cores were not obtained due to the drilling method employed (based
on funding constraints), so detailed information on fracture density with depth is not available. However, a
detailed description of a 35 m core drilled at the same landscape position and within the same geologic for-
mation at the Mettman Ridge experimental hillslope was reported by Anderson et al. [1997b]. At Mettman

Figure 2. Boring logs from Well-1DP and Well-2DP.
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Ridge, approximately 4 m of weathered rock was present directly below 0.5 m of colluvium. Fractured rock,
approximately 4 m in thickness and having abundant oxidation features indicating water flow, was encoun-
tered below the weathered rock layer. Rock found below the fractured layer was characterized as fresh,
although some fractures were present. Oxidized fractures were only present to 24 m of the 35 m borehole.
Although this description matches well with the limited data extracted during drilling and camera recon-
naissance at the two well installations in Needle Branch, the bedrock does not conform to this ‘‘neat’’ layer-
cake structure across the entire catchment. Detailed topographic data obtained through airborne laser
altimetry suggest several large areas of subdued topography that was likely created by deep-seated land-
slides—the presence of which has been documented to increase at this latitude within the Tyee Formation
[Roering et al., 2005].

Upland soils within the Needle Branch catchment are loams to gravelly loams (mesic Alic Hapludands and
mesic Andic Humudepts) that average 1 m depth and are classified as well to very well drained [Corliss,
1973]. A ground-penetrating radar survey of two hillslopes in the upper Needle Branch catchment shows
that although the soils are generally thin, soil depths can vary significantly over small distances (Figure 3).
Field measurements of saturated hydraulic conductivity at the Needle Branch experimental catchment were
not possible in most hillslope locations using a constant-head permeameter [Amoozegar, 1989] due to
extremely high conductivities (that exceed field permeametry limits of �1000 mm h21). Torres et al. [1998]
experienced the same problem using a Guelph Permeameter at Mettman Ridge. Hillslope soils at Mettman
Ridge are the same mapped soil series as those in Needle Branch; therefore, soil hydraulic properties meas-
ured at Mettman Ridge are assumed to be representative of those within Needle Branch. At Mettman Ridge,
Montgomery et al. [1997] estimated average saturated conductivities of 1023 m s21 in colluvial soil and
1025 m s21 in the saprolite material forming the C-horizon using falling head tests in a series of piezometers
(n 5 28 for soil and n 5 3 for saprolite) and found those to be consistent with measurements reported for
Oregon Coast Range soils by Harr [1977], Yee and Harr [1977], and Hammermeister et al. [1982]. Also at
Mettman Ridge, Anderson et al. [1997b] reported porosities averaging 70% (n 5 12) and Torres et al. [1998]
showed that these soils have very steep soil water retention curves—meaning that although they transmit
water rapidly when at or near saturation, their hydraulic conductivity declines significantly with decreasing

Figure 3. Ground-penetrating radar reflection profiles for transects in the western-most subcatchment of NB-12, A-F, as depicted in the inset photo. Approximate soil-bedrock interface
shown as a dashed red line (as interpolated based on differences in reflectivity).
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water potential and they retain little water relative to their total porosity. Valley bottom soils in Needle
Branch are silt loams (isomesic Fluvaquentic Humaquepts), that average 2 m depth and are classified as
moderately permeable and somewhat poorly drained [Corliss, 1973].

3. Methods

3.1. Hydrometric Measurements
Stream discharge was measured at two locations in the Needle Branch catchment, NB-12 and NB-86 (num-
ber corresponds to catchment area in hectares; locations are marked on Figure 1). The period of record
used in the analysis was October 2007 to September 2009 for NB-12 and October 2005 to September 2009
for NB-86 (NB-12 was not installed until October 2007). Precipitation inputs for NB-12 and NB-86 were taken
as the areal average of a spatially distributed network of rain gauges located within the vicinity of the
Needle Branch catchment (Figure 1).

Soil water content (hv) was measured at a profile representing average hillslope soil conditions (i.e., located
midslope on a hillslope with average slope, slope length, and soil depth for the catchment; location shown
in Figure 1). We installed sensors (Model 10HS, Decagon Devices, Inc., Pullman, WA) at 0.15, 0.30, 0.65, and
0.85 m depths which were chosen to represent dominant textural classes present within the profile. The
0.15 and 0.30 m depths corresponded to upper and lower portions of a gravelly loam A-horizon. The 0.65 m
depth was the midpoint in the gravelly, clay loam B-horizon and the 0.85 m depth represented the sandy
clay loam BC horizon. Profile water content was estimated on hourly time steps by integrating hv for each
sensor over its representative depth (0–0.225, 0.225–0.45, 0.45–0.75, and 0.75–1.00 m).

A network of groundwater wells was installed in the Needle Branch catchment. Two deep wells, Well-1DP
and Well-2DP, are located approximately 150 m from each other near the ridge forming the northern
boundary of the catchment (see Figure 1 for locations and Figure 2 for boring logs). Both DP wells were
sealed into fresh rock with steel casing, backfilled with bentonite, and completed as 0.15 m diameter open
boreholes. Three hillslope wells were installed into shallow bedrock in Needle Branch using the portable
drilling system described by Gabrielli and McDonnell [2011]; Well-3HS (HS 5 hillslope) and Well-8HS are
located in the upper catchment (Figure 1) and Well-9HS is located in the lower catchment. The HS wells are
all constructed of 25.4 mm inside-diameter (ID) polyvinylchloride (PVC). A 101.6 mm ID PVC outer casing
was installed to the depth of the saprolite-bedrock transition. The inner casings were custom-made for each
well so that the screened interval was sealed to a depth of 0.5–1 m below the saprolite-bedrock transition.
The screen section was created using approximately 0.5 mm horizontal slots; the slotted section was cov-
ered with two layers of fiberglass mesh screen to prevent fine particles from entering the well. The annulus
between the inner casing and the borehole wall was not large enough to allow backfilling with sand to an
accurate, evenly packed depth, so the seal was created by positioning a rubber gasket on the outside of the
inner casing such that it fit snugly against the walls of the borehole at the desired sealing depth. Bentonite
was backfilled on top of the gasket to the top of the outer casing to finalize the seal (approximately 0.1 m
above the ground surface). Two floodplain (FP) wells, Well-10FP and Well-11FP, were installed in the lower
Needle Branch catchment (Figure 1). The FP wells were constructed in the same manner as the HS wells
and were sealed into the weathered bedrock underlying the surficial alluvial aquifer. Together, Well-9HS,
Well-10FP, and Well-11FP are located on a transect perpendicular to the valley axis in lower Needle Branch.
Water levels in all wells were measured on 10 min intervals (Model U20, Onset Computer Corporation, Inc.,
Pocasset, MA).

3.2. Soil Water Mean Transit Time Estimation
Soil water MTT was estimated using the lumped-parameter convolution integral approach [Maloszewski and
Zuber, 1982] (by definition, the age distribution of water sampled from the catchment subsurface is properly
referred to as the residence time distribution with its first moment being the mean residence time, but
throughout this paper we refer to this characteristic as soil water mean transit time (MTT) as an attempt to
limit confusion by remaining consistent with the terminology used for stream water). The input characteri-
zation and modeling procedure employed is described in detail by Hale and McDonnell [2016]. The tracer
output for the transit time model was characterized by measuring the deuterium composition of soil water
(0.5 m depth) collected from two suction lysimeters installed at midslope and toeslope positions in NB-12
near Well-8HS (Figure 1). Samples were collected on daily to weekly intervals from June 2008 to June 2009.
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Following McGuire and McDonnell [2010] who successfully modeled soil water MTT in similar soils, we used
the dispersion flow model [Maloszewski and Zuber, 1982] to estimate the transit time distribution, g sð Þ, of
soil water. The dispersion model is expressed as,

g sð Þ5 4pDps
sm

� �21
2

s21 exp 2 12
s
sm

� �2 sm

4pDps

� �" #
; (1)

where, Dp is the dispersion parameter (1/Peclet number) and sm is the MTT.

3.3. 3H-Based Stream Base Flow MTT Estimation
The lumped-parameter convolution approach employed by Hale and McDonnell [2016] to estimate
deuterium-based MTTs was used to calculate 3H-based MTTs, except that a radioactive decay term was
included in the calculation, so that,

Cout tð Þ5
ð1

0
g sð ÞCin t2sð Þ e2ksds; (2)

where Cout tð Þ is the 3H concentration in streamflow at time t, g sð Þ is the transit time distribution, Cin is the
precipitation 3H concentration, and e2ks is the radioactive decay term (with decay constant k 5 ln(2/T1/2)
and T1/2 5 12.32 years for 3H). We modeled Cout based on weighted annual Cin using the weighting
function,

Cin5
X12

i51

CiRi

.X
Ri; (3)

where Ci is the 3H concentration in precipitation and Ri is the recharge amount for month i. We estimated Ri

as the difference between monthly precipitation and monthly evapotranspiration. Monthly precipitation 3H
measured in Portland, Oregon (B. Michel, unpublished report, 2011), was used for Ci. Where necessary, Ci

data gaps were filled using correlations with monthly measurements from Vienna, Austria (International
Atomic Energy Agency, Global Network of Isotopes in Precipitation, http://www-naweb.iaea.org/napc/ih/
IHS_resources_gnip.html). Stream 3H, used to define Cout, was sampled at NB-12 and NB-86 in June 2010
and analyzed at the GNS Science Water Dating Laboratory (Lower Hutt, New Zealand) using electrolytic
enrichment and liquid scintillation counting [Morgenstern and Taylor, 2009]. The two-parameter exponen-
tial-piston flow model was used to approximate g sð Þ, such that,

gðsÞ50 for s < smð12f Þ

gðsÞ5ðfsmÞ21 exp 2
s

f sm

� �
1

1
f

� �
21

� �
for s � smð12f Þ

: (4)

The ratio of exponential volume to the total volume is represented by f and sm is the MTT [Maloszewski and
Zuber, 1982].

3.4. Storage Estimation
We leveraged the Mediterranean-type climate of the Pacific Northwest, USA, with distinct precipitation sea-
sonality, to estimate dynamic storage volumes (mass balance-based storage) for the soil profile (referred to
as ‘‘dynamic soil storage’’) and the whole catchment subsurface for both NB-12 and NB-86 (referred to as
‘‘dynamic catchment storage’’). Assuming a minimum residual soil storage volume at the end of the dry sea-
son, dynamic soil storage was calculated as the difference in maximum soil water content and soil water
content at the end of the dry season. Similarly, dynamic catchment storage was estimated as the difference
between maximum and minimum storage observed over the course of the dry-to-wet transition as calcu-
lated using the catchment water balance [e.g., Sayama et al., 2011],

dV tð Þ5
XT

t51

P tð Þ2Q tð Þ2E tð Þ; (5)

where dV(t) is the cumulative change in storage, in mm, from the beginning of the water year (1 October)
to time t (h), P(t) is total precipitation (mm), Q(t) is total discharge (mm), and E(t) is evapotranspiration (mm).
We computed E(t) using the Penman-Monteith equation [Monteith, 1965] and meteorological variables
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measured onsite, with the exception of net radiation which was measured at a nearby Ameriflux site (Marys
River Fir Site, approximately 28 km northeast of Needle Branch, http://public.ornl.gov/ameriflux/Site_Info/
siteInfo.cfm?KEYID5us.oregon_fir.01).

We used stream discharge records and stream water MTTs to approximate total catchment storage,
expressed mathematically as,

Total Catchment Storage5MTTi; (6)

where i is the mean total annual discharge rate, in mm yr21, for the period MTT was estimated (years).
Deuterium-based MTTs were calculated for NB-12 and NB-86 by convolving the tracer input signal (here the
deuterium composition in precipitation, reported as d2H), weighted according to the gamma transit time
distribution, with the tracer output measured in streamflow [e.g., Maloszewski and Zuber, 1982]. Details of
field sampling, laboratory analysis, transit time modeling, and uncertainty analysis as well as a discussion of
the limitations of this approach are provided in Hale and McDonnell [2016]. Tritium-based stream water MTT
estimation was described in the previous section (see section 3.3).

3.5. Groundwater Age Estimation
We used tritium/helium-3 (3H/3He) dating to estimate the apparent age of groundwater sampled at various
depths and geomorphic positions within Needle Branch. The dating technique is based on the radioactive
decay of 3H to 3He, with 3H having a half-life, T1/2, of 12.32 years [Schlosser et al., 1988]. When all other sources of
3He in groundwater can be accounted for (crustal and mantle sources), a mass balance between the 3H and the
tritiogenic 3He, 3Hetrit, in a groundwater sample can be used to calculate the time elapsed, s3H=3He, since the
sampled parcel of water became isolated from the atmosphere based on the known half-life of 3H, such
that,

s3H=3He5
T1=2

ln 2
3ln

113Hetrit
3 H

� �
: (7)

As a result of the low solubility and high diffusion coefficient of 3He, exchange of 3He with soil gas can occur
readily within the vadose zone [Solomon and Cook, 2000]. Therefore, isolation from the atmosphere is typi-
cally not considered complete and, consequently, the 3H/3He ‘‘clock’’ does not start, until the water has
reached the saturated zone.

We collected water and dissolved gas samples from Well-1DP, Well2-DP, Well-8HS, and Well-11FP. In addi-
tion, we sampled a well located immediately adjacent to Well-11FP that was not previously described. This
well, Well-16SF (SF 5 surficial), was installed to the soil-bedrock interface at 1 m below the ground surface
and the screened interval (0.62–1 m) is located entirely within the soil profile. All wells were purged prior to
sampling. The dissolved gas samples were collected with an advanced diffusion sampler [Gardner and
Solomon, 2009] which was deployed for approximately 72 h following purging. Samples were analyzed for
3H and dissolved gas concentrations at the University of Utah Noble Gas Laboratory (Salt Lake City, UT).

4. Results

4.1. Hydrodynamic and Deuterium Characterization
Precipitation, specific discharge, precipitation and stream water d2H, and groundwater levels for the period
of 1 October 2009 to 30 May 2010 are shown in Figure 4. This period covers the duration of the wet season
for our Pacific Northwest catchments, including the transition from dry to wet conditions (hereafter referred
to as the ‘‘wet-up period’’). The hydrograph traces in Figure 4a show that the streams responded rapidly to
precipitation inputs after the initial wet-up period (a quantitative analysis of the flow regime of these catch-
ments is provided in Hale and McDonnell [2016]). Specific discharge was higher at the smaller NB-12 catch-
ment during most runoff events, however, the mean difference in specific discharge between the
catchments during the period shown was only 0.04 mm h21.

Despite the highly responsive rainfall-runoff dynamics of these catchments, the d2H signal in stream water
was substantially damped relative to the variability of d2H measured in precipitation (Figure 4b). The stand-
ard deviation of stream water d2H was 1.8& for NB-12 and 2.2& for NB-86 over the entire period of record
while the standard deviation of precipitation d2H was 15.1& (Table 1).
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Each of our two deep wells dis-
played unique water level
dynamics during the 2010 wet
season (Figure 4c). Although
water levels in both wells
increased in elevation by
approximately the same abso-
lute value (roughly 4 m), Well-
1DP was distinctly more sensi-
tive to precipitation events than
Well-2DP. At Well-2DP, the
water table increased gradually
over the course of the wet sea-
son whereas, at Well-1DP, many
short-term fluctuations occurred
as the water level increased.
Hillslope wells, Well-3HS (Figure
4d) and Well-9HS (Figure 4e),
were both nonresponsive dur-
ing the early wet-up period but
began to rapidly rise to a new
base level after 59 and 222 mm
of accumulated precipitation,
respectively. Once activated,
these wells responded rapidly
to precipitation throughout the
remainder of the wet season.
The other hillslope well, Well-
8HS, did not display a
threshold-type behavior prior to
responding to precipitation.
Instead, its water level closely
mimicked the dynamics of the
stream for the entire wet sea-
son, including the wet-up
period (Figure 4d). Both flood-
plain wells, Well-10FP and Well-
11FP (sealed into the bedrock
below the alluvial sediments),
were responsive to precipitation

Figure 4. Hydrometrics and tracer dynamics measured from 1 October 2009 to 30 May
2010. Precipitation (blue) and specific discharge for NB-12 (black) and NB-86 (red) is shown
in Figure 4a. Deuterium composition of precipitation (blue circles), NB-12 stream water
(black squares), and NB-86 stream water (red squares) is shown in Figure 4b. Water level
elevations Well-1DP (cyan, left axis) and Well-2DP (magenta, right axis) are shown in Figure
4c. Water level elevations for Well-3HS (magenta, right axis) and Well-8HS (cyan, left axis)
are shown in Figure 4d. Water level elevations for Well-9HS (magenta, right axis), Well-
10FP (cyan, left axis), and Well-11FP (yellow, left axis) are shown in Figure 4e.

Table 1. Mean Deuterium Composition and Standard Deviation (or Range, Indicated by Asterisk, for Small Sample Sizes) of Precipitation,
Stream Water, and Groundwater (Parentheses Represent the Values for Only the Time Period Shown in Figure 4b)

Location Mean d2H (&)
d2H Standard

Deviation or Range n

Amount-weighted precipitation 250.6 (257.3) 15.1 (16.4) 170 (24)
NB-12 249.6 (248.4) 1.8 (1.3) 108 (15)
NB-86 250.1 (248.0) 2.2 (1.9) 179 (27)
Well-1DP 251.2 1.4* 8
Well-2DP 252.0 1.9* 2
Well-3HS 249.7 1
Well-8HS 250.6 2.2* 2
Well-9HS 248.3 1.2* 2
Well-10FP 250.5 2.3* 3
Well-11FP 250.8 0.9* 4
Well-16SF 248.4 6.3* 12
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during the wet-up period and throughout the wet season, but the range of fluctuations were less than 0.5
and 0.2 m, respectively, over the entire period.

We did not sample the wells during the 2010 wet season since the act of taking a sample would disrupt the
water level record and obscure interpretation. We did, however, collect samples for isotopic analysis prior to
this period. Table 1 provides the mean d2H values and standard deviations (or ranges, where sample size is
small) for the sampled groundwater. The mean values for all groundwaters were within 2& of the mean
precipitation and stream water values (analytical error 5 1&). Similar to stream water, the groundwater d2H
values at all locations except Well-16SF did not vary significantly (a range of 6.2& was measured at Well-
16F whereas the range for all other locations was less than 2.5&).

4.2. Soil Water MTT
The maximum likelihood MTT estimate for soil water collected at the midslope lysimeter was 132 days
(Table 2). The toeslope MTT was approximately half of the midslope value (63 days). At both locations, the
model performed reasonably well (Nash-Sutcliffe efficiencies of 0.57 and 0.79, respectively). The tenth and
ninetieth percentile MTT estimate from the log likelihood uncertainty estimation procedure (see Hale and
McDonnell [2015] for a detailed description of the method, its assumptions, and limitation) produced an
uncertainty range of 38 days for the midslope lysimeter (96–134 days) and 10 days for the toeslope lysime-
ters (59–69 days).

4.3. 3H-Based Stream Water MTT
Mean transit times were estimated
from single stream water 3H values at
NB-12 and NB-86 and the estimated
tritium input function (Figure 5) by
iteratively adjusting the two parame-
ters of exponential-piston flow model,
f and sm (where sm 5MTT), until
the parameter set that best matched
the measured 3H concentration of the
sample to the model output, Cout, was
identified. The a priori parameter distri-
butions were 0� f� 1 and
0< sm� 100 years. For both NB-12
and NB-86, the best fit was found for
f 5 0.7 (Table 3) although f values from
0.4 to 0.8 all provided similar MTT esti-
mates. The best fit 3H-based MTTs
were 6.8 and 7.7 years for NB-12 and
NB-86, respectively; but because of the
uncertainty associated with this
approach, we used the lower and
upper bounds of the MTT estimates
(reported in Table 3) in our storage
analysis.

Potential uncertainty sources in our
MTT estimates are sample

Table 2. Soil Water Mean Transit Time Modeling Resultsa

Site Dp-mle Dp-10/90% sm-mle (days) sm-10/90% (days) NSEmle

Midslope 0.06 (0.05/0.48) 132 (96/134) 0.57
Toeslope 0.59 (0.54/0.66) 63 (59/69) 0.79

aMaximum likelihood estimates (mle) for the dispersion parameter (Dp) and mean transit time (sm) parameter of the dispersion flow
model, parameter uncertainties, and Nash-Sutcliffe efficiencies (NSE) are presented. Both locations represent 0.5 m soil depths.
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Figure 5. Estimated annual mean tritium concentrations in precipitation based
on Portland, Oregon measurements, and the associated tritium input function
(recharge) used in 3H-based MTT calculations.
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measurement error, error in our flow model, and/or error in the input function. The sample measurement
error was 60.04 TU, which is associated with an MTT error of 60.4 year. If we assume the error in the flow
model estimation was 610% (i.e., f 5 0.7 6 0.10), the associated MTT error is 60.5 year. Errors in the input
function result from sample measurement error for precipitation, correlation errors with the Vienna precipi-
tation record used to fill data gaps in the Portland, Oregon precipitation time series, and errors estimating
the recharge weighting function, together estimated to total 60.2 TU which corresponds to a MTT error of
61.6 years. Assuming these three error sources are independent, the overall MTT error was 61.7 years. This
value was applicable to both NB-12 and NB-86 since both samples were subject to the same error sources.
General assumptions and limitations of the lumped-parameter approach for MTT estimation are discussed
in Hale and McDonnell [2016].

4.4. Soil and Catchment Storage Estimates
Soil water content from a representative soil profile was used to estimate the dynamic soil storage available
across the catchments. Figure 6 shows stream discharge as a function of soil water content during the
course of the wet season, including the wet-up period (see inset for the source data time series). The instan-
taneous maximum value of stored soil water was 235 mm during this measurement period, while the
dynamic soil storage was 120 mm (maximum storage minus baseline storage at beginning of measurement
period). A threshold behavior was evident in the stream discharge versus soil water relationship, whereby
stream discharge did not commence until soil moisture storage reached 180–200 mm. This threshold value
represents 77–85% of the maximum soil storage (235 mm) for our measurement period.

Cumulative change in storage volume, dV, since the beginning of each water year of record was estimated
for NB-12 and NB-86. Figure 7 shows stream discharge as a function of dV for NB-12 (a) and NB-86 (b). Run-
off generation occurred across a range of dV values at both catchments, except approximately the lowest

Table 3. Tritium-Based Mean Transit Time Results With Deuterium-Based Transit Times Provided for Comparison (Samples Collected on
10 June 2011)

Location Model Exponential Fraction, f 3H-Based MTT (years) d2H-Based MTT (years)

NB-12 EPM 0.7 6.8 (5.1/8.5) 5.0 (4.0/8.7)
NB-86 EPM 0.7 7.7 (6.0/9.4) 4.0 (3.5/4.9)

Figure 6. Stream discharge at NB-86 as a function of soil water content. Water depth is estimated using the integration of measurements
obtained from four soil moisture sensors distributed within a 1 m deep soil profile (0.15, 0.35, 0.65, and 0.85 m depths). The inset shows
the times series of soil water depth calculated during the course of the wet-up and wet periods at a representative hillslope profile that
was used to construct the main figure. The dashed black line in the inset represents values interpolated to fill data gaps (not used in the
analysis shown in the main figure).
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100 mm interval. This ‘‘threshold’’ value
aligns well with our estimate of
120 mm of soil profile dynamic stor-
age. Catchment dynamic storage,
taken as the absolute difference
between the maximum dV and mini-
mum dV measured during the period
of record, was 485 mm for NB-12 and
501 mm for NB-86.

We used MTT estimations derived
from both stable isotope (d2H) and 3H
values of NB-12 and NB-86 stream
water to estimate total catchment stor-
age (Figure 8; dynamic catchment stor-
age estimates are also plotted for
comparison). As a result of the uncer-
tainty associated with the MTT estima-
tions, we used a conservative
approach to calculate the potential
range of total catchment storage. The
lower bound of the MTT estimate was
multiplied by the lower bound of the
mean of the total annual discharge val-
ues (taken as mean total annual dis-
charge minus 10%) for the period of
record used in the MTT estimation to
estimate the lower limit of total catch-
ment storage. Likewise, the upper
bounds of the MTT estimate and mean
of the total annual discharge (mean
plus 10%) were used to define the
upper limit of total catchment storage.
The resulting ranges of total catch-
ment storage for NB-12 were 5900–
15,600 mm based on the d2H MTT esti-
mate and 8500–13,300 mm based on
3H. At NB-86, total catchment storage
is estimated to range from 4900 to
8400 mm (d2H) and 8400 to
13,100 mm (3H). The close agreement
of both MTT-based catchment storage
estimates (d2H and 3H based) is evi-
dent in Figure 8. Total catchment stor-
age for both NB-12 and NB-86 is more
than an order of magnitude larger
than dynamic catchment storage.

4.5. Groundwater Ages
We used 3H/3He dating to estimate
groundwater ages at five wells within
the NB catchment (locations shown in
Figure 9). Tritiogenic 3He used in equa-
tion (7) was computed by subtracting
the 3He due to equilibrium solubility,

Figure 7. Discharge as a function of change in storage (dV) since the beginning
of the water year for (a) NB-12 and (b) NB-86. Marker color represents the day of
the water year.

Figure 8. Comparison of dynamic (squares) and total storage (deuterium-based
estimates are represented with diamonds and tritium-based estimates are repre-
sented with circles) for the soil profile (brown), NB-12 (black), and NB-86 (red).
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excess air, and from terrigenic sources. The amount of excess air was estimated using the closed equilibrium
model (CE) [Aeschbach-Hertig et al., 1999]. Terrigenic 3He was computed using 4He in excess of solubility
and an assumed 3He/4He ratio of 2 3 1028 for the terrigenic helium (Rterrigenic). Noble gas and tritium
data are shown in Table 4.

Most of the samples have noble gas concentrations that are near atmospheric solubility at a temperature of
about 98C. As a result, the amount of excess air is relatively small. The sample from Well-2DP has noble gas
concentrations below atmospheric solubility apparently as a result of a minor amount of gas stripping in
the subsurface. Only the sample from Well-1FP has significant amounts of terrigenic He. The uncertainty in
the apparent 3H/3He age was computed using a Monte Carlo approach that randomly varied the amounts
of Ne, 4He, R/Ra, Rterrigenic, and the atmospheric pressure within 1 standard deviation of the uncertainty of

Figure 9. Diagram showing groundwater ages.
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each of these parameters. The uncertainty in apparent age is large for most of the samples because the
small amount of tritium in precipitation gives rise to only small amounts of tritiogenic 3He, especially when
the waters are first isolated from the atmosphere (i.e., when the waters are young, the fraction of the total
3He that is from tritium decay is small). Furthermore, the 3H/3He ‘‘clock’’ does not record the transit time in
the unsaturated zone and this is likely to include the region above the seasonal low water table that is satu-
rated after wet periods.

Groundwater was youngest (2.8 6 2.3 years) in Well-8HS, which is located approximately 10 m (horizontal
distance) from the stream and integrates fractures occurring in the bedrock between 2.5 and 5.7 m below
the ground surface. The groundwaters in Well-1DP and Well-2DP were approximately 2 years older than the
shallow bedrock water in Well-8HS (5.0 61.8 and 5.8 years, respectively; the uncertainty calculation was not
possible for Well-2DP). Lower in the catchment, the bedrock groundwater below the alluvial floodplain was
greater than 55 years old (Well-11FP; an exact age was not possible given its extremely low, prebomb era
3H concentration). Age determination for Well-16SF, the surficial aquifer immediately overlying the Well-
11FP unit, was not possible but the sample appeared to be a mixture of modern and old water based on
the 3H concentration (intermediate to the old groundwater below it and the younger, shallow bedrock
groundwater in Well-8HS) and because the ratio of 3H/3He in the sample was the same as the 3H/3He ratio
of the atmosphere. The interpretation of mixed water in the surficial aquifer is supported by hydrometric
measurements that showed an upward, vertical hydraulic gradient for the underlying bedrock groundwater
(see depiction in Figure 9).

5. Discussion

5.1. Subsurface Storage Characterization: The Bottom-Up Approach
We used a multipronged approach to investigate the subsurface storage controls on stream water MTT and
MTT scaling in the permeable sandstone catchments studied by Hale and McDonnell [2016]. By combining
direct interrogation of the subsurface through borehole characterization and groundwater monitoring with
tracer-based dating techniques, we identified discrete storage zones that influence stream water MTT.
Although a continuous system, our bottom-up approach noted five zones with distinct storage controls:

1. Soil Zone. Defined as the pore space in the soil and subsoil available to hold water. This soil water reten-
tion can be short as evidenced by our lysimeter-based MTT estimates for soil water on the order of 60–
130 days.

2. Shallow Bedrock Zone. Includes the saprolite and highly, fractured upper layer bedrock. Based on our
borehole data, the thickness of this storage zone likely ranges from a couple of meters to over 10 m.

3. Deep Bedrock Zone. Consists of storage available in rock matrix and fractures in bedrock below the
shallow bedrock zone. The lower boundary of this storage zone is unknown.

4. Surficial Alluvial Zone. Comprised of the soil and alluvial and colluvial sediments lying above the bed-
rock in the alluvial plain. The soil texture in the alluvial plain grades from a loam at the surface to a silty

Table 4. Noble Gas Tritium and Apparent Age for Well Samples

Sample

4He
(ccSTP/g)3

1028

Ne
(ccSTP/g) 3

1027

Ar
(ccSTP/g) 3

1024

Kr
(ccSTP/g) 3

1028

Xe
(ccSTP/g) 3

1028 R/Raa

3H
(TU)

App. Age
(year)

Age Uncert.
(year)

Well-1DPb 4.57 1.97 3.79 9.11 1.32 1.009 1.70 4.3 3
Well-8HSb 4.5 1.95 3.80 9.27 1.36 1.002 1.25 0 2
Well-2DPb 3.67 1.57 3.07 7.72 1.11 1.009 2.24 NAc NAc

Well-11FPd 14.0 2.47 4.51 1.04 1.53 2.236 0.45 >55
Well-16SFe 4.79 2.21 4.21 9.13 1.37 0.986 1.44 0 3

aR is the 3He/4He ratio of the sample while Ra is the 3He/4He ratio of the air standard (1.384 3 1026).
bSampled on 20 August 2010.
cAn apparent age was not computed because gas stripping has removed gas.
dOriginally sampled on 20 August 2010, but gas sample was compromised and resampling was required (collected on 19 April 2011).

The 3H value measured on 20 August 2010 was 0.29 TU.
eSampled on 19 April 2011.
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clay at depth, inducing at least partial saturation of the profile for most of the year and creating an aqui-
tard between the surficial alluvial zone and the last identifiable storage zone.

5. Suballuvial Zone. Storage held in the weathered and fractured bedrock lying immediately below the
surficial alluvial zone; the depth of this zone is unknown, but it is at least 5 m thick based on our borehole
data.

Storage volume in the soil zone is small relative to estimates of total catchment storage. Maximum soil stor-
age during our measurement period was 235 mm, compared to total catchment storage estimates on the
order of 10,000 mm. This ratio of soil water storage to total catchment storage is very different to the more
traditional poorly permeable headwater research catchment, where soil water storage is the largest of all
the storages in the system (see Sayama and McDonnell [2009] for review). Our maximum soil storage esti-
mate is based on a single wet-season and is therefore best taken as an approximate maximum storage. Not-
withstanding the implicit uncertainty in these soil storage calculations, both are extremely small relative to
total catchment storage. The threshold behavior between soil storage and stream discharge indicates that,
in most cases, storage deficits in the soil profile must be satisfied before runoff is generated (a common
finding in headwater systems [Western et al., 2002]). Water storage within the soil is highly transient relative
to the groundwater storage zones, with MTTs estimated between 60 and 130 days. Water flow direction in
the same soil type at the nearby Mettman Ridge site was exclusively vertical under all wetness conditions
[Torres et al., 1998]. We therefore view the soil profile as a temporary storage zone that regulates vertical
recharge to the shallow bedrock zone immediately below.

Groundwater dynamics in the shallow bedrock zone varied among our three wells, indicating heterogeneity in
the storage properties of this zone. Such heterogeneity is expected in highly fractured rock aquifers [Freeze and
Cherry, 1979]. Two of the hillslope wells (HS series) did not respond immediately to precipitation during the
wetting-up period, but after a presumable storage deficit was replenished, the groundwater increased rapidly
to a new base water level and became responsive to further precipitation inputs (Figure 4). This delayed,
threshold-like response was also observed in shallow bedrock groundwater at the Mettman Ridge hillslope
[Anderson et al., 1997b; Montgomery et al., 2002] and fits the Sidle et al. [2001] hydrogeomorphic conceptual
model whereby different geomorphic units become hydrologically active with increasing antecedent wetness.
Well-8HS behaved differently than the other two hillslope wells, closely matching the dynamics of streamflow
independent of antecedent conditions. In combination with the observed groundwater dynamics, extended
pumping of Well-8HS, at rates of up to 2 L min21 during the late-summer (i.e., driest antecedent conditions),
provided convincing evidence that this borehole intersects perennially water-bearing fractures that are tightly
connected to the stream. The groundwater in this well was younger than the MTT of the stream water approxi-
mately 100 m downstream at NB-12 (3 years versus 5 years), indicating that other (and older) storage compo-
nents contribute to streamflow at the small, 12 ha catchment scale.

Groundwater dynamics in our two deep bedrock wells displayed different characteristic behavior, similar to the
heterogeneity observed in the shallow bedrock wells. Water levels in both deep wells increased over the course
of the wet-season (Figure 4). However, the responsive nature of Well-1DP suggests that the water-bearing frac-
tures mapped at 30–35 m depth in this borehole are indeed hydrologically relevant on the time scale of indi-
vidual storm events. While the responses are likely expressions of pressure wave propagation through a
hydraulically primed fracture network [Rasmussen, 2001], the time scale of the response indicates an intimate
connection between the surface and deeper storage zones under wet antecedent conditions. The groundwater
dynamics in Well-2DP are much more subdued, following a gradual increase over the course of the wet season
with no response to individual precipitation events (indicating the behavior of bedrock groundwater in the
absence of hydrologically active fractures). Despite the dissimilarities in water level dynamics on short time
scales, the age of the groundwater in these two wells is similar; 5 and 6 years for Well-1DP and Well-2DP,
respectively. The groundwater elevation in Well-2DP is, on average, 10 m higher than the water surface eleva-
tion in Well-1DP 150 m away. With a depth differential of only 10 m at 150 m distance and similar ages, we
expect that we are measuring the same groundwater storage component. It is also likely that stored water in
the deep bedrock zone contributes to streamflow, as inferred from the mixing with the younger, shallow bed-
rock water necessary to achieve the stream water MTT measured at NB-12.

Groundwater in the suballuvial zone is the first to exhibit a response to precipitation inputs early in the
wetting-up phase, reacting even before the stream begins to respond to precipitation. We believe this
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storage zone is semiconfined as a result of the silty clay aquitard located at the base of the soil profile in the
alluvial plain. The piezometric surface confirms some level of confinement in this unit as it is always above
the elevation of the free water surface in the surficial alluvial zone (not shown), and becomes artesian dur-
ing larger storm events. The 3H concentration, as well as evidence from dissolved silica analysis and specific
conductivity measurements made at the time of 3H sampling, confirm that this is a distinctly different pool
of water than that present in the surficial alluvial zone above it. The 3H concentration was 0.45 tritium units
(TU) in the suballuvial zone compared to 1.46 TU in the surficial zone; the silica concentration was 10.2 mg
L21 and specific conductivity was 264 lS cm21 in the suballuvial groundwater (Well-11FP) compared to
4.46 mg L21 and 34 lS cm21 in the surficial alluvial groundwater (Well-16SF). This distinction was not evi-
dent based on the d2H and d18O values of the two water pools (see similar values in Table 1). At greater
than 55 year old, the water in the suballuvial zone is considerably older than any of the other storage zones
we identified. This finding links directly to the issue of truncation of stable isotope-based MTT reported by
Stewart et al. [2010] and Frisbee et al. [2013]. If multiple tracers were not employed, we would not have
been able to discriminate this zone from the surficial alluvial zone above. Of course, we acknowledge that it
is possible that we are missing water yet another order of magnitude older as observed by Frisbee et al.
[2013] in spring water of the San Juan Mountains of southern Colorado, USA (funding for radiocarbon dat-
ing was outside of the budget of our project). The use of additional tracers capable of interrogating old
(hundreds to thousands of years) groundwater, such as those described in IAEA [2013], may have further
improved our ability to discretize and characterize the age distributions of these waters.

Groundwater dynamics for the surficial alluvial zone are not available for the measurement period shown in
Figure 4 as a result of instrument failures. However, monitoring from previous years shows that the water table
dynamics closely follow the stream (not shown). Groundwater age dating was inconclusive but the ratio of the
sample 3H concentration to the 3H concentration of the atmosphere showed strong evidence of mixing of old
suballuvial and more modern hillslope water. The surficial alluvial zone therefore acts as a mixing tank, combin-
ing water from two distinctly different storage reservoirs prior to discharging it to the stream. Similar mixing of
old and young water has been reported in forested lowland catchments in Costa Rica [Solomon et al., 2010],
glacially formed catchments in the Scottish Highlands [Birkel et al., 2014; Soulsby et al., 2015; Tetzlaff et al., 2014]
and in a montane, subtropical catchment in Australia [Duvert et al., 2016].

5.2. Subsurface Storage Ages and MTT Scaling
Our results suggest that the bedrock permeability (and more specifically, the permeability structure with
depth) in the sedimentary catchments of the Oregon Coast Range creates a groundwater flow system
where streamflow in the smaller catchments is fed primarily by local groundwater flow from the shallow
and deep bedrock zones (Figure 10a). As catchment scale increases, contributions from the surficial alluvial
and suballuvial zones become important. The suballuvial zone is conceptualized as a landscape-scale stor-
age reservoir that is recharged through the deep fracture network (Figure 10b). The surficial alluvial zone
integrates young and local shallow bedrock groundwater moving laterally through the adjacent hillslopes
with the older, deep, local-scale groundwater upwelling from below the valley-bottom. The proportions of
young hillslope groundwater and old valley-bottom groundwater combining in this critical mixing zone set
the MTT of the groundwater discharging to the stream (Figure 10c). Base flow MTT is then set by the mixing
of stream water already in the channel with local groundwater inflow.

The MTT scaling observed in our permeable bedrock catchments, whereby stream water MTT increases
with catchment area, appears largely controlled by increased contributions of long flow path, suballuvial
groundwater to the surficial alluvial mixing zone in the downstream direction. This general conceptualiza-
tion of deeper and older water sources increasing in a downstream direction is consistent with the findings
of Frisbee et al. [2011] in a 1600 km2 alpine catchment in southern Colorado. Additionally, Personious [1995]
showed that stream channel incision into the bedrock proceeds in a downstream direction in Oregon Coast
Range streams (Drift Creek was included in his study). As the channel cuts closer and/or into the underlying
suballuvial zone, contributions from this zone would be expected to increase based on such a geomorpho-
logical rationale; leading to concomitant increases in stream water MTTs with increasing catchment area.

The multicomponent storage system we find in the permeable sedimentary bedrock at our Oregon Coast
Range catchments contrasts with the much simpler storage system in the volcanic HJA catchments as
described in Hale and McDonnell [2016]. The low-permeability volcanic bedrock restricts storage to the soil

Water Resources Research 10.1002/2015WR017660

HALE ET AL. BEDROCK PERMEABILITY AND MTT SCALING RELATIONSHIPS: PART 2 1391



profile on the HJA hillslopes. Recent bore-
hole investigations by Gabrielli and McDon-
nell [2011] indicate some potential for
storage in shallow fractures in the volcanic
bedrock of the HJA. However, there is little
vertical connectivity below this thin, frac-
tured zone and effectively impermeable
rock below, so this storage zone likely has
less of an effect on setting stream water
transit times and more influence on control-
ling the precipitation threshold for stream
response as observed by Graham and
McDonnell [2010]. Indeed, detailed, bottom-
up investigations at the HJA [Harr, 1977;
McGuire and McDonnell, 2010] show the
strong permeability contrast between the
soil and bedrock results in precipitation-
induced development of a thin, transient
zone of saturation at the soil-bedrock inter-
face which moves laterally downslope as
gravity-driven flow. These gravity-driven
and topographic-driven runoff processes
relate directly to the relatively short MTTs
and MTT relationships with flow path length
and gradient observed at the HJA catch-
ments [McGuire et al., 2005]. Although surfi-
cial alluvial zones exist in catchments at the
HJA that have valley-bottom morphology
[Swanson and James, 1975], the MTTs pre-
sented in McGuire et al. [2005] suggest that
storage within the surficial alluvial zone
does not significantly affect catchment
transit time distributions. This is shown
clearly by the similarity in stream water
MTTs at WS10 (1.2 years), which has no
riparian storage, and WS03 (1.3 years),
where Wondzell [2006] documented storage
within the alluvial and colluvial sediments
that fill the valley bottom. The sharp perme-
ability contrast at the soil-bedrock interface
created by the high-conductivity soil overly-
ing low-conductivity hydrothermally altered
volcanic rock at the HJA results in a system
where storage is relegated to the soil profile
and runoff processes and stream water
MTTs are driven by topography.

The contrasts in landscape-scale anisotropy
may in fact be the simplest way to differen-
tiate our findings in these two broad classes
of catchments: low landscape anisotropy in
the permeable Oregon Coast range, where
no mechanism exists, such as the sharp per-
meability contrast at the soil-bedrock inter-
face at HJA, to induce lateral subsurface

Figure 10. Conceptual diagrams of subsurface flow paths (a) in zero-order
to first-order catchments without alluvial plain morphology, (b) in second-
order and greater catchments, and (c) as viewed longitudinally with
approximation of subsurface transit time ranges and consequential stream
base flow mean transit times.

Water Resources Research 10.1002/2015WR017660

HALE ET AL. BEDROCK PERMEABILITY AND MTT SCALING RELATIONSHIPS: PART 2 1392



flow [Bonell and Bruijnzeel, 2004], to high landscape-scale anisotropy at HJA whereby such a mechanism is
present and controls runoff generation throughout the wet season. This finding is directly linked to Asano
and Uchida’s [2012] finding that MTT magnitude was related to the depth of the hydrologically active zone
for a smaller range of catchment scales and in a different rock type (granite). Further, we show the conse-
quences of the process dynamics developed at hillslopes scales at the nearby Mettman Ridge sites (includ-
ing Montgomery et al. [1997], Anderson et al. [1997b], Torres et al. [1998], Montgomery et al. [2002], and
Montgomery and Dietrich [2002]) across catchment scales extending to 100 km2.

While time-invariant MTT estimates were used here to discern multiple catchment storage components, the
resulting conceptualization paired with observed nonlinear hillslope, groundwater response (Well-9HS), and
soil moisture-stream discharge relationships suggests that the true MTT is likely highly dynamic (i.e., time
variable). This hypothesis is supported by the findings of both Heidb€uchel et al. [2013] and Soulsby et al.
[2015] whereby catchment wetness controlled the number and magnitude of active storage components
with commensurate implications for stream MTT. Modeling by Birkel et al. [2014] indicated that MTTs in a
Scottish Highland catchment displayed the greatest degree of time-dependent variation during extreme
wet and dry conditions as a result of a large riparian storage reservoir acting to filter variability under aver-
age conditions. Given the number of storage components identified at our sites and that the surficial allu-
vial zone that mediates mixing is not disproportionally large relative to the other storage components, we
hypothesize that MTT likely varies more continuously throughout the course of the annual wetting and dry-
ing cycles as the various stores fill and release. As MTTs are known to be sensitive to mixing processes
[Fenicia et al., 2010; Botter, 2012; van der Velde et al., 2014], the ability to infer the primary mixing zone and
contributing stores through our combined hydrometric-tracer approach is particularly important to devel-
oping the process-based link between catchment storage and MTT scaling relationships for our catchments.

5.3. Dynamic Versus Total Storage Volumes
Total storage at NB-12 and NB-86 was an order of magnitude larger than the water balance-derived
dynamic storage estimations (soil and catchments). Neither total nor dynamic storage showed a depend-
ence on catchment scale. Many factors contribute to uncertainty in our storage estimates, such as hydro-
metric measurement errors, soil depth and porosity heterogeneity, and MTT uncertainty. Even accounting
for considerable uncertainty in our estimations (we conservatively estimated uncertainty as 650% of the
calculated dynamic catchment storage estimate), total catchment storage is still significantly larger than
dynamic catchment storage (1032104 versus 102, respectively) at both NB-12 and NB-86 (Figure 8). While
this difference seems extreme, Birkel et al. [2011a] also observed order of magnitude differences in dynamic
and total storage at two catchments in the Scottish Highlands. They attributed the relatively small dynamic
storage to a combination of thin hillslope soils overlying impermeable bedrock and highly responsive
valley-bottom soils that overlie poorly permeable glacial till. The relatively larger total storage is a result of
the overall volume of saturated soil present in the wide, glacially carved valley. At our Oregon Coast Range
catchments, the dynamic soil storage (approximately 120 mm) in combination with the amount of precipi-
tation necessary to activate shallow bedrock groundwater in two of our shallow bedrock wells (60 and
220 mm) is in close agreement with the catchment-scale dynamic storage estimates (485 and 500 mm for
NB-12 and NB-86). Since dynamic storage is relatively small and can essentially be accounted for by storage
in the shallow subsurface, the considerable total storage volume is likely achieved by a continually full
deeper fracture system.

Sayama et al. [2011] linked the dynamic storage volume of various-sized catchments in coastal northern
California to the mean catchment slope angle, suggesting that steeper catchments were capable of storing
greater volumes of water in the hydrologically active bedrock. At our site, NB-12 is significantly steeper than
NB-86 (median slope of 51 versus 34%, respectively); however, the dynamic storage estimates are relatively
similar (within 15 mm). Although our sample size is small, our results do not support the Sayama et al.
[2011] hypothesis. The lower slope angles in NB-86 are linked to a past history of large deep-seated land-
slides that have not occurred in NB-12. It is possible that, during the course of the landslide, any loss of stor-
age associated with the size of the overall control volume (based on high slope angles) was offset by an
increase in the volume of void space created during fracturing and crumbling of bedrock during the slide.
Given the importance of subsurface storage outlined in this study, the role of deep-seated landslides in con-
trolling catchment storage is an interesting, and open question in the hydrology of our system.
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6. Conclusions

In this paper, we showed the importance of bedrock permeability in controlling stream water MTTs and
MTT scaling relationships. We found that the permeable sedimentary bedrock in our Oregon Coast Range
catchments led to the development of distinct zones of storage. Our hydrometric, MTT, and groundwater
dating analyses showed that stream water MTTs were controlled by a mixture of water contributions from
the individual zones within the permeable bedrock. We provide strong evidence that the relative contribu-
tions from each storage component change with catchment area and lead to the observed MTT scaling
behavior. Without our bottom-up, process-based approach—employing multiple tracers and dating
methods—this mechanistic understanding of how MTTs are controlled and scaled based on catchment
storage characteristics would not have been possible. Our work suggests that the permeability distribution
in the subsurface represent perhaps the most basic control on how water is stored within the subsurface
and therefore is perhaps one of the best direct predictors of stream water MTT (i.e., more than previously
derived morphometric-based predictors).

Efforts are underway within the hydrological research community to derive a catchment classification sys-
tem [McDonnell and Woods, 2004; Wagener et al., 2007; McDonnell, 2013]. As inclusion of catchment function
(collection, storage and discharge) into any classification scheme is important, our work is relevant to these
efforts in several ways. First and foremost, functional representation requires thorough understanding of
the underlying geology and, more specifically, how the bedrock lithology and structure create widely vary-
ing flow paths and storage zones within the subsurface. Furthermore, our work suggests that indices of
catchment form and rainfall-runoff response are incomplete descriptors of catchment function as they do
not fully account for catchment storage. Our overarching message is that catchment function is more than
skin-deep and efforts to classify or group catchments should begin to include such metrics as shown to be
important for the ranges of MTT and scaling relations in this work and in Hale and McDonnell [2016].
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