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Introduction

SUMMARY

The factors that govern recharge to fractured rock aquifers with overlying soil are poorly understood. The
objective of this study is to determine if recharge to a fractured crystalline aquifer in a humid climate is
governed by heterogeneous fracture networks and/or overlying soil characteristics. A 10 km? study area
is instrumented with a network of 15 bedrock wells completed to observe conditions in the shallow bed-
rock aquifer. Hydrogeological characterization, detailed observation of the 2007 snowmelt freshet and
numerical simulations are used. Snowmelt is a valuable natural tracer because it has a distinct thermal
and isotopic signature and is applied simultaneously and evenly to the entire ground surface. Results
indicate that soil thickness and bedrock transmissivity are both highly heterogeneous at the site scale
but that much of the study area is underlain by silty sand with a thickness of >1 m. Cold, 5*H depleted
snowmelt locally recharged the bedrock aquifer to depths of at least 20 m within two days. Since
recharge is typically quantified and discussed as an annual flux, the snowmelt event is extremely rapid.
However, hydraulic, isotopic, and thermal data also indicate that most wells did not rapidly recharge.
Numerical simulations indicate that soil thickness and hydraulic conductivity are critical parameters that
controls whether the underlying bedrock aquifer rapidly recharges. The vertical fracture aperture,
number of vertical fractures, the amount of snowmelt, water-table gradient, depth to water table and
pressure-saturation relations are all less significant controls on the rate and amount of rapid recharge.
Both field results and numerical simulations indicate that the rapid recharge process is localized to areas
where the soil is very thin, such as the fringes of outcrops. Outcrops are exposed in <0.1% of the study
area indicating that the process of rapid recharge is also extremely localized. This poorly documented
hydrogeologic phenomenon has broad implications for groundwater management and protection, as well
as our understanding of recharge processes in fractured rock aquifers.

© 2009 Elsevier B.V. All rights reserved.

features, overlying soil characteristics, soil-bedrock hydraulic con-
ductivity contrasts, hydraulic gradients and the depth of the water

Recharge is a critical parameter for understanding, modeling
and protecting groundwater systems from overexploitation and
contamination (Lerner et al., 1990; Lerner, 1997; Scanlon et al.,
2002). Recharge rates and patterns in fractured rock have been pre-
viously examined using groundwater ages, stable isotopes, numer-
ical simulations and water-table responses (Cook et al., 1996,
2005; Lee et al., 1999; Abbott et al., 2000; Zanini et al., 2000; Cook
and Robinson, 2002; Bockgard et al., 2004; Surrette, 2006;
Praamsma et al., 2009a). Recharge studies in fractured rock are
often complicated by preferential fracture flow paths, unknown
vertical connections, matrix diffusion, uncertain specific yield
and unpredictable hydraulic responses (Aeschbach-Hertig et al.,
1998; Gburek and Folmar, 1999; Cook and Robinson, 2002;
Scanlon et al., 2002). Local-scale recharge to fractured rock aquifers
is affected by fracture aperture and connectivity, topographic
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table (Harte and Winter, 1996; Bockgard and Niemi, 2004) but the
relative importance of these factors in different fractured rock set-
tings is poorly understood.

Water tables rising rapidly and significantly during and after
precipitation events have been observed at scattered fractured
rock sites (Gburek and Folmar, 1999; Rodhe and Bockgard, 2006;
Heppner et al., 2007; Milloy, 2007; Praamsma et al.,, 2009a).
Multiple-meter water-table rises within hours of rain events have
been documented in fractured sedimentary rocks overlain by 0.5-
1.5 m of silty loam at a small research site in Pennsylvania (Gburek
and Folmar, 1999; Risser et al., 2005; Heppner et al., 2007). Large
water-table rises can reflect actual recharge (mass transfer across
the water table) in an aquifer with low specific yield or be primar-
ily a hydraulic response, possibly magnified by air entrapment
during rapid recharge (Gburek and Folmar, 1999; Weeks, 2002).
Without a precipitation tracer it is difficult to determine if a
water-table rise is entirely attributable to actual recharge or is
primarily a hydraulic response with little actual recharge. At a
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crystalline rock site in Sweden overlain by thicker soils (10 m of
till), the bedrock water table responds to precipitation but the rise
is less then a meter (Rodhe and Bockgard, 2006). Rodhe and Bock-
gard (2006) interpret the water-table rise as primarily a hydraulic
response to a weight increase in saturated soil during precipitation
with a minor amount of actual recharge to the bedrock aquifer.
Therefore previous studies suggest soil thickness may affect the re-
charge mechanism and rate in fractured rock aquifers. The hetero-
geneity of recharge patterns could not be evaluated at either of
these sites due to the homogeneity of soil thickness, the limited
study area and the small number of wells (Gburek and Folmar,
1999; Rodhe and Bockgard, 2006).

The objective of this study is to determine if recharge to a frac-
tured crystalline aquifer at a local scale is controlled by heteroge-
neous fracture networks and/or overlying soil characteristics.
Specifically, the role of soil thickness in controlling recharge pro-
cesses is examined at a well characterized site with variable soil
thickness. Additionally, natural tracers are observed to test
whether rapid and significant water-table rises are due to actual
recharge. Hydrogeologic and geophysical field work was used to
characterize the bedrock aquifer and overlying soils. Detailed
water table, groundwater temperature, groundwater 6?H and
meteorological data were collected during the 2007 snowmelt fre-
shet. This well constrained recharge event was then numerically
simulated to determine the hydrogeologic factors that govern the
recharge processes in this setting.

Site description

This study focuses on the central part of the Tay River wa-
tershed in rural Eastern Ontario, Canada (Fig. 1). Elevations range
from 150 to 190 m above sea level. The humid climate is character-
ized by an average annual precipitation of 0.95 m which is distrib-
uted relatively uniformly through out the year (30 years of data
from Environment Canada Station 6104027 in Kemptville, ON aug-
mented with 3 years of an onsite weather station). Typically 20% of
the annual precipitation falls as snow. The 2007 snowmelt is de-
scribed in see “Field methods”.

In this topographically subdued catchment, a veneer of soil
overlies two fractured rock aquifers: the Precambrian crystalline
rock and the Paleozoic Nepean sandstone (Easton, 1992; Kettles,
1992). The Precambrian crystalline rocks are part of the Grenville
Province of the Canadian Shield, and are a fracture-controlled aqui-
fer with low permeability, storativity and primary porosity. Near
the surface the most significant fractures in crystalline rocks are
typically sub-horizontal sheeting fractures (Holzhausen, 1989;
Sukhija et al., 2006). The geometric mean transmissivity from a re-
gional-scale compilation of water well data (n=7875) is
4.8 x 107> m?/s (Singer et al., 2003). The overlying Nepean Sand-
stone occurs as an isolated sedimentary outlier at higher elevations
in the study area, and is more permeable with a geometric mean
transmissivity (n =7418) of 2.3 x 1074 m?/s (Singer et al., 2003).
Groundwater is primarily derived from shallow residential wells
drilled into bedrock (Golder Associates Ltd., 2003). This study
examines data from both the crystalline and sandstone aquifers.
The veneer or blanket of soil is a sandy or silty diamicton (Kettles,
1992). Bedrock transmissivity and soil composition, hydraulic con-
ductivity and thickness are examined in more detailed during this
study.

Previous hydrogeological studies focused on a hay field adjacent
to the Tay River (Milloy, 2007; Novakowski et al., 2007a; Levison
and Novakowski, 2009; Praamsma et al., 2009a). The soil is drained
(artificial interflow) by title drains that were installed in the hay
field before previous hydrogeologic studies. A network of 11 bed-
rock monitoring wells with multi-level completions were con-
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Fig. 1. (A) Location of Tay River watershed in Eastern Ontario at the contact
between metamorphosed Precambrian rocks (light grey) and overlying Paleozoic
sedimentary rocks (dark grey). (B) Study area showing topography in meters above
sea level and the location of monitoring wells (white circles with crosses) and
infiltrometer experiments (black squares). (C) Hay field well cluster (TW1-8) and
infiltrometer experiments (1-5). The location of cross-sections in Fig. 2 also
highlighted.

structed (TW1-11 in Fig. 1). A rain-gauge and climate stations
were also installed. These studies indicated that discharge to the
Tay River may be insignificant, that recharge can be localized and
that the annual recharge rate may be very low. Predicting the loca-
tion and quantifying the fluxes of recharge features remained elu-
sive. In this study, we expand the well network to encompass
~10 km? in the central part of the watershed (Fig. 1B).

Field methods

In 2006, four additional 0.152 m diameter bedrock wells were
drilled in the study area (TW12, 13, 15 and 16 on Fig. 1) resulting
in an expanded network of 15 wells, completed for a total of 38
piezometers. Each bedrock well is completed with two 0.051 m
diameter PVC piezometers separated by >3 m of bentonite and an
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open, uncased section, herein referred to as the shallow piezome-
ter. The top of the shallow piezometers were grouted and cased
to 0.5 m above ground surface and open 0.5-1 m below the soil-
bedrock interface, resulting in a network capable of monitoring
conditions immediately below the soil-bedrock interface (Table
1). The bottom of the deep piezometers range from 31-56 m below
ground surface. Shallow, mid and deep piezometers for each well
are referred to as S, M and D respectively (e.g. TW12S, TW12M
and TW12D). Drilling chips sampled from discrete depths were
used to identify rock type and were tested for the presence of car-
bonate using dilute hydrochloric acid. All wells were characterized
using a down hole camera and via hydraulic testing with 1.77 m
test intervals isolated by straddle packers. Slug tests were com-
pleted in each interval using 5 L of water and analyzed using the
Hvorslev (1951) method. The approximate range of transmissivi-
ties which can be tested using this apparatus is 1 x 107> m?/s-
1 x 1078 m?/s. Each piezometer was developed until groundwater
was not turbid by pumping for 1-2 h. Note that TW8 and TW14
are not included in this paper because they were drilled for other
studies (Cooke, 2007; Gleeson and Novakowski, 2009). Addition-
ally, TW2 and TW1S could not be sampled during this study be-
cause TW2 is not permeable enough to quickly produce aquifer
water during cold, winter sampling conditions and TW1S was
dry at the time of the snowmelt event.

Soil characteristics were mapped by air-photo interpretation,
well drilling, seismic refraction, hand augering, hand driving a steel
rod and infiltrometer experiments. Soil thickness and composition
was mapped over the entire 10 km? study area. First, the location
and spatial extent of bedrock outcrop in the study area were ana-
lyzed on 1:15,000 scale air photos. Second, a steel rod was driven
to refusal at the soil-bedrock interface using a posthole driver
along 60 m long transects (Gleeson, 2009). The steel rod was useful
for detailed mapping of the soil-bedrock interface up to depths of
1.4 m but at greater depths removing the steel rod by hand was
impossible. Along the same transects soil samples were collected
and described from discrete 0.1 m depth intervals using a hand
auger. At two locations outside the hay field (Fig. 1B), bulk saturated
hydraulic conductivity was estimated from double-ring infiltometer
experiments (Sharmaetal., 1980; Bouwer, 1986; Reynolds, 1993; Lai
and Ren, 2007). The infiltrometer installation attempted to minimize
the disturbance of the soil and root structure. Bulk saturated hydrau-
lic conductivity was calculated assuming steady-state infiltration
conditions were established after 60 min of infiltration, following
Sharma et al. (1980). For each infiltration experiment, a hydraulic
conductivity value using data from both the inner and outer ring
are calculated and compared.

Table 1
Well depth and depth of soil from drilling records.

Well Well depth below ground surface (m) Depth of soil (m)
TW1S 1.8-3.6 0
TW2 1.8-31.5 0
TW3S 2.1-84 0
TW3D 19.2-31 0
TW4S 2.1-3.9 <2
TW5S 4.8-13.7 43
TW6S 4.8-16.7 4
TW7S 1.2-12.8 0
TW9S 2.4-6.7 2
TW10S 2.7-15.4 2.1
TW11S 4.8-13.9 4.1
TW12S 5.1-8.0 5.6
TW13S 4.3-6.3 0.7
TW15S 4.5-7.5 52
TW16S 45-7.8 24

In the hay field, seismic refraction confirmed the soil thickness
and additional infiltrometer experiments estimated the soil
hydraulic conductivity. The depth of soil was identified using seis-
mic refraction with a Geometrics ES-2401 apparatus and the SIP-
win interpretation program. Geophones were spaced 2-3 m apart
in nine 50-75 m arrays traversing the hay field. Nine pulses of seis-
mic energy were emitted from a buffalo gun for each array, result-
ing in overlapping data and robust interpretations. Arrays were
terminated near wells with a known depth of bedrock. Five infiltra-
tion experiments (Fig. 1C) were used to estimate the bulk vertical
saturated hydraulic conductivity within the hay field. Previous
studies in porous media aquifers indicate that storage characteris-
tics and antecedent saturation affect recharge processes (French
and Binley, 2004; Cey et al., 2006). The field methods and subse-
quent modeling in this study focus on constraining the hydraulic
conductivity of the soil and bedrock. Storage characteristics and
antecedent saturation are the focus of ongoing and future research.
The water table is consistently found within the low storage frac-
tured bedrock suggesting soil antecedent saturation may not be a
critical factor.

Previous studies in the hay field indicated that recharge events
are often characterized by large rises in hydraulic head and that the
snowmelt can result in measurable groundwater isotopic excur-
sions (Milloy, 2007; Novakowski et al., 2007a; Praamsma et al.,
2009a). Therefore a field experiment was designed to observe the
groundwater isotopic value, hydraulic head and temperature in
the network of shallow piezometers completed just below the
soil-bedrock interface during the 2007 snowmelt freshet. During
the winter of 2007 the mean daily temperature was below 0 °C
consistently for 2.5 months and then warmed to 5-10 °C which
caused the snow to melt rapidly over a ~24 h period during March
13, 2007. During the snowmelt, no other associated precipitation
occurred and no significant overland ponding or flow was ob-
served. Snow depth was measured on March 3, 2007 at each mon-
itoring wells in the hayfield and along transects between
monitoring wells.

Dedicated pressure and temperature data loggers were installed
in five shallow piezometers (TW3S, TW4S, TWG6S, TW9S, TW12S)
and a deeper piezometer (TW3D). Data was logged on 15 min
intervals. Pressure data was corrected for barometric fluctuations
using the results from the onsite meteorological station and veri-
fied with weekly manual water level measurements. The pressure
transducers and temperature loggers used are considered accurate
to 0.005 m and 0.1 °C, respectively.

Groundwater and snow samples were collected monthly dur-
ing the winter of 2007 and more frequently during and after
the March 13, 2007 snowmelt freshet event. Groundwater sam-
ples were collected from the shallow piezometers (n=12) using
dedicated hand or submersible pumps after purging 1-3 well vol-
umes and stored in high-density polyethylene bottles. Snow sam-
ples were collected from different locations and different snow
layers to examine isotopic heterogeneity in the snow pack. The
2H stable isotopic analyses were completed at the Queen’s Facility
for Isotope Research using a Finnigan MAT 252 mass spectrome-
ter. Isotope values are expressed in & units (%o, parts per mil) rel-
ative to Vienna Standard Mean Ocean Water (VSMOW) with an
analytical error of + 1%o.

Field results
Bedrock transmissivity and soil characteristics
Most of the wells are drilled and completed in Precambrian

crystalline rock (Fig. 1). The remainder of the wells (TW12 and
TW16) are drilled and completed in the Paleozoic Nepean sand-
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stone and Precambrian crystalline rock. Bedrock transmissivity,
calculated at ~2 m scale, for the four new bedrock wells (TW12,
13, 15 and 16) are compiled in Fig. 2 with the ten previous wells
in the hay field and surrounding area. Transmissivity is highly het-
erogeneous ranging from 1 x 1073 m?/s to 1 x 10~8 m?/[s, which is
approximately the entire range of transmissivity values observable
with the slug test apparatus. The transmissivity variation is inter-
preted to result from high transmissivity discrete fractures or frac-
ture zones that are embedded in a low transmissivity matrix. Fig. 3
illustrates the mean logarithmic transmissivity at ~5m scale
which was calculated by averaging the logarithmic transmissivity
values measured in each 5 m depth interval for all wells (n =25-
40 for each 5 m depth interval). The standard deviation is consis-
tent with depth but the mean logarithmic transmissivity is greater
at shallow depths (<10 m) than a deeper depths, suggesting the
shallow depths are characterized by larger aperture fractures or
higher fracture densities.

The depth of soil in the vast majority of the study area is greater
than 0.5 m thick and much of the area is underlain by soils thicker
than 1.0 m (Fig. 4A; Table 1). Bedrock outcrops and areas with very
thin soil are highly localized (<1% aerially). Scattered outcrops and
thin soils around the hay field well cluster enable examination of
the role of soil thickness in recharge processes but they are not rep-
resentative of the majority of the study area. Most of the soils are
silty sands with minor gravel that are interpreted as glacial tills
(Kettles, 1992). The gravel cobbles are normally locally derived
Napean sandstone or Precambrian lithologies. In low-lying areas
clay loam is common which is interpreted as glaciolacustrine
deposits (Kettles, 1992). The hydraulic conductivity results from
the infiltrometer experiments were consistent with a soil composi-
tion of silty sand at the infiltrometer locations (Fig. 4; Freeze and
Cherry, 1979). The two infiltrometer experiments outside the hay
field in the study area resulted in a range of vertical hydraulic
conductivities of 5.4 x 107°-5.8 x 10 m/s (stations 6 and 7
in Table 2).

The depth of soil in the hay field is highly heterogeneous
(Fig. 4B). Small bedrock outcrops are scattered throughout the field
but up to 4.3 m of soil was encountered during well drilling (Table
1). The depth of soil between wells was easily identified using seis-
mic refraction because the seismic velocity of the soil and bedrock
were 300-500 m/s and >2000 m/s, respectively. The interpreted
soil-bedrock interface was verified where arrays intersected other
arrays, where arrays terminated near wells with a known depth of
soil, and by hand-driving steel rods. The interpreted soil-bedrock
interface was accurate to <0.5 m in all cases. The soil composition
in the hay field is consistently silty sand. Five infiltrometer exper-
iments in the hay field resulted in a range of vertical hydraulic con-
ductivities of 4.8 x 1077-3.6 x 10~® m/s (Stations 1-5 in Table 2).
The geometric mean of all the infiltometer experiments is
2.1 x10°%m/s and 2.4 x 10-®m/s for the inner and outer ring,
respectively. This range of bulk hydraulic conductivity is consistent
with a soil composition of silty sand at the infiltrometer locations
(Fig. 4; Freeze and Cherry, 1979).

Snowmelt freshet

Snowmelt is a valuable tracer because it has a distinct thermal
and isotopic signature that is naturally applied simultaneously and
evenly to the entire ground surface. The snow pack was ~0.1 m
thick before the snowmelt, which equates to 0.01-0.05 m of snow
water equivalent (Lehr et al., 2005). Snow sampled from different
layers and different locations in the hay field on March 3, 2007
had 6°H isotopic values of —116%. to —130%. VSMOW. The isotopic
value of snow samples from the top, middle and bottom of the
snow pack indicated that isotopic layering was insignificant. Snow-
melt isotopic values must be inferred from the snow isotopic val-

ues because snowmelt samples were not collected directly from
snow lysimeters. The isotopic fractionation between snow and
snowmelt is variable but depends on the time of contact between
snow and water and the isotopic layering in the snow pack (Clark
and Fritz, 1997; Rodhe, 1998). Theoretically the difference between
the isotopic values of the snow and snowmelt decreases with
increasing melt intensity because the time of contact between
snow and water decrease (Rodhe, 1998). Since the snowmelt was
intense the snowmelt isotopic value, like the snow 6?H value,
should be significantly lower than the groundwater. The ground-
water isotopic value, temperature, and depth to water were stable
for three months before the snowmelt at approximately —70%o to
—80%o0 5*°H VSMOW, 7 °C, and 4-5 m below ground surface, respec-
tively (Fig. 5). Gleeson (2009) tabulates groundwater isotopic data
for the winter 2006-2007.

During and after the snowmelt, the hydraulic head increased
and the groundwater temperature decreased rapidly in a minority
of the shallow piezometers (TW3S, TW4S, TW7S on Fig. 5). For
example, the hydraulic head in TW3S increased by 2.7 m and the
groundwater temperature decreased by 2.7 °C over a ~36 h period.
The first isotopic samples after the snowmelt were collected on
March 15, 2007 and the same piezometers that had rapid and sig-
nificant hydraulic and thermal excursions also had marked isotopic
excursions (Table 3). For example, the 5°H isotopic value decreased
by 20-30%. in TW3S, TW4S and TW?7S. This significant response
indicates that cold, 5°H depleted snowmelt rapidly recharged the
groundwater system, causing rapid rises in hydraulic head. The
similar response in TW3S and TW3D, both thermally and hydrau-
lically, suggests these two wells are vertically connected by a frac-
ture network that extends continuously to a depth of at least 20 m.
Thermal, isotopic and hydraulic head data also indicate the shallow
groundwater system quite rapidly returned to ambient conditions
after the snowmelt pulse (Fig. 5). Isotopically the groundwater sys-
tem recovered in 3-4 weeks. Thermally and hydraulically, the
piezometers rapidly recovered back to a new thermal or hydraulic
normal in less than one week.

However, the majority of the wells responded with a hydraulic
head rise of less than 0.75 m, no thermal excursion, and an unde-
tectable or minor change (4-7%. 6*H) in isotopic value (Fig. 5
and Table 3). This muted response suggests these piezometers
may be affected by snowmelt recharge but with different mecha-
nisms than the other piezometers.

The piezometers that are interpreted as rapidly recharging, all
have little or no overlying soil and higher transmissivity zones at
the soil-bedrock interface (Figs. 2 and 3). The piezometers with a
muted response to the snowmelt event all have >2 m overlying soil
and/or are characterized as having lower transmissivity zones.
Even within the group of wells that are interpreted as rapidly
recharging, TWA4S responded slightly differently from TW3S and
TW7S. TWA4S did not have a marked thermal excursion, the isotopic
excursion was delayed, and had a lesser hydraulic head increase.
TWA4S has a higher transmissivity zone at the soil-bedrock inter-
face. However, TW4S was drilled through limited thickness
(<2 m) of soil unlike TW3S and TW7S. Therefore, the depth of over-
lying soil and whether there are hydraulically significant fractures
at the soil-bedrock interface are considered two important con-
trols of the rapid recharge process during the 2007 snowmelt.

Simulating the snowmelt recharge event
Conceptual approach
The objective of the simulations is to better constrain the pro-

cesses controlling rapid and localized recharge. The model domain
represents a cross-section of the hay field (Fig. 6A). Although we
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Fig. 2. Vertically-exaggerated cross-sections through the hay field showing overburden depth, bedrock geology, and logarithmic transmissivity from high-resolution slug
testing. Water levels measured before (full line) and after (dashed line) the 2007 freshet event are interpolated between wells. Cross-sections and wells are located on Fig. 1.
All data shown to a depth of 30 m regardless of total well depth. Data compiled from Milloy (2007), Praamsma et al. (2009a), Levison and Novakowski (2009) and this paper.
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compare simulation results to field results, we are not attempting
to perfectly match the freshet response due to the potential for
non-uniqueness in the multi-parameter ensemble. A base case
with field-based parameters (see “Field results”) is developed to
simulate the rapid hydraulic and isotopic response observed (e.g.
TW3S) and then a one-at-a-time sensitivity analysis is completed
(Daniel, 1973; Saltelli et al., 2000). In the base case, snowmelt is
conceptualized as recharging the fractured rock with no overlying
soil (Fig. 6B). In the sensitivity analysis, importance of input
parameters and the depth and hydraulic conductivity of overlying
soil is examined. Gleeson (2009) outlines additional details of the
conceptual model, parameterization, numerical implementation
and results. Throughout the design and simulation, the number
of variables is parsimoniously minimized to enable better under-
standing of the physical processes (Hill, 2006; Hill and Tiedeman,
2007).

In crystalline bedrock, groundwater flow and transport is con-
sidered to be fracture controlled because matrix hydraulic conduc-
tivity (Fig. 2) and porosity is very low (Hsieh and Shapiro, 1996;
Karasaki et al., 2000). Groundwater gradient, pumping test results
and the hydraulic response to the freshet all suggest that large
aperture fractures or fracture zones are not persistent across the
hay field. Horizontal groundwater flow is controlled by the persis-
tence, connectivity and aperture distribution of sub-horizontal
fractures or fracture zones which likely extend tens of meters
(Fig. 6; Praamsma et al., 2009a). Vertical groundwater flow is con-
trolled by the spacing and aperture of the sub-vertical fractures or
fracture zones as well as the thickness and hydraulic conductivity
of the soil.
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Fig. 4. (A) Soil thickness and type in the study area from air-photo analysis, driving
a steel bar and hand augering. Note that the soil is silty sand with minor gravel
unless marked by the hatch. (B) Soil thickness underlying the hay field interpreted
from a synthesis of seismic refraction, well drilling and steel rod driving. Bedrock
outcrops shown in dark grey and the contour interval on both maps is 0.5 m.
Location of (C) seismic arrays and (D) traverses of hand-driven steel rod are also
shown along with infiltrometer locations with black squares.

Table 2
Bulk hydraulic conductivity of soil from double-ring infiltrometer experiments.
Station K (m/s)

Inner ring Outer ring
1 2.7E-06 2.8E-06
2 1.2E-06 1.4E-06
B 1.1E-06 4.8E-07
4 7.1E-07 2.5E-06
5 2.1E-06 3.6E-06
6 5.8E-06 5.8E-06
7 5.4E-06 5.4E-06
Geometric mean 2.1E-06 2.4E-06

Additional complications to our conceptual model are that: (1)
fracture networks are three-dimensional, (2) snowmelt recharge
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Table 3
Groundwater 6%H values before and after the 2007 snowmelt freshet.
10°5*H TW3S TW4S TW5S TW6S TW7S TW9S TW10S TW11S TW12S TW13S TW15S TW16S
7/2/07 ~72 —67 - —70 -70 -71 —72 -76 -71 -75 -78 -78
15/3/07 -103 -93 -78 -73 -92 -71 -76 —69 -75 -79 -82 -83
27/3/07 -90 —-104 —74 -73 -86 -71 —73 —74 -73 -76 -79 -79
4/4/07 -77 —111 -73 -73 -79 -73 —74 ~72 —74 -76 -80 -81
20/4/07 -83 -92 -72 —69 -78 —72 -73 -70 —72 = -79 -80
2/8/07 ~72 = -73 —73 77 ~72 —72 -70 ~72 -75 —78 -79
(A) [Hydraulically|  [Hydraufically Piezometer with Piezometer with the influence of three-dimensional fracture networks, topographic
insignificant significant large response small response . .
fracture fracture to snowmelt to snowmelt undulations, macropore development and frozen soil on recharge
processes.
Bt Numerical methods and parameter values
~10 m The fracture network in the base case is simplified to a single
i St | horizontal fracture and single vertical fracture that are both as-
sumed to be parallel plates (Fig. 6). The horizontal fracture is as-

(B) 0.025 m of snowmelt (-120 %o *H VSMOW)

K=10" m/s N
C, 250 m
N ] —d}—dh/dx=0.001  i10m
h
T |5m H 125 m 2
N =
\/2-5 m 50 m rd
100 m

Fig. 6. (A) Conceptual model of localized snowmelt recharge with the water table
before (t;) and after (t;) snowmelt shown schematically. Fractures can be
hydraulically insignificant if they have a small fracture aperture, lack connectivity
or are sealed. (B) Numerical implementation of the base case fracture network,
observation location and boundary conditions: snowmelt, two constant head
boundaries (h;>h,) and a constant concentration boundary (c;=80% &°H
VSMOW). The groundwater gradient (dh/dx) is also illustrated. Both cross-sections
are vertically-exaggerated.

can be localized by topographic undulations and/or macropores
and (3) snowmelt recharge can be limited by frozen soil conditions
(Lerner et al., 1990; Hayashi et al., 2003; French and Binley, 2004;
Cey et al., 2006; Novakowski et al., 2007b). A cross-sectional do-
main rather than a three-dimensional domain is used due to com-
putational burden and the lack of well-resolved fracture networks.
Topographic undulations are not included in the model, which is a
simplification consistent with the lack of observed large-scale
overland flow during the freshet event. Similarly, soil macropores
are not included because soil fracturing was not observed in pits
in the hay field (Levison and Novakowski, 2007) and the double-
ring infiltrometer estimates the bulk in situ vertical hydraulic con-
ductivity which includes any potential macropores. Frozen soil
conditions are not included because the water table is meters be-
low the shallow soil-bedrock interface. Frozen soils are effectively
impermeable (Hayashi et al., 2003) so simulations with low soil
hydraulic conductivity are comparable. Additionally, evapotranspi-
ration and density contrasts were not included. Evapotranspiration
is considered minimal immediately following snowmelt (Rodhe,
1998). The density difference between the cold snowmelt and
groundwater is assumed to be insignificant because the tempera-
ture difference is less than 8 °C. Future simulations could include

signed a relatively small aperture (125 pum) to simulate the
limited horizontal connectivity (Gleeson, 2009). A single vertical
fracture is assigned the mean effective single fracture aperture
(250 um) for shallow depths (Fig. 3). Other fractures may be pres-
ent in the system but are assumed to be not hydraulically signifi-
cant to rapid recharge due to fracture sealing, limited fracture
aperture or thick soil.

High-resolution numerical simulations were completed using
HydroGeoSphere, a finite-element, fully-integrated subsurface and
surface flow model derived from the original subsurface model of
Therrien and Sudicky (1996). HydroGeoSphere was used because
it is a robust simulator of variably-saturated conditions and surface
water - groundwater interactions in both porous and discretely-
fractured media (Cey et al., 2006; Li et al., 2008). A modified form
of the Richards’ equation described transient subsurface flow in
variably-saturated media and areal surface flow was represented
in the diffusion-wave approximation of the Saint Venant equation
(Therrien et al., 2006). The model uses a common node approach to
couple surface and subsurface domains where a continuity of head
is assumed between the two domains. Details concerning the the-
ory and numerical solution techniques used in HydroGeoSphere are
given in Therrien et al. (2006).

Fig. 6B illustrates the boundary conditions, physical dimensions
and fracture locations for the base case. Table 4 compiles initial
conditions as well as flow and transport parameters. The length
of the domain was chosen to minimize the effects of the boundary
conditions in the part of the domain of interest (i.e. 10 m around
vertical fracture). The grid was highly refined near fractures
(~1 x 1073 m nodal spacing) and graded away from fractures to
a maximum of 0.5 m nodal spacing, resulting in a domain of
approximately 155,000 nodes. As surface water nodes were cou-
pled to fracture nodes through a common porous media node,
the coupled nodes were assigned a porous media hydraulic con-
ductivity (~1 x 107> m/s) equal to the vertical fracture transmis-
sivity. The isotopic composition and mixing of event water and
pre-event water was simulated following Cey et al. (2006). The
snowmelt was applied to the top of the domain over a 24 h period
starting after day 1, which is approximately equivalent to March
13, 2007.

Thirty-day transient simulations were executed with time-steps
controlled by the Newton-Raphson iteration scheme for variably-
saturated flow (Therrien et al., 2006). The solution is considered
insensitive to discretization and time step control because the
hydraulic head and isotopic value were consistent £0.005 m
and 0.1%., respectively, for solutions where the nodal density
was doubled and time steps were refined by a factor of ten. All
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Table 4
Simulation input parameters.
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Parameter Base case value Range simulated
Initial water-table depth 5m 2.5-7.5m
Initial groundwater §2H value 80%0 VSMOW =
Snow water equivalent depth 0.025 m 0.0125-0.0375 m
Horizontal gradient 0.001 0.005-0.015
Fractures
Vertical fracture aperture 250 pm 25-375 pm
Number of vertical fractures 1 1-3
Horizontal fracture aperture 125 um 62.5-187.5 um
Brooks-Corey 4 2.5 1.25-3.75
Bedrock matrix
Hydraulic conductivity 1x10"%m/s =
Storativity 1x10°° -
Porosity 1% -
Overburden
Thickness 0m 0-3m
Hydraulic conductivity n/a 2x1075-5 x 108 m/s
Brooks-Corey 2.5 -
Fluids
Density 1000 kg/m? =
Viscosity 1.12 x 10> Ns/m? -
Air-water interfacial 0.0718 N/m -

tension

Solute transport
Free solution diffusion coefficient 1.73 x 1074 m?/d -

Longitudinal dispersivity 0.05 m -

Transverse dispersivity 0.005 m =

Overland flow

Manning roughness 35x10°m s 7x10°%1.8x10°%m s
coefficient

Rill storage height 0.002 m 0.001-0.004 m

hydraulic and tracer results for the simulations are examined at a
point in the horizontal fracture 5 m from the vertical fracture,
which represents a piezometer completed in a horizontal fracture
near a vertical fracture (Fig. 6B). In all simulations, the hydraulic
and isotopic response, as well as the volume of recharged water,
was monitored.

A sensitivity analysis was completed by multiplying the input
parameters of interest by 0.5 and 1.5 (Table 4). Additional simula-
tions with low vertical fracture aperture (25, 50 and 67 pum) were
completed. The importance of overlying soils were evaluated by
first simulating 0.1 m thick soils of variable hydraulic conductivity
(2 x 1075-5 x 108 m/s) and secondly simulating soils of variable
thickness (0.1-1m) and variable hydraulic conductivity
(1 x 107> m/s-5 x 1077 m/s). The simulated range of the Brooks-
Corey pore size distribution index (1) is consistent with the range
derived theoretically and from laboratory experiments in single
fractures of variable aperture (Brooks and Corey, 1964; Reitsma
and Kueper, 1994).

Simulation results

The base case simulation (Fig. 7) is a reasonably good fit of field
observations at TW3S (Fig. 5) suggesting it a reasonable approxi-
mation of the physical system which leads to the rapid recharge.
During the simulation, only 2% of the applied snowmelt recharges
the bedrock system; the remainder runs off through the critical
depth boundary. The significant simulated run off is different from
the lack of observed overland flow. In the hay field outcrops are
smaller (<5 m in length) and more isolated than the base case sim-
ulation (100 m length of exposed bedrock). Therefore in the hay
field, the snowmelt runoff likely enters nearby soils and is drained
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Fig. 7. Comparing field data and representative simulation results for: (A) 6°H
values and (B) water elevation. The time interval of the ten day simulation results
shown in Figs. 8 and 9 are also indicated.

from the area by the ‘tile drains’. An important implication of the
small simulated recharge volumes is that only a small volume of
snowmelt is necessary to result in the significant observed hydrau-
lic and isotopic responses.

Multiplying the vertical fracture aperture of the base case
(250 pum) by 0.5 and 1.5 does not affect the flow or transport solu-
tion significantly (Fig. 8A). The lower limit of vertical fracture aper-
ture that could lead to rapid recharge is between 25 pum and
50 um. A greater number of vertical fractures increased the head
rise but did not significantly change the rate of snowmelt recharge
(Fig. 8B). For the simulation with three vertical fractures, the actual
recharge flux to the bedrock aquifer increased moderately from 2%
to 3% of the applied snowmelt. The isotopic signature of this mod-
erate increase in recharge is not obvious because the groundwater
at the observation point is close to the snowmelt value following
the recharge. This underscores the importance of using multiple
data types (e.g. hydraulic and isotopic) to constrain recharge
events.

The head rise and snowmelt recharge is sensitive to the hori-
zontal fracture aperture (Fig. 8C) and the depth of snow water
equivalent (Fig. 8D). The simulated recharge process is dependent
on horizontal fracture aperture because the constant head bound-
ary conditions are more or less significant for larger or smaller hor-
izontal apertures, respectively. The length of the domain (100 m)
was chosen to minimize the effects of the boundary conditions.
For larger horizontal fractures, the domain size would have to be
increased so the central part of the domain would only be mini-
mally impacted by the boundary conditions. This underscores the
importance of lateral connectivity in sparsely fractured domains.

The rapid recharge process is very sensitive to the hydraulic
conductivity and thickness of the soil which delays and attenuates
the snowmelt signal. Fig. 8E illustrates the sensitivity to soil
hydraulic conductivity with a very thin soil (0.1 m); sensitivity in-
creases with increasing thickness. Thicker soils (>0.4 m) result in
effectively no rapid recharge for the range of soil hydraulic conduc-
tivities simulated. Fig. 8F illustrates the sensitivity to soil thickness
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Fig. 8. Simulation results of the sensitivity to: (A) vertical fracture aperture, (B) number of vertical fractures, (C) horizontal fracture aperture, (D) depth of snow water
equivalent, (E) soil hydraulic conductivity and (F) soil thickness. Snowmelt was applied for 24 h during day 1 of the simulations. Compare to field results in Figs. 5 or 7.

with a soil hydraulic conductivity of 2 x 10~ m/s (Table 2); sensi-
tivity increases with deceasing hydraulic conductivity.

Changing the horizontal gradient does not affect the hydraulic
response or the initial isotopic response to snowmelt recharge
but the isotopic recovery following the snowmelt excursion is
more rapid with a higher horizontal gradient (Fig. 9A). Modifying
the depth of the water table does not change the rate or magnitude
of the isotopic or hydraulic response (Fig. 9B). Similarly, the isoto-
pic and hydraulic response was not sensitive to the Brooks-Corey /
value (Fig. 9C). The lack of sensitivity to both water-table depth
and / is likely because the subsurface reached near saturated con-
ditions rapidly and suggests this system is not governed by the var-
iably-saturated parameters. If vertical flow is initiated, the
snowmelt response is rapid and significant both isotopically and

hydraulically. The system is similarly not sensitive to the Manning
overland friction coefficient or rill height (not shown), which indi-
cates that the rapid response is controlled by subsurface parame-
ters rather than surface parameters.

Discussion

The hydraulic, isotopic, and thermal data indicate that cold, $*H
depleted snowmelt rapidly recharged a fractured crystalline aqui-
fer with thin soils (Fig. 10). The snowmelt recharge event began on
the first day with a mean daily temperature above 0°C in the
spring of 2007, locally causing a multiple-meter hydraulic head
rise. Within two days, a minority of monitoring wells had a multi-
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Slow and event was extremely rapid, occurring over hours. These observa-
widespread Area of potential rapid tions are consistent with the interpretation of rapid recharge at a
recharge and localised recharge research site in Pennsylvania based on hydraulic data (Gburek

~5m

~10m

Fig. 10. Cross-sectional conceptual model of rapid recharge localization. Fractures
that are both hydraulically significant (full line) and hydraulically insignificant
(dashed line).

ple-meter rise in water table, a ~25%. decrease in 5°H value and a
3.5 °C decrease in temperature (Fig. 5). Detailed temperature and
pressure data is not available for all wells due to the limited num-
ber of data loggers. Additionally temperature is not a conservative
tracer due to the bedrock thermal conductivity. Therefore the
interpretation of actual recharge flux focuses on the stable isotope
results but is also supported by the temperature and water-table
data. The wells with a multiple-meter rise in the water table recov-
ered hydraulically (to a higher water-table level) within one week
and the isotopic value returned to approximately pre-event values
within two weeks. The piezometers affected by rapid recharge
were primarily shallow but also occurred in deeper intervals (be-
low 20 m depth in TW3D). Instrumentation and sampling of other
deeper wells was not part of this study.

Recharge is often quantified and discussed as an annual flux
(e.g. Scanlon et al., 2002) although previous snowmelt recharge
studies in porous media settings document rapid recharge occur-
ring over days (Hayashi et al., 2003; French and Binley, 2004). Field
results and numerical simulations suggest the 2007 snowmelt

and Folmar, 1999; Risser et al., 2005; Heppner et al., 2007).

However, hydraulic, isotopic, and thermal data also indicate
that most wells do not rapidly recharge. During the freshet event
most wells maintained consistent groundwater §°H values and
temperatures indicating that cold, 5°H depleted snowmelt is not
rapidly recharging these wells (Fig. 5). However the barometri-
cally-corrected water table in these wells rose consistently by
0.6-0.75 m during the freshet event, suggesting that these wells
did respond hydraulically to the recharge event. Muted water-table
rises due to surface loading have been documented at a crystalline
rock site in Sweden overlain by 10 m of till (Rodhe and Bockgard,
2006). Rodhe and Bockgard (2006) interpret the water-table rise
as primarily a hydraulic response to a weight increase in saturated
soil during precipitation with a minor amount (2-3% of precipita-
tion) of actual recharge to the bedrock aquifer. The rate and
magnitude (less then a meter) of the water-table rise is identical
to the wells in which thicker soils were encountered in this study.
The synchronicity and consistency of the water-table rises across
the 10 km? study area suggests the wells in this study may simi-
larly respond to surface-loading of the sediments by the snowmelt.
Therefore the areas with wells that do not rapidly recharge are
likely being slowly and inexorably recharged implying that two
separate recharge processes, one slow and the other rapid, may
be occurring simultaneously in this study area.

Field and numerical modeling results are integrated to deter-
mine the variables that govern the spatial distribution of rapid re-
charge. There is no correlation between pre-event depth to water
table and the distribution of rapid recharge. The limited number
of wells that rapidly recharge all have thin or no overlying soil
and a higher than average bedrock transmissivity data immedi-
ately below the soil-bedrock interface (Table 1, Figs. 3 and 4).
For example, TW3 and TW?7 are located on outcrops with shallow
high transmissivity zones. TW4 which was drilled through thin
soils (<2 m) had a more muted or delayed isotopic, thermal and
hydraulic response to the freshet (Fig. 5) than the wells drilled
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directly into outcrops. All the wells that did not respond rapidly to
the freshet event are drilled through thicker soil (2-5.6 m).

The results of the numerical simulations support the field
observations that soil conditions govern the rapid recharge pro-
cess. The thickness and hydraulic conductivity of overlying soil
are critical parameters in governing the response. Using the geo-
metric mean of measured soil hydraulic conductivity
(2 x 1075 m/s) the bedrock aquifer only responds to the freshet
snowmelt with a soil thickness of <0.4 m (Fig. 8). Yet most of the
field is underlain by soils that are greater than 0.4 m (Fig. 4). Both
field results and numerical simulations indicate rapid recharge is
localized at the bedrock outcrops, or the outcrop fringes and other
areas with a thin soil veneer. Exposed outcrop occupies only 0.3%
and <0.1% of the area in the hay field and study area, respectively.
Therefore the pulses of rapid recharge are likely extremely local-
ized in this study area but may be more ubiquitous in other areas
with a discontinuous veneer of soil.

The presence of a steep to vertical fracture is also critical
(Fig. 6). But simulations suggest that the aperture of the vertical
fracture is less significant, since a vertical fracture aperture of
50 um allows significant snowmelt recharge (Fig. 8). The mean
transmissivity of the shallow (<5 m depth) bedrock is 107%° m?/s
or a single effective fracture aperture of 260 pum. Therefore the
shallow depths have total transmissivity (vertical plus horizontal)
many times larger than the vertical transmissivity necessary to
transmit rapid recharge, especially since bedrock groundwater
flow in this setting is governed by the cubic law (e.g. the flux
through a 260 pm fracture is 140 times larger than the flux
through a 50 pm fracture under a unit gradient). This suggests that
fractures with a sufficiently large fracture aperture to allow rapid
recharge are likely common in the shallow bedrock, underscoring
the importance of soil thickness in governing the spatial distribu-
tion of rapid recharge.

Although not explicitly simulated during this research, the
field results contribute to our understanding of the importance
of air entrapment in fractured rock recharge in humid settings.
The rapid and large water-table rises suggest that air entrapment
(i.e. the Lisse effect) is possibly occurring although it is unlikely
because the Lisse effect is only documented in very well-sorted
soils with a small range of intergrain throat openings (Weeks,
2002). Natural fractured rock displays a wide range of fracture
apertures in a single fracture (Konzuk and Kueper, 2004) which
results in fingering of the air-water wetting front. However, it is
difficult to determine if the water-table rise is entirely attribut-
able to actual recharge or is magnified by air entrapment pro-
cesses in previous studies due to the lack of precipitation
tracer. By integrating multiple tracers (temperature and 6?H)
we unequivocally observe that the rapid and significant water-
table rises are due to snowmelt recharge and not air entrapment.
Additionally, we successfully simulated this phenomena using
reasonable field parameters. The simulations indicate that a
small amount of snowmelt recharge can result in a large hydrau-
lic response, due to the low specific yield of fractured crystalline
rock (Gburek and Folmar, 1999).

Ongoing research in the Tay River watershed supports the inter-
pretation of rapid and localized recharge in this hydrogeomorphic
setting. Long-term water level monitoring reveals that rapid and
significant water-table fluctuations are locally common. Initial cal-
culations using the water-table fluctuation method (Healy and
Cook, 2002) suggest the recharge flux related to the significant
water-table fluctuations is minimal (Milloy, 2007; Novakowski
et al., 2007a) and consistent with the simulated recharge flux
(see “Simulation results”). Stable isotope data indicate seasonal, re-
charge-related isotopic excursions that are highly heterogeneous
both with depth and location (Praamsma et al., 2009a). Artificial
recharge tracer experiments reveal that water ponded at the sur-

face can rapidly travel into bedrock piezometers (Levison and
Novakowski, 2007; Praamsma et al., 2009b).

Conclusions and Implications
Salient conclusions from this study include:

(1) Rapid recharge is a direct, but localized and transient, con-
nection between the hydrosphere and the shallow geo-
sphere. Event-scale recharge to fractured rock aquifers is
localized due to subsurface hydrogeologic conditions, specif-
ically the distribution of overlying soils and vertical bedrock
fractures. This localization is different than topographically-
driven, snowmelt recharge localization documented in por-
ous media aquifers (Hayashi et al., 2003; French and Binley,
2004) and harder to characterize and predict because the
governing controls are below the surface.

(2) The two distinct hydraulic, thermal and isotopic responses
observed in wells suggest two different recharge mecha-
nisms are occurring simultaneously in the study area. One
is rapid and localized and the other is slow and widespread.
Assessing the recharge rate and contribution of each of these
mechanisms to groundwater budgets is an important ques-
tion for future research.

(3) Stable isotopes (e.g. 5%H) are robust indicators of actual

recharge mass flux during snowmelt because they are con-

servative and applied to the entire surface area evenly.

Water table and temperature are important supportive evi-

dence of recharge processes but can be difficult to interpret

due to the low specific yield and high thermal conductivity
of bedrock, respectively.

Integrating hydrogeological characterization, numerical

simulations and a detailed multi-tracer natural experiment

result in an enriched understanding recharge to fractured
rock aquifers.

=

The similarity of the results from this study area and others
(Heppner et al., 2007) suggest rapid recharge is a real physical
process that we expect to be common in humid fractured rock
settings with thin soil cover. This hydrogeomorphic setting is
common in Canada, the northeastern United States and northern
Europe. Therefore this study has broad implications for ground-
water management and protection, as well as our understanding
of recharge processes. Fundamentally, recharge rates in this set-
ting are highly heterogeneous, both spatially and temporally. But
as a first order approximation, soil thickness mapping could be
used to identify areas of potential rapid recharge if the bedrock
fractures are either ubiquitous or have an unknown and unpre-
dictable distribution.

Calculating recharge rates and protecting groundwater from
contamination is essential for groundwater management. Calculat-
ing recharge rates in this setting, where two very different recharge
rates and mechanisms are simultaneously occurring at the site
scale, may be difficult. For example, a single observation well in
the study area could significantly over- or under-estimate recharge
rates. Rapid recharge pathways also imply that any surface con-
taminants have little or no time to be remediated in the vadose
zone. Therefore point and non-point source pollution is an impor-
tant concern for groundwater protection in these settings (Levison
and Novakowski, 2009; Praamsma et al., 2009b). Recharge is typi-
cally quantified and simulated on the scale of years (Cook and Rob-
inson, 2002; Bockgard et al., 2004; Cook et al., 2005), but in humid
fractured rock settings with shallow soils, this type of conceptual
model may not be appropriate if rapid pulses of precipitation can
locally reach greater than 20 m depth within days.



508 T. Gleeson et al./Journal of Hydrology 376 (2009) 496-509

Acknowledgements

The research was funded by the Ontario Research and Develop-
ment Fund, Natural Science and Engineering Research Council of
Canada and the Ontario Ministry of the Environment. John Miller
is thanked for the excellent access to the hay field. M. Herod, J. Lev-
ison, and T. Praamsma are heartily thanked for completing the soil
characterization field work. Kerry Klassen and Rob McLaren,
respectively, made the isotope analysis and numerical modeling
possible and enjoyable. Anonymous journal reviewers greatly im-
proved this manuscript.

References

Abbott, M.D., Lini, A., Bierman, P.R., 2000. 5'®0, 6D and *H measurements constrain
groundwater recharge patterns in an upland fractured bedrock aquifer,
Vermont, USA. Journal of Hydrology 228 (1-2), 101-112.

Aeschbach-Hertig, W., Schlosser, P., Stute, M., Simpson, HJ., Ludin, A., Clark, J.F.,
1998. A 3H/’He study of ground water flow in a fractured bedrock aquifer.
Ground Water 36 (4), 661-670.

Bockgard, N., Niemi, A., 2004. Role of rock heterogeneity on lateral diversion of
water flow at the soil-rock interface. Vadose Zone Journal 3 (3), 786-795.
Bockgard, N., Rodhe, A., Olsson, K.A., 2004. Accuracy of CFC groundwater dating in a
crystalline bedrock aquifer: data from a site in southern Sweden. Hydrogeology

Journal 12 (2), 171-183. doi:10.1007/s10040-004-0319-3.

Bouwer, H.M., 1986. Intake rate: Cylindrical Infiltrometer, Methods of Soil Analysis,
Part 1. Physical and Mineralogical Methods. Soil Science Society of America,
Madison, WI, pp. 825-845.

Brooks, R.H., Corey, A.T., 1964. Hydraulic Properties of Porous Media, Hydrology
Paper 3. University of Colorado, Ft. Collins.

Cey, E., Rudolph, D., Therrien, R, 2006. Simulation of groundwater recharge
dynamics in partially saturated fractured soils incorporating spatially variable
fracture apertures. Water Resources Research 42. doi:10.1029/2005WR004589.

Clark, L., Fritz, P., 1997. Environmental Isotopes in Hydrogeology. Lewis Publishers,
Florida. 328 pp.

Cook, P.G., Robinson, N.I, 2002. Estimating groundwater recharge in fractured rock
from environmental *H and 36, Clare Valley, South Australia. Water Resources
Research 38 (1136). doi:10.1029/2001WR000772, 10.1029/2001WR000772.

Cook, P.G., Solomon, D.K., Sanford, W.E., Busenberg, E., Plummer, L.N., Poreda, RJ.,
1996. Inferring shallow groundwater flow in saprolite and fractured rock using
environmental tracers. Water Resources Research 32 (6), 1501-1510.

Cook, P.G., Love, AJ., Robinson, N.I., Simmons, C.T., 2005. Groundwater ages in
fractured rock aquifers. Journal of Hydrology 308 (1-4), 284-301.

Cooke, B.E., 2007. Investigation of the Effects of Biofouling on the Hydraulic
Properties of Wells in Fractured Bedrock Aquifers, Unpublished Master’s Thesis,
Queen’s University, Kingston, 146 pp.

Daniel, C., 1973. One-at-a-time plans. Journal of American Statistical Association 68,
353-360.

Easton, R.M., 1992. The Grenville province. In: Thurston, P.C., Williams, H.R.,
Sutcliffe, R.H., Stott, G.M. (Eds.), Geology of Ontario, Ontario Geological Survey,
Special Vol. 4(part 2). Toronto, pp. 713-904.

Freeze, R.A,, Cherry, J.A., 1979. Groundwater. Prentice-Hall Inc., Eaglewood Cliffs, NJ.
604 pp.

French, H., Binley, A., 2004. Snowmelt infiltration: monitoring temporal and spatial
variability using time-lapse electrical resistivity. Journal of Hydrology 297 (1-
4), 174-186. doi:10.1016/j.jhydrol.2004.04.005.

Gburek, W.J., Folmar, G.J., 1999. A ground water recharge field study: site
characterization and initial results. Hydrological processes 13, 2813-2831.
Gleeson, T., 2009. Groundwater Recharge, Flow and Discharge in a Large Crystalline

Watershed, Queen’s University, Kingston, 241 pp.

Gleeson, T., Novakowski, K.S., 2009. Identifying watershed-scale barriers to
groundwater flow: lineaments in the Canadian Shield. Geological Society of
America Bulletin 121 (3/4), 333-347.

Golder Associates Ltd., 2003. Renfrew County-Mississippi-Rideau Groundwater
Study, Ottawa.

Harte, P.T., Winter, T.C., 1996. Factors affecting recharge to crystalline rock in the
Mirror Lake area, Grafton County, New Hampshire. In: Morganwalp, D.W.,
Aronson, D.A. (Eds.), USGS Toxic Substances Hydrology Program - Proceedings
of the Technical Meeting, Colorado Springs, CO, September 20-24, 1993, Water
Resources Investigations Report 94-4015, pp. 141-150.

Hayashi, M., van der Kamp, G., Schmidt, R., 2003. Focused infiltration of snowmelt
water in partially frozen soil under small depressions. Journal of Hydrology 270
(3-4), 214-229. doi:10.1016/S0022-1694(02)00287-1. 0022-1694.

Healy, R., Cook, P, 2002. Using groundwater levels to estimate recharge.
Hydrogeology Journal 10 (1), 91-109.

Heppner, C., Nimmo, ]., Folmar, G., Gburek, W., Risser, D., 2007. Multiple-methods
investigation of recharge at a humid-region fractured rock site, Pennsylvania,
USA. Hydrogeology Journal 15 (5), 915-927. doi:10.1007/s10040-006-0149-6.

Hill, M.C., 2006. The practical use of simplicity in developing ground water models.
Ground Water 44 (6), 775-781.

Hill, M.C,, Tiedeman, C.R., 2007. Effective groundwater model calibration. Wiley.
455 pp.

Holzhausen, G.R., 1989. Origin of sheet structure, 1. Morphology and boundary
conditions. Engineering Geology 27 (1-4), 225-278.

Hsieh, P.A., Shapiro, A.M. (Eds.), 1996. Hydraulic characteristics of fractured bedrock
underlying the FSE well field at the Mirror Lake site, Grafton County, New
Hampshire. In: US Geological Survey Toxic Substances Hydrology Program -
Proceedings of the Technical Meeting, Colorado Springs, Colorado, September
20-24, 1993: US Geological Survey Water-Resources Investigations Report 94-
4015, v. 1, pp. 127-130.

Hvorslev, M.J.,, 1951. Time Lag and Soil Permeability in Ground-Water Observations.
US Army Corps of Engineers Waterways Experimental Station Bulletin, No. 36,
50 pp.

Karasaki, K., Freifeld, B., Cohen, A., Grossenbacher, K., Cook, P., Vasco, D., 2000. A
multidisciplinary fractured rock characterization study at Raymond field site,
Raymond, CA. Journal of Hydrology 236 (1-2), 17-34.

Kettles, .M., 1992. Glacial Geology and Glacial Sediment Geochemistry in the Clyde
Forks-Westport area of Ontario. Geological Survey of Canada Paper, 92-17.
Geological Survey of Canada, 34 pp.

Konzuk, ].S., Kueper, B.H., 2004. Evaluation of cubic law based models describing
single-phase flow through a rough-walled fracture. Water Resources Research
40, W02402. doi:10.1029/2003WR002356.

Lai, ], Ren, L, 2007. Assessing the size dependency of measured hydraulic
conductivity using double-ring infiltrometers and numerical simulation. Soil
Science Society of America Journal 71 (6), 1667-1675.

Lee, K.S., Wenner, D.B,, Lee, 1., 1999. Using H- and O-isotopic data for estimating the
relative contributions of rainy and dry season precipitation to groundwater:
example from Cheju Island, Korea. Journal of Hydrology 222, 65-74.

Lehr, J., Keeley, ]., Lehr, ]., 2005. Water Encyclopedia, vols. 1-5. John Wiley and Sons.

Lerner, D.N., 1997. Groundwater recharge. In: Saether, 0.M., de Caritat, P. (Eds.),
Geochemical Processes, Weathering and Groundwater Recharge in Catchments.
Balkema, Rotterdam, pp. 109-150.

Lerner, D.N., Issar, A.S., Simmers, [., 1990. Groundwater Recharge: a Guide to
Understanding and Estimating Natural Recharge. International Contributions to
Hydrogeology. Verlag Heinz Heise, Hanover. 345 pp.

Levison, J., Novakowski, K.S., 2007. A novel tracer experiment conducted from
ground surface water to a fractured rock aquifer. In: 2007 US EPA/NGWA
Fractured Rock Conference, Portland, Maine.

Levison, J., Novakowski, K.S., 2009. The impact of cattle pasturing on groundwater
quality in bedrock aquifers having minimal overburden. Hydrogeology Journal
17, 559-569.

Li, Q. Unger, AJ.A., Sudicky, E.A.,, Kassenaar, D., Wexler, EJ., Shikaze, S., 2008.
Simulating the multi-seasonal response of a large-scale watershed with a 3D
physically-based hydrologic model. Journal of Hydrology 357, 317-336.

Milloy, C.A., 2007. Measurement of Hydraulic Head for the Evaluation of
Groundwater Recharge to Discrete Fracture Zones in a Crystalline Bedrock
Aquifer, Unpublished M.Sc. Thesis, Queen’s University, Kingston, ON, 131

pp.

Novakowski, K.S., Milloy, C.A., Gleeson, T., Praamsma, T.W., Levison, ]., Hall, K.,
2007a. Groundwater Recharge in a Gneissic Terrain Having Minimal
Overburden, IAH Ottawa 2007.

Novakowski, K.S., Lapcevic, P.A., Sudicky, E.A., 2007b. Groundwater flow and solute
transport in fractured media. In: Delleur, J.W. (Ed.), Handbook of Groundwater
Engineering. CRC Press, Boca Ratan, FL, pp. 20-1-20-43.

Praamsma, T.W., Novakowski, K.S., Kyser, T.K., Hall, K., 2009a. Using stable isotope
and hydraulic head data to investigate groundwater recharge and discharge in a
fractured rock aquifer. Journal of Hydrology 366, 35-45.

Praamsma, T.W., Trimper, S., Novakowski, K.S., 2009b. Surface to fracture transport
of E. coli-sized microspheres and a conservative tracer in a fractured rock
aquifer, Perth, Ontario. In: First International Conference on Microbial Transport
and Survival in Porous Media, Niagara-on-the-Lake, ON.

Reitsma, S., Kueper, B.H., 1994. Laboratory measurement of capillary pressure—
saturation relationships in a rock fracture. Water Resources Research 30 (4),
865-878.

Reynolds, W.D., 1993. Saturated hydraulic conductivity: field measurement. In:
Carter, M.R. (Ed.), Soil Sampling and Methods of Analysis. Canadian Society of
Soil Science, pp. 599-613.

Risser, D.W., Gburek, W.J., Folmar, G.J., 2005. Comparison of Methods for Estimating
Ground-Water Recharge and Base Flow at a Small Watershed Underlain by
Fractured Bedrock in the Eastern United States, USGS Scientific Investigations
Report 2005-5038.

Rodhe, A., 1998. Snowmelt-dominated systems. In: Kendall, C., McDonnell, JJ.
(Eds.), Isotope Tracers in Catchment Hydrology. Elsevier, pp. 391-434.

Rodhe, A., Bockgard, N., 2006. Groundwater recharge in a hard rock aquifer: a
conceptual model including surface-loading effects. Journal of Hydrology 330,
389-401.

Saltelli, A., Chan, K., Scott, E.M. (Eds.), 2000. Sensitivity Analysis. Wiley, p. 465.

Scanlon, B., Healy, R, Cook, P., 2002. Choosing appropriate techniques for
quantifying groundwater recharge. Hydrogeology Journal 10 (1), 18-39.

Sharma, M.L.,, Gander, G.A., Hunt, C.G., 1980. Spatial variability of infiltration in a
watershed. Journal of Hydrology 45, 101-122.

Singer, S.N., Cheng, C.K., Scafe, M.G., 2003. Hydrogeology of Southern Ontario,
Ontario Ministry of the Environment.

Sukhija, B.S., Reddy, D.V. Nagabhushanam, P., Bhattacharya, S.K. Jani, RA.,
Devender, K., 2006. Characterisation of recharge processes and groundwater
flow mechanisms in weathered-fractured granites of Hyderabad (India) using
isotopes. Hydrogeology Journal 14 (5), 663-674. doi:10.1007/s10040-005-
0461-6.


http://dx.doi.org/10.1007/s10040-004-0319-3
http://dx.doi.org/10.1029/2005WR004589
http://dx.doi.org/10.1029/2001WR000772,10.1029/2001WR000772
http://dx.doi.org/10.1016/j.jhydrol.2004.04.005
http://dx.doi.org/10.1016/S0022-1694(02)00287-1
http://dx.doi.org/10.1007/s10040-006-0149-6
http://dx.doi.org/10.1029/2003WR002356
http://dx.doi.org/10.1007/s10040-005-0461-6
http://dx.doi.org/10.1007/s10040-005-0461-6

T. Gleeson et al./Journal of Hydrology 376 (2009) 496-509 509

Surrette, M.]., 2006. Quantifying Heterogeneity in Variability Fractured Rock Using a
Hydrostructural Domain Approach, Gulf Islands, British Columbia. Unpublished
M.Sc. Thesis. Simon Fraser University.

Therrien, R., Sudicky, E.A., 1996. Three-dimensional analysis of variably-saturated
flow and solute transport in discretely-fractured porous media. Journal of
Contaminant Hydrology 23 (1-2), 1-44.

Therrien, R., McLaren, R.G., Sudicky, E.A., Panday, S.M., 2006. HydroGeoSphere: A
Three-Dimensional Numerical Model Describing Fully-Integrated Subsurface

and Surface Flow and Solute Transport. Unpublished User Manual.
Groundwater Simulations Group, Waterloo, ON, 349 pp.
Weeks, E.P., 2002. The Lisse effect revisited. Ground Water 40 (6), 652-656.
Zanini, L., Novakowski, K.S., Lapcevic, P.A., Bickerton, G.S., Voralek, J., Talbot, C.,
2000. Ground water flow in a fractured carbonate aquifer inferred from
combined hydrogeological and geochemical measurements. Ground Water 38
(3), 350-360.



	Extremely rapid and localized recharge to a fractured rock aquifer
	Introduction
	Site description
	Field methods
	Field results
	Bedrock transmissivity and soil characteristics
	Snowmelt freshet

	Simulating the snowmelt recharge event
	Conceptual approach
	Numerical methods and parameter values
	Simulation results

	Discussion
	Conclusions and Implications
	Acknowledgements
	References


