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Introduction

Buried valleys are channel-form depressions, or paleo-
valleys, that have been infilled by sediment and buried fol-
lowing their formation (Cummings et al., 2012). Within
these buried valleys, permeable material can form thick
unitsthat havethe potential to storeand transmit significant
amounts of water, hence the term *buried valley aquifers'.
Buried valleys have been identified below glaciated ter-
rains in North America and northern Europe, and when
filled with permeable sediments, they can represent attrac-
tivetargetsfor groundwater exploitation (Shaver and Pusc,
1992; Andriashek, 2000; Cummings et al., 2012; Olden-
borger et al., 2013). Studying buried valleysand gaining an
understanding of their architecture, lateral extent and the
continuity of the permeable units is crucial to managing
groundwater resources (Hickin et al., 2016).

Several studies have explored the hydraulic role of buried
valley aquifers through both field techniques (e.g., Troost
and Curry, 1991; Shaver and Pusc, 1992; van der Kamp and
Maathuis, 2012) and numerical modeling (e.g., Shaver and
Pusc, 1992; Seifert et al., 2008; Seyoum and Eckstein,
2014). Investigationsinto buried valley aquifers using nu-
merical modeling haveincorporated their geological struc-
ture and have explored the continuity of the permeable
unitswithin their fill, which are among the key factors that
control the effect that buried valleys have on groundwater
flow (Russell et al., 2004). These studies, however, tend to
be localized (e.g., one buried valley). “At the regional
scal e, there has been limited investigation of aquifer extent
and continuity along buried valleys, the groundwater re-
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source potential of buried valley aquifer systems, and the
hydraulicroleof buried valleysonregional flow” (Russell,
2004). To examine the resource potential of buried valley
aquifers, theimpact that buried valleyshave on theregional
groundwater flow regime must be investigated.

The purpose of this research isto contribute to the knowl-
edge of buried valley aquifer hydrogeol ogy and explorethe
influence that buried valley aquifers have on groundwater
flow at aregional scale. The study areais the Peace River
region of northeastern British Columbia (BC). The aim of
this work is also to extend the research conducted for
Geoscience BC’'s Peace Project, aproject aimed at contrib-
uting new information about the available water resources
in northeastern BC.

The specific objectives of the research are to

e determine the nature of the continuity of the permeable
units within the buried valley network in the Peace
River region,

e characterize the regional groundwater flow system for
the buried valley aquifer network, and

e analyzetheregional water budget under theinfluence of
the buried valley aquifers and assess the validity of the
buried valley aquifers as a water resource.

Study Area

Northeastern BC has seen alarge increase in shale gas de-
velopment during thelast 15 years. To accessthe gasinthe
tight shale units, industry hydraulically fractures the rock
(fracking) to increase its permeability. This fracking re-
quireslarge volumes of water, with asingle well requiring
potentially morethan 20 000 m?of water. Currently, most of
the water used for hydraulic fracturing in northeastern BC
is surface water; however, increased development may in-
crease the demand for other water sources, specifically
groundwater found in northeastern BC's aquifers.
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Unconsolidated aquifers that are particularly important to
thisregion arein Neogene (preglacial; existed prior to gla-
ciation) and Quaternary (glacial; cut during glaciation) bur-
ied valleys eroded into overlying sediments and/or bed-
rock. Both types of buried valleys occur in the Peace River
region, and the valley-fill material can sometimes contain
sand and gravel aquifers (Lowen, 2011), making them ap-
pealing targets for groundwater exploration. Most, how-
ever, havelittleto no surface expression becausefollowing
the deposition of the valley-fill material, processes such as
aggradation subsequently buried these valleys (Hickin,
2011; Hickinet al., 2016). Thismakesthe process of identi-
fying and mapping these buried valley aquifers challeng-

ing.

Inthe Peace River region, the approximate extent of alarge
network of buried valleys has been delineated (Figure 1;
Petrel Robertson Consulting Ltd., 2015); however, the
hydrogeological characteristics of these buried valleys, in
particular the potential continuity of high permeability ma-
terials, islargely unknown. Moreover, the broader rolethat
these buried valleys play in the regional groundwater flow
regime of the Peace River region has yet to be explored.

Methods

Buried valley geometry is quite complex (Oldenborger et
al., 2014); therefore, the incorporation of high-resolution
geophysical dataisnecessary tointerpret their architecture.
This study will incorporate the geological data and inter-
pretations from two geophysical techniques: electromag-
netic surveys and gamma-ray logging.

Airborne Electromagnetic Survey Data

During the last several years, airborne time-domain elec-
tromagnetic (TEM) systems have been developed and
proven successful for hydrogeophysical studies of buried
valleys(e.g., Steuer et al., 2009; Hayer et a., 2011; Olden-
borger et al., 2013). Aspart of Geoscience BC's Peace Pro-
ject, approximately 21 000 line-kilometreswereflownwith
the SkyTEM system (Sgrensen and Auken, 2004) to collect
airborne TEM datafor the Peace River region. SKkyTEM is
anairborne TEM system specifically designed for environ-
mental investigations (Serensen and Auken, 2004). The
TEM data were subject to one-dimensional and three-di-
mensional inversion and are presented as interpreted hori-
zontal subsurface resistivity slices (Figure 2) and vertical
resistivity crosssections. Generally, low resistivity isinter-
preted to represent fine-grained material such as clay or
material containing salinewater, whereashighresistivity is
interpreted to represent coarse-grained material such as
sand and gravel or bedrock.

64

Gamma-Ray Logs

Gamma-ray logsare used to measurethe natural radioactiv-
ity emitted by sediments. High gamma-ray valuesgenerally
relate to clays and result from higher concentrations of ra-
dioactiveelementsfoundinclay minerals, such asuranium,
potassium and thorium (Quartero et al., 2014). Low
gamma-ray values generally relate to sand and coarse-
grained material. Gamma-ray logs are commonly used to
determine subsurface lithology and stratigraphy; however,
the steel surfacecasing inthewell mutesthe gamma-ray re-
sponse from the formation, reducing the amplitude and
variance of the data (Quartero et al., 2014). While surface
casing enhances wellbore stability and protects shallow
groundwater from surface contamination, the attenuation
caused by the casing lowers the overall gamma-ray re-
sponse and is problematic for geological interpretation
(Quartero et al., 2014).

The gamma-ray logs from approximately 1400 wellsin the
Peace River region have been corrected for the attenuation
of thegamma-ray response caused by the surface casing us-
ing the statistical correction technique developed by
Quartero et al. (2014). Thistechnique allowsthe cased and
noncased log intervals to be merged into one continuous
gamma-ray curve for stratigraphic correlation (Figure 3).

Objective 1. Geological Model

Thesurficial geology map of the Peace Project areain Fig-
ure 1 shows the outline of a large buried valley network.
Thislarge network will bethefocusfor thisresearch, thus,
the developed geological model will likely bein this area.
Theexact areaof themodel will bedefined at alater stagein
the research, once all available data have been examined.

The geological and geophysical datasets will be imported
into the reservoir software, Petrel (Schlumberger Limited,
2011), and used to design a 3-D geological model of the
buried valley network. Two optionswill beexplored for the
model domain:

e Thevertical extent of the geological model will befrom
ground surface to the top of bedrock. Bedrock topogra-
phy (from Petrel Robertson Consulting Ltd., 2015) and
adigital elevation model (DEM) will be used asthe top
and bottom surfaces of the geological model, respec-
tively. This geological model and the following
hydrogeol ogical model will only consider theunconsol -
idated sediments. The bedrock will be considered
impermeable.

o Afull geological model will be generated that includes
the bedrock, down to approximately 200 m, below
which thereis likely limited groundwater flow.

The interpreted geology from the TEM resistivity slices
and cross sections will be used to differentiate fine- and
coarse-grained material within thevalley fill (and possibly
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Figure 1. Surficial geology of the Peace Project area in northeastern British Columbia. The outlines of the four main areas within the Peace
Project are shown in red (Sikanni Chief, Peace Project Main, Charlie Lake and Doig River). Thick dark lines represent outlines of buried
valleys (generally >10 m deep). Modified from Petrel Robertson Consulting Ltd. (2015).

lithological differences in bedrock) and, in combination
with bedrock topography, to visualize the structure of the
buried valleys themselves. The surficial geology map,
available gamma-ray logs for oil and gas wells, and lithol-
ogy logs reported by well drillers (from the WELLS data
base; BC Ministry of Environment, 2016) will supplement
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the TEM datato help confirm the depth to bedrock and ver-
ify the geological interpretation fromthe TEM data. There
is also a possibility that a few targeted boreholes will be
drilled in the study areato confirm the geological interpre-
tation of the geophysical data. The information collected
from these boreholes would be included in the study.
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Figure 2. Example of a horizontal subsurface resistivity slice showing interpreted resistivity distribution from 5 to 10 m below ground sur-
face in the Peace Project Main area of the Peace Project. Resistivity distribution was derived from spatially constrained inversion (SClI).
Depth to bedrock in metres is shown next to the petroleum and water wells in the figure. Modified from Aarhus Geophysics ApS (2016).

Thehydraulic propertiesof thegeological unitswill beesti-
mated primarily from the literature based on the texture of
the Quaternary deposits in the Peace River region. These
will be supplemented by estimates obtained from pumping
testsand possibly grain size data. Based on distinct hydrau-
lic conductivity contrasts between the dominant material
types (e.g., till versus glaciofluvial), unique hydrostrati-
graphic units will be defined.

Objective 2: Numerical Groundwater Flow
Model

Characterizing a groundwater flow system requires a geo-
logical model, defined recharge areas and amounts of re-
charge, delineation of flow paths and the volume of flow,
and defined discharge areas. Numerical groundwater flow
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models are valuable tools for characterizing groundwater
flow systems. The most commonly used groundwater flow
model is MODFLOW, and since itsreleasein 1988, it has
become the industry standard for numerical groundwater
modeling (ZhouandLi, 2011). MODFLOW isablock-cen-
tred, finite-difference codethat can handle complex bound-
aries and spatial and temporal variations of the system
(Pisinaras et al., 2007). MODFLOW can also import geo-
logical models generated in other programs, such as Petrel
(Schlumberger Limited, 2011).

Using the 3-D geological model developed in Objective 1,
an interpretive, steady-state, 3-D numerical groundwater
flow model will be created for the Peace River study areato
characterize the regional groundwater flow system of the
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buried valley network. The model boundary conditionsare
uncertain, but will be approximated based on existing in-
formation. Spatial recharge has been estimated for the
Peace River region by Holding and Allen (2015), who pro-
vide arange of average mean annual recharge between 88
and 1006 mm/year. Based on the model location and the
spatial distribution of recharge from Holding and Allen
(2015), rechargerateswithin therange of 0 and 300 mm/year
will betested and applied to the top surface of the numerical
model. Other boundary conditions thought to control the
flow withintheburied valley aquifer systemwill beinvesti-
gated prior to model construction. These may include ma-
jor rivers, such asthe Peace River, and other water bodies.
Available hydrometric data will be used where rating
curves are available (to obtain the river stage from dis-
charge measurements).

The Particle Tracking tool in MODFLOW will be used to
identify and delineate likely recharge and discharge areas
of the buried valley aquifer network. The groundwater
travel paths will also be observed to explore the regional
groundwater flow system and investigate the hydraulic
gradient.

Objective 3: Regiona Water Budget

In MODFLOW, the Zone Budget analysistool will be used
to quantify the amount of recharge to and discharge from
the buried valleys, respectively, and to estimate how much
water ismoving through the buried valley aquifer network.
If the model domain includes bedrock, the Zone Budget
tool will also be used to estimate how much water ismoving
outside the buried valleysin the bedrock. Thisamount will
be compared with the amount of flow within theburied val-
ley network to address the question of theimpact of buried
valley aquifers on regional groundwater flow.

Additionally within the numerical model, simulations will
be carried out to assess the potential of these buried valley
aquifers asalong-term, sustainable groundwater resource.
This will be achieved through adding to the steady-state
model pumping wellsthat are completed in the buried val-
ley aquifers. Abstraction will be simulated, and the Particle
Tracking tool will be used identify capture zones in the
steady-state flow field.

Future Work

Objective Liscurrently underway for thisproject. The geo-
logical and geophysical data will be brought into Petrel
(Schlumberger Limited, 2011), and these datasets will be
used to design the geological model of the buried valley
network in the Peace River study area. Based on the devel-
oped geological model, a numerical groundwater flow
model will be constructed for the study area. This flow
model will be used to assess the impact of buried valley
aquifers on regional groundwater flow. It is hoped that the
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Figure 3. Example of a gamma-ray log from the Peace Pro-
ject area corrected using the Quartero et al. (2014) method.
The gamma-ray curve from the cased-hole interval is shown
in black and the corrected gamma-ray curve is shown in red.
Stratigraphic picks are also shown on the gamma-ray log,
beginning with the youngest: Quaternary sediments, Upper
Cretaceous Sully Formation, Lower Cretaceous Sikanni
Formation and Lower Cretaceous Buckinghorse Formation.
Modified from Petrel Robertson Consulting Ltd. (2015).
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results of thisstudy can provideinsight to futureinvestiga-
tions of regional groundwater systems containing buried
valleys. This research will be completed and documented
asan M.Sc. thesis.
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