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Abstract 

Ancient river channels or subglacial drainage networks infilled with younger sediments 
can include significant deposits of highly permeable sands and gravels. 
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Despite being hidden at surface, such systems are ubiquitous globally, can form highly 
productive groundwater reservoirs and have significant influence  on regional 
hydrogeology, contaminant transport and local water resources. Consequently, the 
hydraulic characteristics  of  such  buried-valley  or  “paleovalley” aquifers have been 
the subject of increasing study.  In this study,      the hydrogeology of the Sunset 
Paleovalley in Northeast  British  Columbia  (NEBC, Canada) was conceptualized 
using data from  newly  installed,  scientifically designed monitoring wells and 
available hydrogeological data for buried-valley aquifer systems in NEBC and the 
Western Canadian Sedimentary Basin. Using this conceptual model, a regional-scale, 
steady-state, groundwater- flow model was constructed to assess  recharge  
magnitude  and  mechanisms, fluxes and residence times to inform aquifer 
management. The calibrated average aerial recharge rate was 16 mm/year, within the 
range of recharge estimates previously reported for NEBC (0.5–78  mm/year).  The  
average  residence  times for buried valley sand/gravel and weathered bedrock 
aquifers were estimated at 3,200 and 2,900 years, respectively, and are indicative  of  
a  slowly  flushed system, consistent with the 1,300 mg/L average  total  dissolved  
solids  groundwater chemistry. The current groundwater extraction rates are a small 
fraction of the simulated groundwater discharge to the Kiskatinaw River. The findings 
can support management of groundwater resources in similar hydrogeological settings 
common to NEBC. 
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Introduction 
Buried valley or “paleovalley” aquifers are ancient river channels or sub-glacial 
drainage networks infilled with younger sediments commonly characterized by  
highly permeable (>1 m/day) sands and gravels confined by  low permeability   
(<0.01 m/day) aquitards (Cummings et al. 2012; Gates et al. 2014; van der Kamp   
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and Maathuis 2012; Kehew and Boettger 1986; Ritzi et  al. 2000). The architecture  
of paleovalley sedimentary systems is known to  be  incredibly complex (Cummings 
et al. 2012; Korus et al. 2017; Morgan et al. 2019; Pugin et al. 2014) and the    
location of sand/gravel aquifers within the overburden packages is often 
unpredictable. Such buried-valley aquifers are found in  glaciated  terrains 
worldwide, and in particular throughout the Western Canadian Sedimentary Basin 
(WCSB). 
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For groundwater resource management it is  important  to  understand  and 
characterize recharge mechanisms, magnitude, and spatial distribution as part of the 
water balance (Nastev et al. 2005; Pétré et al. 2019). Recharge rates depend on  
climate (precipitation/ evapotranspiration rates), geological framework (confining 
thickness/conductivity), and topography (runoff/infiltration ratio) (Sanford 2002; 
Winter 2001). Recharge to paleovalley aquifers depends strongly on bulk 
permeability of the confining layer. In the WCSB, groundwater travel times in 
confining till have been shown to range from thousands to  tens  of  thousands  of 
years (Cravens and Ruedisili 1987; Keller et al. 1989). Based on environmental 
tracers, slug tests and laboratory tests, recharge rates  through  confining  till  in 
WCSB settings have been estimated at 0.5–3 mm/year (Hayashi et al. 1998; Shaw   
and Hendry 1998). These low-permeability deposits both limit recharge and protect 
groundwater from potentially detrimental surficial processes such as drought and 
contamination (Cummings et al. 2012). Based on environmental tracers such as 
tritium, the dominant pathway for recharge in paleovalley systems has previously  
been hypothesized to be “windows” of thin (or even absent) surficial confining 
material. Such geological windows result in shorter travel times (Andriashek et al. 
2003; Cummings et al. 2012; Gates et al. 2014; Nastev et al. 2005; Pétré et al. 
2019) and allow focused recharge to underlying weathered bedrock and buried- 
valley aquifers (Korus et al. 2017). 

 
The Peace Region in Northeast British Columbia (NEBC) is located on the western 
edge of the WCSB, bordering the Canadian Rocky Mountains (Fig. 1). Spurred by 
increasing reliance on groundwater in  the  energy  sector,  the  hydraulic 
characteristics of major aquifers of the Peace Region in Northeast BC have been the 
subject of increasing interest over the last decade (Baye et al. 2016; Chao et al. 
2020; Foundry Spatial 2011; Hickin and Best 2012; Morgan et al. 2019). Although 
groundwater is not the main source of drinking water for most large communities in 
the Peace Region, as most towns with populations greater than 500 draw from river 
water, understanding the groundwater resources is important for current and future 
domestic, industrial, agricultural and environmental use (Baye et al. 2016;   
Bredehoeft 2002). However, buried-valley aquifers can be significant sources of 
groundwater where they are thick and laterally continuous (Hickin et al. 2008). For 
example, a buried-valley aquifer located in the Peace River paleovalley near   
Hudson’s Hope, BC, was shown to yield 31.5 L/s (600 gpm) during a 72 h constant 
rate pumping test (Gardiner et al. 2020). However, recharge regimes for paleovalley 
aquifer systems are difficult to quantify and many knowledge gaps persist. 

Fig. 1 
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Regional map showing the study area location, with a digital elevation model (DEM)     of 
NEBC and major watershed boundaries. DEM is in units of masl (meters above sea level) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The hydrogeology of buried valley systems around the world has been studied using 
numerical models (Seifert et al. 2008; Seyoum and Eckstein 2014; Shaver and Pusc 
1992); however, few numerical analyses have sought to characterize paleovalleys in 
the Peace Region. In one of the few, Morgan et al. (2019) simulated regional 
groundwater flow in a system of  paleovalleys in  NEBC, located in  the  Halfway 
River region, focusing on the continuity of buried-valley aquifers, and their 
importance on regional groundwater flow. This study found that buried-valley  
aquifers do not play a significant role for regional (i.e. ~60 km scale) groundwater 
flow; however, this was not surprising as the permeable channels associated with 
these features were modeled as regionally discontinuous. Comparatively, Morgan’s 
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study covered several distinct paleovalleys, had a large unconfined aquifer 
component, and aquifers were conceptualized to have considerable connection to 
surface water. To date no modeling studies with a primary focus on groundwater 
recharge in buried-valley settings in NEBC have been undertaken. 

 
The objective of this study is to determine the spatial distribution of recharge rates, 
residence-times of aquifers, and the steady-state water balance of the Sunset 
Paleovalley, an archetypical groundwater system which is located in the southern 
Peace Region, west of Dawson Creek, BC (Fig. 1). The first step consisted in 
developing the hydrogeological framework and conceptual model of the system, 
focusing on the shallow (<200 m) and regional (~15 km) groundwater flow of the 
multilayered aquifer system. Next, a 3D, steady-state, saturated-flow model was 
formulated (MODFLOW 6 software developed by Hughes et al. 2017). A steady- 
state analysis was selected because only two long-term monitoring points were 
available within the model domain, the aquifer dynamics were expected to be slow, 
and because the longer-term flow dynamics and water balance of the near-surface 
aquifers were the principal focus. 

 
This modelling study complemented a larger regional characterization of shallow 
groundwater in the Peace Region described in Allen et al. (2021). In 2018–2019, 29 
monitoring-well stations were installed in various aquifer  types  throughout  the 
Peace Region as part of the Energy and Environment Research Initiative (EERI), a 
component of the Monitoring Well Installation Project of the University of British 
Columbia. These stations provided high-quality lithological  and  hydrogeological 
data on Quaternary and bedrock material. Monitoring wells EERI-1 and EERI-11     
are located within this study’s model domain and provided key data to construct the 
conceptual hydrogeological model (Fig. 2). 

Fig. 2 

Surficial, bedrock, and water well data of the  study  area,  in  the  southern  Peace  Region 
in NEBC. The model area boundary is shown in pink, and the black dotted       line A–A′ 
represents a transect indicating the location of the conceptual model cross section shown 
later in the report. Spatial locations of no-flow and specified-head boundary conditions for 
the numerical model are displayed 
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AQ1 
 
 

Study area 

Physiography 
The Sunset paleovalley is one of the Peace Region’s smaller paleovalleys (Fig. 2) 
delineated by Hickin et al. (2008), with an elevation ranging from 660 to 900 m 
above sea level (masl). It is considered part of the Alberta Plateau of the Interior 
Plains physiographic region of BC (Holland 1964). 

 
The climate of the study area has mean annual temperatures below 0 °C, with daily 
average temperatures ranging between –17 and 22 °C. Average annual precipitation 
ranges from 350 to 500 mm, approximately 200 mm of which falls as snow 
(Environment and Climate Change Canada 2020). Peak freshet due to snowpack melting 
occurs in the spring, with most meltwater coming from mountainous 
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regions to the west of the study area. A generally rural region, the dominant land 
usages within the study area include agriculture, timber harvesting and energy 
development (Baye et al. 2016). 

 
The study area is located in the Sunset Creek subbasin of the Kiskatinaw River 
watershed, with the river forming the eastern drainage for surface water (Fig. 1). 
Originating in the foothills of the Rocky Mountains, the Kiskatinaw is a groundwater-
fed, drought-stressed river with a mean base-flow index ranging  between 58 and 75% 
(2007–2011; Saha et al. 2013). Groundwater contribution to     the Kiskatinaw River is 
highest during drought and snowfall events, and lowest  during wet seasons and 
freshet. The flow rate of  the  Kiskatinaw  River  varies greatly, averaging 10 m3/s and 
dropping to 0.052 m3/s during the winter months   (Saha et al. 2013). It is important to 
understand groundwater contribution to this   river, as it is the principal source of 
water to the communities of Dawson Creek and Pouce Coupe as well as to thousands 
of rural residents of the Peace Region. 
Dawson Creek water demand increases by 3.2%/year on average (Saha et al. 2013). 

 
Regional geology 
Located near the western limits of the WCSB, the shallow geology of the Sunset 
Creek Valley generally consists of glaciogenic  Quaternary  sediments  that  overlie 
the topmost, southwest-dipping, Upper Cretaceous sedimentary bedrock strata (Fig.  
2; Hickin and Fournier 2011a; Riddell 2012). The shallow bedrock formations are 
interpreted to be the result of successive marine transgressive-regressive cycles 
(Riddell 2012). There are two bedrock formations of interest mapped within the   
study area: the Dunvegan and Kaskapau formations (BC Ministry of Energy, Mines 
and Petroleum Resources and BC Geological Survey 2020). The Dunvegan  
Formation is an Upper Cretaceous nonmarine to marine deltaic sandstone/siltstone 
that is primarily mapped in low-elevation parts of the study area. This formation is  
the most important shallow reservoir for freshwater domestic groundwater in 
northeastern BC  (Riddell 2012). The overlying Kaskapau Formation shale/siltstone  
is more regionally extensive, but also hosts aquifer  potential  to  some  degree 
(Lowen Hydrogeology Consulting 2011;  Riddell 2012). The  uppermost bedrock 
strata are often observed as being weathered/fractured, which is likely the result of 
long-term mechanical weathering of bedrock surfaces caused by Pleistocene glacial 
erosion (Gao 2011; Imrie 1991). This secondary-fracture enhancement of the 
permeability has created observed hydraulic conductivities orders of magnitude 
greater than those observed in underlying competent bedrock counterparts (Riddell 
2012). 
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AQ2 
 

The extent, composition, lithology and genesis of major Quaternary paleovalley 
stratigraphy has been thoroughly studied in the Peace Region (Catto 1991; Hartman 
and Clague 2008; Hickin et al. 2008, 2016; Hickin and Best 2013; Lowen 
Hydrogeology Consulting 2011) where the paleovalleys were carved and filled by 
various glacially related processes such as preglacial rivers, and further incised by 
proglacial or subglacial channels (Cummings et al. 2012). Valley shape, specifically 
depth-to-width ratio, can vary greatly, with larger paleovalleys being broad and 
shallow, and smaller paleovalleys being narrow and deep (Andriashek et al. 2003; 
Pugin et al. 2014). Modern major river valleys sometimes mimic the shape of these 
paleovalleys such as  the Peace, Pine and Kiskatinaw paleovalleys. Others such as    
the Groundbirch and Sunset paleovalleys, are completely blanketed by till and 
glaciolacustrine deposits, leaving little surface expression. 

 
Major paleovalleys can contain multiple minor buried valley channels creating a 
complex architecture of erosional surfaces, crosscutting relations and nested buried- 
valley aquifers (Pugin et al. 2014). There are two main groupings of unconsolidated 
paleovalley aquifers, based on the stratigraphic position of the aquifer within the 
overburden package (Cummings et al. 2012). The first, and typically most 
transmissive and laterally continuous, is the buried-valley aquifer, which overlays 
directly or near the top of the bedrock surface. These buried-valley aquifers are 
typically located along the central deepest position of the paleovalley, where the 
thalweg of the ancient channel would have been located. The second type is less 
laterally continuous, called the inter-till aquifer. These were formed as glaciofluvial 
valleys eroded into proglacial spillways or tunnel-valley settings. Inter-till aquifers  
are stratigraphically shallower and more recent than buried-valley aquifers. These 
smaller, typically isolated aquifers within till/clay aquitard units are known to have 
lower yields (Nastev et al. 2005). Airborne electromagnetic survey (AEM) and 
seismic profiles have been the ideal method to delineate complex valley fill and     
most accurately locate buried-valley aquifers (Hickin and Best 2013; Korus et al. 
2017; Morgan et al. 2019; Pugin et al. 2014; Russell et al. 2004). The   
hydrogeological framework of an inter-till aquifer system was recently characterized 
at the 100 m  ×  100 m site scale in an area north of the study area, near Hudson’s 
Hope, BC (Chao et al. 2020). 

 
Materials and methods 

Geological conceptualization 
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The Quaternary and shallow bedrock geology of the Sunset paleovalley was broadly 
conceptualized using lithological data from 85 registered domestic well records 
entered in the WELLS database, two provincial monitoring  wells  and  two 
monitoring wells newly installed within the study area as part of the current 
investigation. Unfortunately, the lithological logs of most of the domestic wells are    
of extremely poor quality, providing  little  descriptive  information  and  often 
lumping units together (Baye et al. 2016). Therefore, the only highly detailed logs      
in the paleovalley were obtained from the newly established monitoring wells 
EERI-1 and EERI-11. These monitoring wells were  installed  using  the  sonic 
drilling method through Quaternary sediment and diamond coring through bedrock. 
The sonic drilling method uses high-frequency vibrations to drive the drill bit 
downward, retrieving high-quality unconsolidated sediment core in the process. 
Combining these two drilling methods made it possible to retrieve much more 
detailed and higher quality logs than would have been possible relying solely on air 
rotary drilling. Both EERI wells are located in topographic lows, near the Sunset 
paleovalley thalweg (Fig. 2). The inferred depositional history of the stratigraphy 
encountered in EERI-1 and EERI-11 were determined with the aid of detailed 
descriptions from a study on the  Quaternary stratigraphy of  the  adjacent 
Groundbirch paleovalley (Hickin et al. 2016), which shares a similar elevation and 
paleovalley depositional setting. The generalized depositional history of the Late 
Wisconsinan Sunset paleovalley is  interpreted as  glaciolacustrine sediments 
deposited by glacial advance, which were overlain by ice-contact sediments, in turn 
overlain by retreat-phase glaciolacustrine sediments.  The  geology  at  monitoring 
well EERI-1 consists of ~66 m  of mainly till and sand/gravel intervals; the well    
does not reach bedrock (Fig. 3). Monitoring well EERI-11 extends through 40 m of 
clay, diamict and sand overlying 37 m of medium sandstone interlayered with 
siltstone. Overall, fine detail of the high-resolution lithology logs (e.g. Small sand 
lenses in EERI-1, and sandstone/siltstone interlayers in EERI-11) did not contribute  
to the conceptual model of this study. These details are  shown  in  Fig.  3,  to 
primarily illustrate the well-documented heterogeneity of  the overburden in  the 
Peace Region, and the give a sense of the degree of interbedding in the Dunvegan 
Formation). 

Fig. 3 

Well completion, hydraulic head, high-detail lithological logs, depositional  interpretation, 
and hydrostratigraphic units of EERI-1 and EERI-11. The “fraction of  drift thickness” 
Quaternary layer structure is shown, which was  used  for  layer  definition of the conceptual 
model 
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Groundwater flow 
Hydraulic-head fluctuations in long-term monitoring data provide insights into 
groundwater recharge dynamics. Hydraulic-head data was available from 35 
groundwater wells, made up of domestic, provincial observation and EERI wells  
(Fig. 2). Although 85 domestic well records entered in the WELLS database are 
located within the model domain, only head data from 31 wells that provided both 
reliable lithological and static-water records (22 in bedrock and 9 in Quaternary  
units) were used to calibrate the numerical model. Domestic wells chosen for study 
must have all of the following three attributes: a static-water record, depth details 
showing which material the well was screened in, and did not lump multiple 
lithological units together into single intervals (eg. silt/clay/gravel 0-50 m). 

 
The newly installed EERI monitoring wells provided more recent (2019–2020) and 
reliable hydraulic-head measurements than domestic wells. The time at which 
domestic well hydraulic head measurements were taken following their installation    
is unknown; therefore, it is unclear whether these domestic well head measurements 
are representative of systems in equilibrium. Hydraulic head measurements from  
EERI wells were observed at least 3 months following  installation,  thus  likely 
having measurements equilibrated with the formation head. Monitoring well EERI      
1 is a nested multilevel well, with both screens sealed within the same borehole. 
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Screens are installed in the deeper glaciofluvial gravel and shallower sand units;    
both these screened units are artesian. Monitoring well EERI 11 is a multilevel well 
developed by Westbay Instruments and equipped with nine pressure measurement 
ports, all located in the weathered bedrock Dunvegan Formation; all nine showed 
artesian pressure when measured during two sampling events in 2019 and 2020. 
The nine ports were designed based primarily on structural logging, placing ports in 
locations with higher observed fracture frequency. The results from downhole 
petrophysical logs also aided in the design of the Westbay, with gamma, induction, 
density and neutron log data taken into account. In terms of vertical flow definition, 
the depth-discrete hydraulic-head data from the EERI-11 Westbay and the EERI-1 
nested multilevel well were not used to contribute to the conceptual model. Depth 
discrete data are shown in Fig. 3 primarily as supplemental information. 

 
Two provincial groundwater monitoring wells (OBS wells 416 and 417) exist in the 
southern upland region of the model with long-term transient data—Fig. SI–1 of the 
electronic supplementary material (ESM). Both wells are screened within the 
weathered bedrock; OBS 416 is primarily weathered sandstone with intercalations     
of shale and siltstone, and OBS 417 is shale/siltstone (Baye et al. 2016). Although 
more pronounced in  OBS 416, the yearly trend in  both of these wells shows a  rise   
in hydraulic head roughly 2 months lagging peak freshet, followed by a steady   
decline for the rest of the year. OBS 416 has only 3 m of till cover, compared to 
12 m in OBS 417. The yearly fluctuations of OBS 416 is roughly 1 m, compared to 
0.1 m for OBS 417. As these two wells are located in hypothesized recharge areas, 
this could indicate that roughly 9 m of extra till cover causes roughly an order of 
magnitude less seasonal fluctuation in groundwater level. Spikes in water level  
during or lagging after spring freshet can suggest the screened weathered bedrock 
aquifer is well connected to inputs from surficial recharge; however, fluctuations in 
head could also be due to surface-moisture loading, not recharge response (van der 
Kamp and Maathuis 1991). 

 
Hydrogeological conceptual model 
A  schematic hydrostratigraphic section for the Sunset paleovalley model is shown   
in Fig. 4. The Sunset paleovalley has similar morphology and geology and,   
therefore, expected flow patterns to those identified in the study by Nastev et al. 
(2005) and Pétré et al. (2019). Precipitation is expected to infiltrate to groundwater 
mostly in topographic highs, where impermeable till/clay is thin or absent. 
Infiltrated water then flows into the regional weathered-bedrock aquifer, with the flow 
direction mimicking bedrock topography toward the valley centre. From this 
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point, the groundwater will either continue to flow in the weathered bedrock toward 
groundwater discharge points, flow upward into more permeable buried-valley 
sand/gravel aquifers due to strong hydraulic-conductivity contrasts, or travel 
downward to recharge deep groundwater. Groundwater in both gravel and bedrock 
aquifers is expected to ultimately flow roughly parallel to the long axis of the   
bedrock valley (Shaver and Pusc 1992) toward their outflow points such  as  springs, 
or into regional drains such as the Kiskatinaw River. 

Fig. 4 

Conceptual block model of the hydrostratigraphy of the Sunset Paleovalley. Transect A–A′ 
shown in Fig. 2. Hydrostratigraphic units are labeled, along with hypothesized recharge 
flow path from surface to buried valley sand/gravel aquifer,  and  broad  locations of some 
of  the  boundary  conditions.  Dunvegan  and  Kaskapau  formations are represented by the 
black-dotted lines 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hydrostratigraphic unit definition 
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Eight hydrostratigraphic units (HSUs) have been  identified  for  the  conceptual 
model of the Sunset paleovalley: five Quaternary HSUs (weathered till/clay,  
alluvium, unweathered till, buried-valley sand/gravel and basal till) and three  
bedrock HSUs (weathered-bedrock Dunvegan Formation sandstone, weathered 
Kaskapau Formation shale and competent shale). All HSUs are shown in Fig. 4, 
except the alluvial HSU, as the transect does not intersect an alluvial region. The 
contact between weathered bedrock HSUs Dunvegan Formation and Kaskapau 
Formation are estimated based on bedrock mapping (BC Ministry of Energy, Mines 
and Petroleum Resources and BC Geological Survey 2020) and represented by the 
black-dotted lines in Fig. 4. 

 
Weathered till/clay is the top-most HSU and is categorized as a leaky aquitard with 
groundwater flow primarily occurring through fracture flow created by secondary 
processes (Cravens and Ruedisili 1987; Cummings et al. 2012). The alluvial HSU 
has the highest hydraulic conductivity in the model, and acts as an unconfined 
aquifer. This unweathered till HSU acts as the main confining unit in the model; it  
has the same matrix permeability as the weathered till, but lacks the enhanced 
secondary fracture permeability and oxidized matrix (Hendry 1982). 

 
The buried sand/gravel HSU acts as a confined aquifer, and is modeled along the 
longitudinal axis (thalweg) of the paleovalley, pinching out against where bedrock 
topography steepens. In reality, the true size, hydraulic conductivity, grainsize 
distribution, and lateral connectivity of this HSU  is  incredibly  variable,  as 
variations between gravel, sand, mud, and diamict can cause aquifer 
compartmentalization (Cummings et al. 2012). For this study, a simplifying 
assumption is made for the lateral connectivity and homogeneity of this HSU. The 
lateral extent of the buried-valley sand/gravel HSU was roughly estimated based on 
domestic and EERI well logs, and shape based off  the Groundbirch paleovalley   
study (Hickin et al. 2016). The shape (Fig. 2) roughly encompasses any grid block    
in the center of the paleovalley with a drift thickness value of roughly 25 m or   
greater. A drift thickness value of 25 m was chosen on a trial and error basis, with     
25 m  being the value that most conservatively captured all hydraulic head data   
points that intercepted the buried sand/gravel HSU. 

 
The basal till HSU is a highly reworked, oxidized till that directly overlies 
weathered bedrock. 

 
The weathered bedrock HSU is split between Dunvegan Formation and Kaskapau 
Formation based on bedrock maps, and these are both modeled as being regionally 
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extensive aquifer units. Other modeling studies consider this fractured layer of bedrock 
as the key regional groundwater aquifer, estimating 30–50 m depth before reaching 
more competent, less conductive material (Nastev et al. 2005). 

 
The competent bedrock HSU underlies the weathered bedrock HSU, and is 
characterized by a strong decrease in fracture frequency from its overlying bedrock 
counterparts. The contact of bedrock/weathered bedrock is roughly estimated from 
drilling experience of EERI wells in the Peace Region, and from the literature. The 
competent bedrock is not broken out by  mapped formation, it  is  assumed to  have 
the very low hydraulic conductivity of an unweathered shale. This was done due to 
the absence of deep lithological logs in the study area that determine the contacts 
between Kaskapau Formation, underlying Dunvegan  Formation,  and  underlying 
Fort St. John Group. 

 
Material properties 

The hydraulic conductivity of each of the eight HSUs is based on estimates from 
various sources—range of values from the literature, grain-size distribution results  
and pumping tests (Table 1). In all units, the two horizontal components of hydraulic 
conductivity are assumed equal, Kh  =  Kx  =  Ky. A vertical anisotropy factor 
of Kh/Kv  =  10 is set for the alluvial, buried-valley sand/gravel and all bedrock HSUs 
to represent the horizontal preferential permeability common to sedimentary rocks 
(Freeze and Cherry 1979). The three till HSUs are assumed to be isotropic based on 
the assumption that both vertical and horizontal fractures are equally common, in 
combination with extremely low expected matrix permeability (Grisak and Cherry 
1975; Shaw and Hendry 1998). However, it is expected that flow through the till 
material will always be vertical due to flow-line refraction. 

Table 1 

Hydrostratigraphic units, with corresponding layer number, calibrated hydraulic conductivities 
and literature ranges. HSUs in italic represent aquifer material 

 

 
Hydrostratigraphic Unit Model layer 

No. 
Model 

Kx/y 
Model 

Kz 

 
Literature range 

    Min Max 

aEstimated from literature value s from Cummin gs(met/daal.y()2 01(2m)/day) (m/day) (m/day) 
bEstimated from literature values from Freeze and Cherry (1979) 
cEstimated from grain size analysis (Goetz 2021) 
dEstimated from pumping test analysis (Baye et al. 2016) 
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Hydrostratigraphic Unit Model layer 

No. 
Model 

Kx/y 
Model 

Kz 

 
Literature range 

    Min Max 

  (m/day) (m/day) (m/day) (m/day) 

Weathered till/claya 1 1.5  ×  
10−3 

1.5  ×  
10−3 

1.6  ×  
10−4 

1.7  ×  
10−2 

Alluvialb 1 430 43 260 8.6  ×   
10−4 

Unweathered tilla 2 8.6  ×  
10−6 

8.6  ×  
10−6 

4.3  ×  
10−6 

8.6  ×  
10−5 

Buried valley sand/gravela,c 3 110 11 1.0 140 

Basal tilla 4 1.5  ×  
10−3 

1.5  ×  
10−3 

1.6  ×  
10−4 

1.7  ×  
10−2 

Dunvegan Fm. sandstone 
(weathered)b,d 5 8.0 0.80 8.6  ×   

10−5 8.6 

Kaskapau Fm. shale 
(weathered)b,d 5 0.10 1.0  ×   

10−2 
8.6  ×   
10−9 

8.6  ×   
10−5 

Shale (competent) b 6 1.0  ×  
10–7 

1.0  ×  
10−8 

8.6  ×  
10−9 

8.6  ×  
10−5 

aEstimated from literature values from Cummings et al. (2012) 
bEstimated from literature values from Freeze and Cherry (1979) 
cEstimated from grain size analysis (Goetz 2021) 
dEstimated from pumping test analysis (Baye et al. 2016) 

 
 

Grain-size distribution was analyzed using a Mastersizer particle-size analyzer 
developed by Malvern Panalytical Ltd. on select Quaternary samples from EERI-1. 
The hydraulic conductivity of two samples within the EERI-1 buried-valley 
sand/gravel was estimated using the Kozeny-Carman and Terzaghii equations  
(Odong 2007), with values ranging between 60 and 130 m/day. 

 
In a prior study by Baye et al. (2016), 24-h pumping tests were performed at the 
provincial monitoring wells within the model domain. Using both the Theis and 
Cooper-Jacob methods, and recovery analyses (Theis 1935; Cooper and Jacob 1946), 
the hydraulic conductivity at provincial monitoring well OBS 416 was estimated to 
range between 9.0 and 30 m/day and at well OBS 417 between 0.70 
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and 0.81 m/day. These ranges of values are representative of both the weathered- 
bedrock Dunvegan Formation and weathered Kaskapau Formation, respectively. 

 
Numerical model 
The active model domain covers approximately 235 km2. The model grid consists      
of six layers, each with 23,448 gridblocks 100 m in length and width. The gridblock 
size was chosen to adequately represent variations in hydraulic properties, while 
maintaining a manageable run time (Reilly and Harbaugh 2004). All gridblocks are set 
to ‘convertible’ as the default value, with the wetting option enabled for all    layers. 

 
Layer structure 

The six model layers extend from ground surface down to  a  planar,  horizontal base  
at an elevation of 450 m asl. The top four layers represent Quaternary HSUs and the 
bottom two layers represent bedrock HSUs. 

 
The upper surface of the grid was interpolated from digital elevation data (DEM; 
USGS 2015) and the top of the bedrock was interpolated using an existing bedrock 
topography DEM (Hickin and Fournier 2011b). In a previous study of drift    
thickness in the Peace Region, Hickin and Fournier (2011b) digitized a bedrock  
DEM using primarily lithological descriptions from water-well driller logs, oil and 
gas petrophysical logs, and surface exposures. Both  bedrock  and  surface 
topography DEMs were reclassified (Resample raster function in ArcMap) to the 
same 100-m cell size. Since the DEMs came from different sources, bedrock 
elevations at some gridblocks were greater than surface elevations. To  eliminate   
this incongruence, Raster Calculator was used in ArcGIS to locate cells where 
bedrock DEM elevation was greater than ground surface DEM elevation. The 
bedrock elevation in these selected cells was set to 1 m deeper than the surficial 
DEM. The resulting DEMs were then imported into MODFLOW 6 as layer 
boundaries. 

 
It was not possible to define precise lithological contacts based on the few lithology 
logs publicly available for the model domain area. In an attempt to approximate, as 
precisely as possible, the thicknesses of the overburden layers (layers 1–4), each   
layer was assigned a  constant fraction of the total drift thickness dependent on   
spatial location. These constant fractions for the four Quaternary layers were 
estimated based primarily on hydrogeological interpretations from monitoring wells 
EERI-1 and EERI-11 (Fig. 3). The surficial geology of layer 1 at the surface is 
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consists of either weathered till/clay or the alluvial HSU. The thickness of this layer 
accounts for 13% of the total drift thickness value. Layer 2 is composed entirely of 
unweathered till, representing the main confining unit of the model. The thickness     
of this layer corresponds to 52% of the total drift thickness. Layer 3 is defined as 
buried-valley sand/gravel HSU if within the thalweg shape or unweathered till if  it  
lies outside the thalweg shape (Fig. 2). The thickness of  this  layer is  25%  of  the 
total drift thickness. Layer 4 consists entirely of  basal till  HSU  and  accounts for 
10% of the total drift thickness. Using the percentages of drift thickness was a     
simple and pragmatic choice. It has the  advantage  of  simplicity  and  clarity, 
although the limitation that two data points dictate the overburden material  
proportions of the entire model. The assumption  is  that  the  proportions  of 
weathered till, unweathered till, buried valley sand/gravel and basal till HSUs 
observed in the two detailed EERI wells are representative of the entire system. 
These wells provided by far the highest-quality information, whereas domestic well 
logs never made note of the boundary between weathered/unweathered till, and   
rarely mentioned the basal till unit. It is important to make distinction between the 
three till types (as indicated in the literature), and the high-quality EERI-well data 
were the best-suited estimate of the overburden structure. 

AQ3 
 

Layer 5 is defined as either weathered bedrock Dunvegan Formation sandstone or 
Kaskapau Formation shale, depending on the mapped bedrock (BC Ministry of Energy, 
Mines and Petroleum Resources and BC Geological Survey 2020). The thickness of this 
layer is uniformly set at 20 m. Layer 6 is entirely composed of competent-bedrock shale 
HSU (layer 6), ranging from the bottom of the weathered bedrock to 450 m asl. 

 
Boundary conditions 

The lateral model boundaries were assigned no-flow, primarily defined by major 
regional watershed divides, or, between the Sunset Creek, Groundbirch and 
Kiskatinaw River valleys, as flow divides (Fig. 2). Indeed, these three valleys are 
likely separated by groundwater divides, with no interbasin groundwater flow 
assumed for this study. The northern and western no-flow boundaries follow the 
boundary between the Pine River and Kiskatinaw River watersheds (Fig. 1). The    
Pine River, ~10 km west of the model’s western boundary, is likely a major regional 
discharge zone and groundwater divide (Fig. 1), collecting deep regional 

based on mapped surficial geology data from Hi ckin and Fournier This citation 
should be "Hickin and Fournier (2011a)" not "Hickin and Fournier (2011b)" (2011b) and 
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groundwater flow sourced from the Rocky Mountains. This justifies the model’s 
western no-flow boundary. 

 
The southern no-flow boundary was investigated using the particle-tracking 
program in MODFLOW 6. A larger model domain was established and the 
groundwater-divide boundaries between Sunset and Groundbirch paleovalleys 
identified by the particle tracks. 

 
Inflow from deep groundwater into the model domain is not expected to be 
significant, as the deeper bedrock hydraulic conductivities are low, less than 8.6 × 10−5 
m/day. Therefore no-flow boundaries were applied to the bottom plane of the   
model, at sufficient depth to not affect simulation results in the shallow zone. 

 
Although several small lakes and ephemeral streams are located within the study 
area, these features occupy a small portion of the total model area, and are not 
represented in the model (Fig. 2). These surface water features are likely perched, 
isolated from regional groundwater systems by the generally thick (up to ~60 m), 
impermeable (K  =  10−6 m/day) clay/till confining material, which blankets most of 
the model surface (Cummings et al. 2012). 

 
Hydrological data from within the study area show that hydraulic heads in both buried-
valley and bedrock wells are close to the topographic surface (mostly within  10 m), 
indicating that recharge is controlled by the thickness and the low hydraulic 
conductivity of the confining-layer till (the conductance of the unit). Accordingly, a 
specified-head boundary (SHB) condition was applied to the top of layer 1, except   
for areas mapped as alluvial HSU (Sanford 2002). The head in layer 1  was set equal  
to the elevation of the model top, allowing the model to compute recharge rates and 
flow paths through confining layers. Therefore, the resultant recharge/discharge 
outputs are a result of the required flows at the upper boundary to sustain the SHB 
condition. 

 
A specified-head boundary condition is not appropriate for the HSU which has a 
hydraulic conductivity of 43 m/day. For this unit, a specified-rate–recharge (SRR) 
boundary condition, based on material type, of 68 mm/year, was applied. This rate 
was determined by Baye et al. (2016) in a study in the adjacent Groundbirch region. 

 
The regional groundwater discharge locations, where the Sunset paleovalley meets  
the Kiskatinaw River valley, were represented in the model as specified-head 
boundaries applied to two of the aquifer layers (Fig. 2). The specified-head value of 
693 m asl at the outflow boundary for the buried-valley sand/gravel aquifer (layer 
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3) was estimated based on the head gradient of gravel-thalweg domestic wells west 
of the outflow boundary. Based on hydraulic head data in domestic wells, GW 
Solutions Inc. (2016, p. 62) indicated potential connection between the Kiskatinaw 
River buried-valley aquifer, with the Kiskatinaw River alluvial unconfined aquifer. 
Although this occurs outside the model area, it is assumed that flow exiting the 
model via the layer 3 specified head boundary enters the adjacent Kiskatinaw buried-
valley aquifer, then  into  the  unconfined Kiskatinaw River alluvial aquifer and 
ultimately discharges to the Kiskatinaw River. 

 
The specified head in the weathered-bedrock aquifer (layer 5) was set at the 
estimated Kiskatinaw River elevation (665 m) near the model outflow point. The 
outflow boundary for layer 5 was located at the intersection of the Sunset 
paleovalley bedrock catchment with the Kiskatinaw River. No stream-gauge data 
were available on the Kiskatinaw River near the Sunset paleovalley outflow point  
to constrain the head or flux value. 

 
Model calibration 

The only calibrated model parameters were the hydraulic conductivities of each 
HSU (assumed uniform throughout the HSU), with two exceptions (Table 1)—the 
alluvial HSU was not calibrated, because it occupies a small portion of the total 
model volume, and no observation points exist within the alluvial areas, and the 
competent bedrock HSU was not calibrated because no observation points are 
screened within this HSU (Table 2). Other parameters such of layer thicknesses, 
boundary condition values/locations, and grid block size, were not calibrated. 

Table 2 

Results of the sensitivity analysis, with the average of the sensitivity coefficients ranked in 
descending order of magnitude. The columns ‘Bedrock’, ‘Quaternary’ and ‘All’ calibration 
locations refer to sensitivities computed for head observations in those respected HSU categories. 
Units are hydraulic head (m) over hydraulic conductivity (m/day) 

 

Hydraulic 
conductivity 

of HSU 

Obv. 
location 

No. 

Bedrock 
calibration 
locations 

[m/(m/day)] 

Quaternary 
calibration 
locations 

[m/(m/day)] 

All calibration 
locations 

[m/(m/day)] 

Weathered 
Kaskapau 
Fm. 

 
16 

 
−157.0 

 
−3.6 

 
−105.8 

Weathered 
Dunvegan 
Fm. 

 
9 

 
−83.1 

 
−77.7 

 
−81.3 
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Hydraulic 
conductivity 

of HSU 

Obv. 
location 

No. 

Bedrock 
calibration 
locations 

[m/(m/day)] 

Quaternary 
calibration 
locations 

[m/(m/day)] 

All calibration 
locations 

[m/(m/day)] 

Buried valley 
sand/gravel 10 −12.4 −11.8 −12.2 

Basal till 0 −5.1 −4.4 −4.8 

Unweathered 
till 0 −1.0 −2.9 −1.7 

Weathered 
till/clay 0 −0.1 −0.1 −0.1 

Competent 
bedrock 0 0.0 0.0 0.0 

 
 

The model was calibrated by trial-and-error using the 35 observation-well static   
water levels as calibration targets (Fig. 5). The model generally over-predicts head 
values, with a root mean squared error (RMSE) of 14.7 m, and a normalized root 
mean squared error (NRMSE) of 7.6%, compared to the threshold NMRSE value of 
5% recommended by Anderson et al. (2015). The simulated heads more closely   
match those from bedrock observation wells (NRMSE of 8.1%) than those from 
buried valley wells (NRMSE 46.9%). Some of the variance can be explained by the 
model’s steady-state assumption, whereas the observed data are from a dynamic 
system, with measurements taken during different seasons over the course of   
multiple decades. The post-calibration potentiometric surface of layer 5 is shown in 
Fig. 8. 

Fig. 5 

Calibration results, comparing modeled hydraulic head observation points with field 
measurements 
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Sensitivity analysis 

The sensitivities were computed at  each calibration location by  changing the value   
of the hydraulic conductivity of a HSU under examination by an order of magnitude 
and determining the head change at  the  calibration  points.  Average  sensitivities 
were computed at all calibration points, in the bedrock and in the Quaternary 
sediments, as shown in Table 2 in order of decreasing sensitivity. These sensitivity 
coefficients (Anderson et al. 2015) represent the ratio of the change in simulated    
head to a change in the value of hydraulic conductivities in the HSU. Of the seven 
parameters, the hydraulic conductivity of  the competent bedrock was found to  be    
the only parameter with no effect on  the head observations, and therefore suggests  
that deeper groundwater flow (below the weathered bedrock HSU) within the model 
domain will likely have little influence  on  model  results.  The  hydraulic 
conductivity of the weathered Kaskapau Formation is the most sensitive parameter   
for bedrock wells, having a higher sensitivity than the weathered Dunvegan   
Formation Consequently, the sensitivity analysis suggests the hydraulic properties     
of the Kaskapau Formation should be constrained where possible to ensure a more 
representative model. 

 
Chloride mass balance 

To compare recharge rate model results, a simple chloride mass balance (CMB) was 
calculated using available geochemical data from precipitation and domestic and 
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EERI groundwater wells (n  =  18) within the study area (D. Kirste, Simon Fraser 
University, Canada, unpublished data, 2020). This simple analysis was performed 
using modified methods from Manna et al. (2016). Average annual recharge is 
calculated by multiplying the average precipitation rate by the geometric average of  
Cl concentration in precipitation, then dividing by the geometric average of Cl 
concentration in groundwater. Mass inputs of Cl were assumed to be from 
atmospheric sources only, with measured atmospheric Cl including only wet 
deposition, since dry deposition was not measured. This dry deposition exclusion 
induces a 50% uncertainty range to this recharge estimate, since it is the largest   
source of uncertainty in CMB estimates (Gates et al. 2014). The average annual 
precipitation rate from the Dawson Creek station (43 km from the study area) is      
453 mm/year, with a [Cl] geometric average of 0.345 mg/L (38 rain samples   
collected from 2012 to 2015). The geometric averages  of  [Cl]  in  groundwater 
ranges from 0.73–4.7 mg/L, for gravel and bedrock screened wells, respectively. 

 
MODPATH 

The flow directions and travel times originating from all observation wells within 
the model domain were investigated using the MODPATH utility within 
MODFLOW-6. Three vertically stacked particles were placed at the approximated 
screen locations of the 35 observation wells used for model calibration. These 
particles were backward tracked until a strong-source condition was met 
(corresponding to infiltration points). 

 
Results 

Recharge distribution 
Simulated recharge within the model domain is shown in Fig. 6. Orange/red  
represents recharge areas, whereas those in different shades of green represent 
modelled discharge areas (negative values). The observed spatial pattern of 
recharge/discharge is consistent with the hypothesis of highland recharge and valley 
discharge, except for several localized discharge areas associated with topographic 
lows in the northern part of the model. The spatial-average recharge rate of the    
model is 16 mm/year, with a standard deviation of 32 mm/year and values ranging 
from −78 to 500 mm/year, with the normalized distribution of all rates denoted by    
the bell curve (Fig. 7). As this is a steady-state simulation, these values represent 
temporal averages and instantaneous values will vary about them. The maximum  
value of steady-state–gridblock discharge (78 mm/year) is lower than the 
400 mm/year evapotranspiration rate estimated for the Kiskatinaw River watershed 
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(Foundry Spatial 2011), suggesting that, on average, the rate of groundwater  
discharge does not exceed evapotranspiration, therefore groundwater discharge will 
not sustain stream flow in the model domain. This is consistent with the ephemeral 
nature of the mapped streams in the model area, which flow during freshet when 
surface runoff is greatest. Extreme outlier gridblocks with high recharge values   
(>100 mm/year), which occur mostly within regions with <10 m  of Quaternary   
cover (total thickness of layers 1–4), are unrealistic given the low hydraulic- 
conductivity values of layer 1 and are likely numerical artifacts caused by 
misalignment of adjacent gridblocks with large differences  in  elevation,  as 
explained in Hughes et al. (2017, p. 54). An unstructured grid could have reduced 
these errors. It is felt that these errors are acceptably small and do not affect the 
conclusions that are draw here, in particular given the other attendant uncertainties    
in material properties. 

Fig. 6 

Spatial distribution of recharge/discharge rates in layer 1. Dotted black lines indicates 
zones of thinnest drift (<1 m) 



5/12/2021 e.Proofing 

https://eproofing.springer.com/journals_v2/printpage.php?token=MgHRyIPTel6s64NxIstC70I23VFgxaBaNmZxxlAP6dc 26/43 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 

Normalized distribution of recharge/discharge rates within the model domain by gridblock 
(blue line). Recharge/discharge rates of all gridblocks plotted against drift thickness (green 
dots) 

AQ4 
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Recharge was studied by Baye et al. (2016) using the Hydrologic Evaluation of 
Landfill Performance (HELP) model, which assumes recharge is based on the 
properties of surficial confining material. Baye et al. (2016) calculated average 
annual recharge rates for vadose zones of till (33 mm/year), glaciolacustrine 
(2 mm/year) and alluvial (46–68 mm/year) materials. Since layer 1 in the Sunset 
paleovalley model domain consists primarily of till and glaciolacustrine material, 
the results of this study are consistent with the range of values presented in the 
Baye et al. (2016) study. 

 
The recharge values estimated by the chloride mass balance range between 36 and   
213 mm/year (78.1 mm/year average). Including the 50% error induced by excluded 
dry deposition, this CMB estimate is much higher than the results from the 
groundwater model, and this discrepancy could be due to neglect of the runoff 
component of [Cl], or due to other geochemical processes during infiltration   
removing [Cl] from solution. The average recharge rate from the CMB of 
78.1 mm/year was applied to  the calibrated groundwater model as  a  constant 
recharge boundary condition to the top of the model, replacing the original head in 
layer 1  =  topography constant head boundary condition. The resulting head values in 
this simulation are much higher than the observed heads, indicating an unrealistic 
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recharge condition. The input/output volume from this simulation is 50,125 m3/day, 
compared to 11,139 m3/day for the initial calibrated mode. 

 
Groundwater budget 
Using the Zone Budget tool within MODFLOW-6, a  water balance for the model  
was generated (Table 3). The components of the model groundwater flow budget 
include: recharge from precipitation, outflow from the buried valley sand/gravel   
layer 3 at the SHB exit, and outflow of the weathered bedrock layer 5 into the 
Kiskatinaw River SHB. Table 3 shows that inflow to the weathered bedrock aquifer 
comes primarily from overlying units (infiltration recharge), with negligible 
contribution from the underlying competent bedrock HSU. Regions with little to no 
drift (>1 m), interpreted as outcropping weathered bedrock, account for 3% of the 
model surface area. These areas were found to account for 15% of the recharge to    
the weathered bedrock aquifer. 

Table 3 

Summarized groundwater budget for the model. Zone budgets are shown for the entire model, the 
buried valley gravel HSU (layer 3), and the weathered bedrock (layer 5). Inflow/outflow values 
are either hydrostratigraphic units (HSU), specified recharge rates (SRR) or specified head 
boundary (SHB). The weathered bedrock HSU includes both weathered Dunvegan and Kaskapau 
HSUs 

 

Zone Component Inflow 
(m3/day) 

Outflow 
(m3/day) 

Inflow 
(%) 

Outflow 
(%) 

 
 
 
 
Model domain 

Weathered till/clay 
SHB 11,139 1,013 97% 9% 

Alluvial SRR 298 0 3% 0% 

Kiskatinaw River 
SHB 0 3,777 0% 33% 

Buried valley gravel 
SHB 0 6,646 0% 58% 

Total flow 11,436 11,436 – – 

 
 
 
Buried valley 
gravel (HSU) 

Weathered + unw. 
till/clay HSU 116 131 1% 1% 

Weathered bedrock 
HSU 9,172 2,929 99% 31% 

Buried valley gravel 
SHB 0 6,264 0% 67% 

Total flow 9,288 9,324 – – 
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Zone Component Inflow 
(m3/day) 

Outflow 
(m3/day) 

Inflow 
(%) 

Outflow 
(%) 

 
 
 
Weathered 
bedrock (HSU) 

Weathered + unw. 
till/clay HSU 11,125 812 79% 6% 

Buried valley gravel 
HSU 2,928 9,515 21% 68% 

Kiskatinaw River 
SHB 0 3,726 0% 27% 

Total flow 14,053 14,053 – – 
 
 

Results show that the buried-valley aquifer receives 99% of its inflow from the 
underlying weathered bedrock aquifer. This finding agrees with the result from the 
buried valley studies by Nastev et  al.  (2005) and  Seyoum and  Eckstein (2014), 
which found that the buried-valley aquifer functions as a drain for the adjacent  
bedrock aquifers. A total of 58% of the model’s flow occurs via layer 3 SHB, with a 
further 33% of total flow volume exiting via the layer 5 Kiskatinaw River SHB and 
9% being discharged to the model top as surface water. 

 
Flux exiting the model via the Kiskatinaw River  CHB  can  be  compared  to  data 
from the nearest river gauge, located approximately 15 km downstream from this 
boundary condition. Hydrometric data from this station (ID 07FD001) indicates that 
baseflow occurs from approximately November to March, when freezing   
temperatures prevent runoff from precipitation contributing to the Kiskatinaw River 
flow (Environment Canada 2017). Baseflow averages at around 2 m3/s 
(172,800 m3/day). The model results show an output value of 3,777 m3/day, 
compared to 172,800 m3/day from the hydrometric river gauge. The difference in 
these values is because the Sunset Paleovalley accounts for only 5.3% of the 
cumulative land area upstream from this river gauge. Therefore, a conservative 
estimate of the Sunset Paleovalley groundwater outflow to the Kiskatinaw River 
would only account for 5.3% of the baseflow at the hydrometric station, which is 
equivalent to 9,158 m3/day.  The output total of the Sunset Paleovalley model   
closely approximates this value, assuming the total flux of both layer 3 and layer 5 
boundary conditions eventually discharge to the Kiskatinaw River (10,423 m3/day) 
based on the assumptions outlined in section ‘Boundary conditions’. 

 
Groundwater budget discussion 

The long-term sustainable yield of aquifers is mainly dependant on the rate of 
extraction as a proportion of total discharge from the aquifer (Bredehoeft 2002; 
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Sanford 2002). The existing groundwater allowance volumes  within  the  Sunset 
Creek Catchment are roughly 11,000 m3/year (30 m3/day) used primarily for oil and 
gas activity (Northeast Water  Tool  2020). This total does not include allocations  
from domestic wells within the study area because these data were not available,      
but are hypothesized as a small total volume compared to the listed allowances. 
This groundwater extraction volume is far less than the modeled total output from 
both exit SHB conditions to the Kiskatinaw River (10,423 m3/day). In addition, 
although located distal (9 - 15 km) from  the  Kiskatinaw River in  a  recharge  area, 
the two provincial wells within the study area with 8  years of  water-level data show 
a steady increase in water level, with no signs of long-term drawdown (Fig. SI–1 of 
the ESM). This and the model results indicate that current groundwater extraction   
has a minimal impact on this reach of the Kiskatinaw River. 

 
Flow paths and travel times 
Figure 8 shows the potentiometric surface of the weathered bedrock layer, showing flow 
from topographic highs in the north and south of the model towards the valley center, 
then east towards the Kiskatinaw River CHB exit. This groundwater flow pattern is 
similar to a regional bedrock potentiometric map generated in 2016 (GW Solutions Inc. 
2016, p. 68), which used hydraulic head data from domestic wells to broadly 
characterize flow in the larger Dawson-Groundbirch region. 

Fig. 8 

Potentiometric surface of layer 5 (weathered bedrock), and particle flow paths with 
infiltration locations, resultant of the calibrated model 
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The results from particle tracking show that although most infiltration is in 
topographic highs, most particle path termination points do not  fall  directly within 
the areas of <1-m drift thickness. Travel times in the buried valley sand/gravel   
aquifer were an average of 3,200 years, with a range of 37 to 30,000 years. Average 
travel times from the weathered bedrock aquifer were 2,900 years with a range of 49–
20,000 years. Some of these values exceed the age of the confining clay and till units, 
hypothesized to have been deposited during the Late Wisconsinan age (14,000–16,000 
years ago), whereas the buried valley sand/gravel were deposited 16,000-22,000 years 
ago (Clark et al. 2009; Hickin et al. 2017). Therefore, original connate water likely is 
still in place in some units (Shaw and Hendry 1998). Travel times within the 
weathered bedrock HSUs could be biased as long, since fracture porosities may be 
lower in reality than used in the  travel  time  estimate,  which would normally see 
higher groundwater velocity in fractured bedrock. 
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The hydrogeochemistry of groundwater in the Sunset Valley is also consistent with 
long residence times, where longer residence times and poor flushing lead to higher 
total dissolved solids (TDS). The average TDS in groundwater collected from 15 
domestic wells within the study area was 1,300 mg/L, whereas there were averages   
of 1,800 mg/L TDS in bedrock and 950 mg/L in Quaternary samples (D. Kirste,  
Simon Fraser University, unpublished data, 2020). These relatively high values are 
indicative of a poorly flushed, slow flowing system. 

 
Model assessment 
While the geometry of the HSUs and study area are well constrained, the relatively 
sparse geological and hydrological data do not allow one to describe considerable 
smaller-scale heterogeneity in the complex real-world system. The model is fit  for 
the purpose of  large-scale estimates of  recharge and system water balance, but is 
not appropriate for subkilometer-scale predictions. The properties of the HSUs 
should be interpreted as large-scale, effective properties. Effective medium  
properties will likely yield reasonable predictions for total fluxes but will not 
properly account for rapid travel that can occur through fractures or other  
preferential pathways. Domestic-well static water levels used  in  the  calibration 
were likely measured shortly after installation of the wells, and may not have 
equilibrated with the local formation. 

 
Although difficult to accurately conceptualize, smaller-scale intertill aquifers could  
be included to simulate potential permeable pathways through confining   
unweathered till. These interconnected permeable lenses within the confining layer 
have been hypothesized as potential pathways  for  buried-valley  recharge 
(Cummings et al. 2012). 

 
Finer mesh size, leading to longer run times, could have helped improve spatial 
recharge-rate resolution and potentially deal with the large outlier values seen in the 
model. The model domain could be  expanded to  incorporate adjacent Kiskatinaw  
and Groundbirch paleovalleys to gain a better understanding of the flow budget 
between these regional features. 

 
Conclusions 
A regional groundwater flow model of a  paleovalley-based confined aquifer system 
in NEBC was constructed with the purpose of simulating and then constraining the 
spatial distribution of  recharge and discharge. This modeling study utilized data   
from newly installed monitoring wells and synthesized available hydrogeological 
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data for buried-valley aquifer systems in NEBC and the WCSB to construct a 
simplified conceptualization of the Sunset Paleovalley. Using MODFLOW-6, 
groundwater flow models were constructed and calibrated, adjusting parameters 
within literature ranges. Within  the study area, the model quantitatively estimates    
the spatial distribution and magnitude of groundwater recharge and discharge, the 
water balance between HSUs, and residence times of  aquifers.  The  simulation 
results were consistent with the general conceptual model, showing relatively low 
recharge rates, constrained by the low hydraulic conductivity of the surface  
diamicton. The average recharge in the study area is 16 mm/year, which falls within 
the range of results from another study in the same region (Baye et al. 2016). The   
total flow in the study amounts to 11,000 m3/day, with 58% outflow exiting via the 
buried-valley aquifer SHB, 33% exiting the weathered bedrock SHB into the 
Kiskatinaw River and 9% to surface water within the model domain. The buried- 
valley aquifer receives 99% of its inflow from the underlying weathered bedrock 
aquifer, which has less than 1% coming vertically downwards through the thick, 
impermeable confining till units. Using  particle  tracking,  the  average  residence 
time of particles originating in the buried-valley aquifer was 3,200 years, and 
2,900 years in the weathered bedrock aquifer. These average travel times fall within 
the 1,000–10,000-year range of results from studies that use groundwater carbon-14 
data from buried gravel aquifers with confining till material to estimate residence   
time (Cravens and Ruedisili 1987; Keller et al. 1989). 

 
The model results add to the understanding of buried-valley aquifer systems and   
their recharge. These hydrogeological settings are common to the Interior Plains 
region of North America and important sources of water for domestic, agricultural 
and industrial use. As a next step, modeled flow budget results can be used as a    
basis for groundwater management strategies within the region. Similar to study by 
Pétré et al. (2019), this study’s model can be used for groundwater exploitation 
scenario modeling, to better provide estimates on sustainable  extraction  of  this 
finite resource. 

 
Publisher’s note 

 
Springer Nature remains neutral with regard to jurisdictional claims in published maps 
and institutional affiliations. 

Acknowledgements 
Thanks are extended to Andrew Allen for partnering with the field work planning and 
data collection. 



5/12/2021 e.Proofing 

https://eproofing.springer.com/journals_v2/printpage.php?token=MgHRyIPTel6s64NxIstC70I23VFgxaBaNmZxxlAP6dc 34/43 

 

 

 

Funding 

This research is supported by the British Columbia Oil and Gas Commission, 
MITACS, and BC Ministry of Energy, Mines, and Petroleum Resources. 

Declarations 
 

Conflict of interest The authors state that there is no conflict of interests. 
 

Supplementary Information 
 

ESM 1 

(PDF 285 kb) 
 
 
 
References 

AQ5 
 

Anderson MP, Woessner WW, Hunt RJ (2015) Model calibration. In: Applied 
groundwater modeling. Elsevier, Amsterdam, pp 375–441. 
https://doi.org/10.1016/B978-0-08-091638-5.00009-2 

 
Andriashek LD, Alberta Energy and Utilities Board, and Alberta Geological 
Survey (2003) Quaternary geological setting of the Athabasca Oil Sands (in situ) 
area, northeast Alberta. Alberta Energy and Utilities Board, Alberta Geological 
Survey. https://static.ags.aer.ca/files/document/ESR/ESR_2002_03.pdf. 
Accessed July 2020 

 
Baye A, Rathfelder K, Wei M, Yin J (2016) Hydrostratigraphic, hydraulic and 
hydrogeochemical descriptions of Dawson Creek-Groundbirch areas, Northeast BC. 
Water Science Series. 
https://a100.gov.bc.ca/pub/acat/documents/r52034/Dawson_Groundbirch_148590970 
Accessed May 2021 

 
BC Ministry of Energy, Mines and Petroleum Resources and BC Geological Survey 
(2020) Bedrock geology. BC Ministry of Energy, Mines and Petroleum Resources 
and BC Geological Survey. https://catalogue.data.gov.bc.ca/dataset/bedrock-
geology. Accessed July 2020 



5/12/2021 e.Proofing 

https://eproofing.springer.com/journals_v2/printpage.php?token=MgHRyIPTel6s64NxIstC70I23VFgxaBaNmZxxlAP6dc 35/43 

 

 

Bredehoeft JD (2002) The water budget myth revisited: why hydrogeologists 
model. Groundwater 40(4):340–345. https://doi.org/10.1111/j.1745- 
6584.2002.tb02511.x 

 
Catto NR (1991) Quaternary geology and landforms of the eastern Peace River region, 
British Columbia, NTS 94A/1,2,7,8. BC Ministry of Energy, Mines and Petroleum 
Resources, Mineral Resources Division, Geological Survey Branch, Victoria 

 
Chao T-H, Cahill AG, Lauer R (2020) Propensity for fugitive gas migration in 
glaciofluvial deposits: an assessment of near-surface hydrofacies in the Peace 
Region, northeastern British Columbia. Sci Total Environ 141459. 
https://doi.org/10.1016/j.scitotenv.2020.141459 

 
Clark P, Dyke A, Shakun J, Carlson A, Clark J, Wohlfarth B, Mitrovica J, 
Hostetler SW, McCabe A (2009) The Last Glacial Maximum. Science. 
https://doi.org/10.1126/science.1172873 

 
Cooper HH, Jacob CE (1946) A generalized graphical method for evaluating 
formation constants and summarizing well-field history. EOS Trans Am Geophys 
Union 27(4):526–534. https://doi.org/10.1029/TR027i004p00526 

 
Cravens SJ, Ruedisili LC (1987) Water movement in till of east-central South 
Dakota. Groundwater 25(5):555–561. https://doi.org/10.1111/j.1745- 
6584.1987.tb02885.x 

 
Cummings DI, Russell HAJ, Sharpe DR (2012) Buried-valley aquifers in the 
Canadian prairies: geology, hydrogeology, and origin. Can J Earth Sci 
49(9):987–1004. https://doi.org/10.1139/e2012-041 

 
Environment and Climate Change Canada (2020) Canadian climate normals 
1981-2010. 
https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html? 
searchType=stnName&txtStationName=dawson+creek&searchMethod=contains&txtC 
Accessed September 2020 

 
Environment Canada (2017) Real-time hydrometric data. 
https://wateroffice.ec.gc.ca/mainmenu/real_time_data_index_e.html. Accessed July 
2020 



5/12/2021 e.Proofing 

https://eproofing.springer.com/journals_v2/printpage.php?token=MgHRyIPTel6s64NxIstC70I23VFgxaBaNmZxxlAP6dc 36/43 

 

 

Foundry Spatial (2011) Montney Water Project: watershed posters. Geoscience BC. 
http://www.geosciencebc.com/i/project_data/GBC_Report2011- 12/GBCR2011-
12_kiskatinaw20110531.pdf. Accessed July 2020 

 
Freeze RA, Cherry JA (1979) Groundwater. Prentice-Hall, Upper Saddle River, 
NJ 

 
Gao C (2011) Buried bedrock valleys and glacial and subglacial meltwater 
erosion in southern Ontario, Canada. Can J Earth Sci 48(5):801–818. 
https://doi.org/10.1139/e10-104 

 
Gardiner L, Rhodes R, Geller D (2020) District of Hudson’s Hope. Production well 
completion report, Western Water Associates LTD, Vernon, BC 

 
Gates JB, Steele GV, Nasta P, Szilagyi J (2014) Lithologic influences on 
groundwater recharge through incised glacial till from profile to regional scales: 
evidence from glaciated eastern Nebraska. Water Res Res 50(1):466–481. 
https://doi.org/10.1002/2013WR014073 

 
Goetz AM (2021) Regional groundwater conditions in northeast BC: results from 
a monitoring well network in an area of historical and ongoing unconventional 
natural gas development. https://doi.org/10.14288/1.0396328 

 
Government of Canada SC (2017) Census profile, 2016 Census—Northeast 
[economic region], British Columbia. https://www12.statcan.gc.ca/census- 
recensement/2016/dp-pd/prof/details/page.cfm? 
Lang=E&Geo1=ER&Code1=5980&Geo2=PR&Code2=59&SearchText=Northeast&S 
Accessed September 2020 

 

Grisak GE, Cherry JA (1975) Hydrologic characteristics and response of fractured 
till and clay confining a shallow aquifer. Can Geotech J 12(1):23–43 

 
GW Solutions (2016) Peace River Regional District physical hydrogeology 
database and 3D model. GW Solutions, Kaatsheuvel, The Netherlands, 76 pp 

 
Hartman GMD, Clague JJ (2008) Quaternary stratigraphy and glacial history of the 
Peace River valley, northeast British Columbia. Can J Earth Sci 45(5):549– 564. 
https://doi.org/10.1139/E07-069 

http://www.geosciencebc.com/i/project_data/GBC_Report2011-


5/12/2021 e.Proofing 

https://eproofing.springer.com/journals_v2/printpage.php?token=MgHRyIPTel6s64NxIstC70I23VFgxaBaNmZxxlAP6dc 37/43 

 

 

Hayashi M, van der Kamp G, Rudolph DL (1998) Water and solute transfer 
between a prairie wetland and adjacent uplands, 1. water balance. J Hydrol 
207(1):42–55. https://doi.org/10.1016/S0022-1694(98)00098-5 

 
Hendry MJ (1982) Hydraulic conductivity of a glacial till in Alberta. 
Groundwater 20(2):162–169. https://doi.org/10.1111/j.1745- 
6584.1982.tb02744.x 

 
Hickin AS, Fournier MA (2011a) Compilation of Geological Survey of Canada 
surficial geology maps for NTS 94A and 93P. BC Ministry of Energy and Mines, 
Vancouver, BC 

 
Hickin AS, Fournier MA (2011b) Preliminary bedrock topography and drift 
thickness of the Montney Play Area. 
http://www.geosciencebc.com/i/project_data/GBC_Report2011- 
7/GBC_Report2011-07_BCMEM%20OF2011-1.pdf. Accessed May 2021 

 
Hickin AS, Best ME (2012) Stratigraphy and proposed geophysical survey of the 
Groundbirch Paleovalley, Northeast British Columbia Aquifer Project. British 
Columbia Geological Survey, Victoria, BC 

 
Hickin AS, Best ME (2013) Mapping the geometry and Lithostratigraphy of a 
Paleovalley with a time-domain electromagnetic technique in an area with small 
resistivity contrasts, Groundbirch, British Columbia, Canada. J Environ Eng Geophys 
18(2):119–135. https://doi.org/10.2113/JEEG18.2.119 

 
Hickin AS, Kerr B, Turner DG, Barchyn TE (2008) Mapping quaternary 
paleovalleys and drift thickness using petrophysical logs, Northeast British 
Columbia. Fontas map sheet, NTS 94I. Can J Earth Sci 45(5):577–591. 
https://doi.org/10.1139/e07-063 

 
Hickin AS, Best ME, Pugin A (2016) Geometry and valley-fill stratigraphic 
framework for aquifers in the Groundbirch paleovalley assessed through shallow 
seismic and ground-based electromagnetic surveys. Open File Report 2016-05, British 
Columbia Geological Survey, Victoria, BC, 52 pp 

 
Hickin AS, Lian OB, Levson VM (2017) Coalescence of late Wisconsinan 
Cordilleran and Laurentide ice sheets east of the Rocky Mountain Foothills in 

http://www.geosciencebc.com/i/project_data/GBC_Report2011-
http://www.geosciencebc.com/i/project_data/GBC_Report2011-


5/12/2021 e.Proofing 

https://eproofing.springer.com/journals_v2/printpage.php?token=MgHRyIPTel6s64NxIstC70I23VFgxaBaNmZxxlAP6dc 38/43 

 

 

the Dawson Creek region, northeast British Columbia, Canada. Quat Res 
85:409–429. https://doi.org/10.1016/j.yqres.2016.02.005 

 
Holland R (1964) Landforms of British Columbia: a physiographic outline. BC 
Dept Mines Petrol Res Bull. https://ci.nii.ac.jp/naid/10018003680/. Accessed 
June 2020 

 
Hughes JD, Langevin CD, Banta ER  (2017). Documentation for the MODFLOW  
6 framework. In: Documentation for the MODFLOW 6  framework. US  
Geological Survey Techniques and Methods, vol 6-A57. 
https://doi.org/10.3133/tm6A57 

 
Imrie AS (1991) Stress-induced response from both natural and construction- related 
processes in the deepening of the Peace River Valley, B.C. Can Geotech J 
28(5):719–728 

 
Kehew AE, Boettger WM (1986) Depositional environments of Buried-Valley 
aquifers in North Dakota. Groundwater 24(6):728–734. 
https://doi.org/10.1111/j.1745-6584.1986.tb01688.x 

 
Keller CK, Van Der Kamp G, Cherry JA (1989) A multiscale study of the 
permeability of a thick clayey till. Water Resour Res 25(11):2299–2317. 
https://doi.org/10.1029/WR025i011p02299 

 
Korus JT, Joeckel RM, Divine DP, Abraham JD (2017) Three-dimensional 
architecture and hydrostratigraphy of cross-cutting buried valleys using airborne 
electromagnetics, glaciated central lowlands, Nebraska, USA. Sedimentology 
64(2):553–581. https://doi.org/10.1111/sed.12314 

 
Lowen Hydrogeology Consulting (2011) Aquifer classification mapping in the 
Peace River Region for the Montney Water Project. 
http://a100.gov.bc.ca/appsdata/acat/documents/r23247/aq_class_peace_riv_re_june_2 
Accessed June 2020 

 
Manna F, Cherry JA, McWhorter DB, Parker BL (2016) Groundwater recharge 
assessment in an upland sandstone aquifer of southern California. J Hydrol 
541:787–799. https://doi.org/10.1016/j.jhydrol.2016.07.039 

http://a100.gov.bc.ca/appsdata/acat/documents/r23247/aq_class_peace_riv_re_june_2


5/12/2021 e.Proofing 

https://eproofing.springer.com/journals_v2/printpage.php?token=MgHRyIPTel6s64NxIstC70I23VFgxaBaNmZxxlAP6dc 39/43 

 

 

Morgan SE, Allen DM, Kirste D,  Salas CJ  (2019) Investigating the hydraulic 
role of a large buried valley network on regional groundwater flow. Hydrogeol J 
27(7):2377–2397. https://doi.org/10.1007/s10040-019-01995-0 

 
Nastev M, Rivera A, Lefebvre R, Martel R, Savard M (2005) Numerical  
simulation of groundwater flow in regional rock aquifers, southwestern Quebec, 
Canada. Hydrogeol J 13(5):835–848. https://doi.org/10.1007/s10040-005-0445-6 

 
Northeast Water Tool (2020) Northeast water tool. https://water.bcogc.ca/newt. 
Accessed May 2021 

 
Odong J (2007) Evaluation of empirical formulae for determination of hydraulic 
conductivity based on grain–size analysis. J Am Sci 4(1). 
http://www.jofamericanscience.org/journals/am- 
sci/0401/01_0287_JustineOdong_%20Evaluation_am0401.pdf. Accessed May 2021 

 
Pétré M-A, Rivera A, Lefebvre R (2019) Numerical modeling of a regional 
groundwater flow system to assess groundwater storage loss, capture and 
sustainable exploitation of the transboundary Milk River aquifer (Canada – 
USA). J Hydrol 575:656–670. https://doi.org/10.1016/j.jhydrol.2019.05.057 

 
Pugin AJ-M, Oldenborger GA, Cummings DI, Russell HAJ, Sharpe DR (2014) 
Architecture of buried valleys in glaciated Canadian prairie regions based on 
high resolution geophysical data. Quat Sci Rev 86:13–23. 
https://doi.org/10.1016/j.quascirev.2013.12.007 

 
Reilly T, Harbaugh A (2004) Guidelines for evaluating ground-water flow 
models. https://pubs.usgs.gov/sir/2004/5038/PDF/SIR20045038_ver1.01.pdf. 
Accessed September 2020 

 
Riddell J (2012) Potential for freshwater bedrock aquifers in northeast British 
Columbia: regional distribution and lithology of surface and shallow subsurface  
bedrock units. 
http://cmscontent.nrs.gov.bc.ca/geoscience/publicationcatalogue/PetroleumGeoscienc 
04.pdf. Accessed May 2021 

 
Ritzi RW, Dominic DF, Slesers AJ, Greer CB, Reboulet EC, Telford JA, Masters 
RW, Klohe CA, Bogle JL, Means BP (2000) Comparing statistical models of 

http://www.jofamericanscience.org/journals/am-
http://www.jofamericanscience.org/journals/am-
http://cmscontent.nrs.gov.bc.ca/geoscience/publicationcatalogue/PetroleumGeoscienc
http://cmscontent.nrs.gov.bc.ca/geoscience/publicationcatalogue/PetroleumGeoscienc


5/12/2021 e.Proofing 

https://eproofing.springer.com/journals_v2/printpage.php?token=MgHRyIPTel6s64NxIstC70I23VFgxaBaNmZxxlAP6dc 40/43 

 

 

physical heterogeneity in buried-valley aquifers. Water Res Res 36(11):3179– 
3192. https://doi.org/10.1029/2000WR900143 

 
Russell HAJ, Pullan SE, Hunter JA, Sharpe DR, Holysh S (2004) Buried valley 
aquifers: delineation and characterization from seismic and core data at Caledon East, 
Ontario. https://doi.org/10.4095/215441 

 
Saha GC, Paul S, Li J, Hirshfield F, Sui J (2013) Investigation of land-use  
change and groundwater—surface water interaction in the Kiskatinaw River 
watershed, northeastern British Columbia (parts of NTS 093P/01,/02,/07–/10). 
Geosci BC Summary Activities 2013:139–148 

 
Sanford W (2002) Recharge and groundwater models: an overview. Hydrogeol J 
10(1):110–120. https://doi.org/10.1007/s10040-001-0173-5 

 
Seifert D, Sonnenborg TO, Scharling P, Hinsby K (2008) Use of alternative 
conceptual models to assess the impact of a buried valley on groundwater 
vulnerability. Hydrogeol J 16(4):659–674. https://doi.org/10.1007/s10040-007- 
0252-3 

 
Seyoum WM, Eckstein Y (2014) Hydraulic relationships between buried valley 
sediments of the glacial drift and adjacent bedrock formations in northeastern 
Ohio, USA. Hydrogeol J 22(5):1193–1206. https://doi.org/10.1007/s10040-014- 
1128-y 

 
Shaver RB, Pusc SW (1992) Hydraulic barriers in Pleistocene buried-valley 
aquifers. Groundwater 30(1):21–28. https://doi.org/10.1111/j.1745- 
6584.1992.tb00807.x 

 
Shaw RJ, Hendry MJ (1998) Hydrogeology of a thick clay till and Cretaceous clay 
sequence, Saskatchewan. Canada. 35:12 

 
Theis CV (1935) The relation between the lowering of the Piezometric surface   
and the rate and duration of discharge of a well using ground-water storage. EOS 
Trans Am Geophys Union 16(2):519–524. 
https://doi.org/10.1029/TR016i002p00519 

 
USGS (2015) USGS SRTM 1 arc-second global: digital elevation model of the 
ground surface of the Peace Region in Northeast British Columbia. 



5/12/2021 e.Proofing 

https://eproofing.springer.com/journals_v2/printpage.php?token=MgHRyIPTel6s64NxIstC70I23VFgxaBaNmZxxlAP6dc 41/43 

 

 

https://www.usgs.gov/core-science-systems/ngp/3dep/about-3dep-products- 
services. Accessed June 2020 

 
van der Kamp G, Maathuis H (1991) Annual fluctuations of groundwater levels  
as a result of loading by surface moisture. J Hydrol 127(1–4):137–152. 
https://doi.org/10.1016/0022-1694(91)90112-U 

 
van der Kamp G, Maathuis H (2012) The unusual and large drawdown response  
of buried-valley aquifers to pumping. Groundwater 50(2):207–215. 
https://doi.org/10.1111/j.1745-6584.2011.00833.x 

 
Winter TC (2001) The concept of hydrologic Landscapes. J Am Water Res 
Assoc 37(2):335–349. https://doi.org/10.1111/j.1752-1688.2001.tb00973.x 

 
Allen, A., Goetz, A. M., Gonzalez, P. S., Ladd, B., van Geloven, C., George, P., 
Kirste, D., & Beckie, R. D. (2021). Installation of a Purpose-Built Groundwater 
Monitoring Well Network to Characterize Groundwater Methane in the Peace 
Region, Northeastern British Columbia (NTS 093P/09–16, 094A/01–08):  
Activity Report 2019–2020. 12. 

 
... 

http://www.usgs.gov/core-science-systems/ngp/3dep/about-3dep-products-

	Abstract
	Keywords

	Introduction
	Fig. 1
	Fig. 2

	Study area
	Physiography
	Regional geology

	Materials and methods
	Geological conceptualization
	Fig. 3

	Groundwater flow
	Hydrogeological conceptual model
	Fig. 4

	Numerical model
	Fig. 5


	Results
	Recharge distribution
	Fig. 6
	Fig. 7

	Groundwater budget
	Flow paths and travel times
	Fig. 8


	Model assessment
	Conclusions
	Supplementary Information
	ESM 1

	References

