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Abstract In Southern Saskatchewan, Canada, the clay-rich
till deposits are important as sites for waste disposal and as
protective covers on regional aquifers due to their low
hydraulic conductivity and great thickness. In such case, it is
very important to fully understand the detailed distribution
and the variation of the gravel areas in the glacial cap to study
the infiltration speed in the subsoil. Resistivity measurements
in the form of 1D Schlumberger sounding and 2D Wenner
resistivity profiling were carried out in the area north of Luck
Lake, Southern Saskatchewan, to map the extent of gravel
substratums in the till cap and to investigate the impact of a
known fault on the gravel and till in the area. These mea-
surements were controlled with depth and single point resis-
tivity information from two boreholes drilled previously. The
analysis of the 2D inverted sections shows the importance of
electrical resistivity techniques for mapping the lateral and
vertical heterogeneities in the till deposits, which are related
to the hydraulic processes controlling groundwater recharge.
The 2D resistivity imaging sections show the major till units
on both sides of the east-west fault system. The strong
resistivity contrast between the upper part of the till
(1023 Qm) and the basal part (>150 Qm) allows the map-
ping of a gravel layer in the lower parts. This gravel sub-
stratum is better defined and more significant towards the
ridge in the northern area due to its greater thickness and
higher resistivity. The lowland area is characterized by clay-
rich of glaciolacustrine deposits identified in a borehole and
by low resistivities (<20 Qm). The resistivity of the Creta-
ceous mudstone bedrock is low, typically <10 Qm. No gravel
deposits are interpreted to the downside of the fault.
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Introduction

The occurrence and movement of the groundwater and
surface pollutants in glacial deposits are influenced by
different factors, such as surface topography, clay content,
fracture system, faults and nature of weathering. Canadian
Prairie tills tend to be distinguished and mapped using a
combination of geophysical well-log signature, clay con-
tents, presence of intervening of weathering profiles, and
presence of sand and gravel layers or boulders pavements
(Christiansen 1986; Cummings et al. 2012). Correlation of
lithology and fractures sets between core holes or wells is
difficult in till because of heterogeneous characteristics
inherent in most glacial sediments (Haefner 2000).

The glacial deposits in Southern Saskatchewan act as
protective zone for waste disposal on regional aquifers. In
addition, clay-rich deposits are being considered as possi-
ble hosts for disposal of high-level radioactive waste
(McCombie 1997). Quantifying groundwater flow through
these aquitards has implications for solute transport in
aquitards and protection of underlying aquifers (Shaw and
Hendry 1998). Because of the extremely long time scales
for groundwater flow and contaminant transport in till
aquitards (over thousands of years or even longer), these
formations can function as protective barriers against
contaminant transport to more potable groundwater
resources and allow them to be considered as historical
hydrogeologic archives of ancient climates, geologic pro-
cesses, and chemistry (Remenda 1993, Hendry 1988S;
Hendry et al. 2003, 2005). Hendry et al. (2011) studied the
vertical controls on solute transport in glacial till aquitard
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Fig. 1 Location map of the Luck Lake area shows the elevation and historic borehole distributions (Christiansen 1986); contour interval is 20 m.
The red line represents the location of geologic cross section (Fig. 5). LL3 and LL6 are recent boreholes (Hendry et al. 2011)

(>120 m thick) through seven boreholes in the area around
Luck Lake using a high-resolution 1D stable isotope pro-
files. In this case, the fracture system as well as gravel
deposits in the aquitard allow fluid percolation even when
the matrix itself is relatively impermeable (Phillips 2009).
Geophysical surveys can apply for mapping the structural
disturbances, such as fault system and layer boundaries and
study its impact on solute transport in aquitard systems.

The determination of the spread of groundwater con-
taminations is difficult because of the high cost of drilling
and the rapid changes of subsurface layer distributions,
which are common in the glacial deposits’ investigations.
Geo-electrical resistivity techniques provide the capability
of mapping the lateral and vertical subsurface variations
and to characterize the subsurface continuously over larger
areas between boreholes (Gemail 2012). In environmental
applications, resistivity surveys are capable of mapping
overburden depth, stratigraphy, faults, fracture zones, rock
units, and voids (Ward 1990; Aizebeokhai 2009). Electrical
methods are efficient in mapping the variations in clay-rich
deposits, because clay formations show low resistivities
and sandy gravel formations are related to relatively high
resistivities (Gemail 2012).

This mapping process is based on the electrical resis-
tivity distributions, which are related to the fracture pattern,
clay content, and subsurface hydrogeological conditions. In
a resistivity survey, an electrical current is injected into the
ground through a pair of current electrodes and the pro-
duced voltage difference on a second pair of electrodes is
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measured and interpreted in terms of the resistivity distri-
bution in the ground. The obtained apparent resistivity
values depend on the actual resistivity distribution, as well
as the electrode spacing and type of electrode array. As
glacial deposits are often complex, with abrupt lateral
changes over short distances, there is a need for more
detailed information across an entire site (Smith and Sjo-
gren 2006). Electrical resistivity imaging (2D) has been
widely used in environmental investigations due to the
need for a high-resolution approach to delineate buried
structures, gravel deposits, and in areas of complex geol-
ogy, structural framework and stratigraphy (Griffiths and
Barker 1993). In glacial areas, the 2D electrical resistivity
tomography (ERT) can be used as a rapid sand and gravel
reconnaissance tool (Chambers et al. 2012). In the King
Site area, northeast of Luck Lake (Fig. 1), Boris and
Merriam (2002) and Boris (2005) applied the azimuthal
resistivity technique to detect the electrical anisotropy
which is related to fracture direction and intensity in the till
aquitard of Southern Saskatchewan.

In the Luck lake area, Southern Saskatchewan (Fig. 1),
DC resistivity surveys in the form of Schlumberger
soundings and Wenner 2D imaging profiles were carried
out along a profile running between two boreholes LL3 and
LL6 and crossing the Coteau Ridge, which is a fault zone.
These surveys aim to study the effectiveness of DC resis-
tivity method for mapping the gravels and permeable
deposits in the till deposits as well as the resistivity signal
of the fractures and heterogeneities in the upper part of the
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till aquitard. Therefore, it is very important to fully
understand the detailed distribution and the variation of the
permeable zones in the clay-rich cap to study the vulner-
ability conditions of the lower aquifers with inhomoge-
neous till aquitards. The aim of the 1D survey is to map the
vertical lithological sequence in the area. However, it does
not take into account the horizontal changes in the till
deposits. To overcome this limitation, the 2D resistivity
imaging was applied and integrated with prior 1D survey,
where the variations of resistivity in both vertical and
horizontal directions are considered and treated within
short distances.

In the present work, a theoretical model is assumed
based on the obtained geological and hydrogeological
information from boreholes. This model was correlated
with the observed resistivity profiles to draw a clear picture
of the subsurface conditions and to determine the origin
and extension of the gravels in the whole area.

Study area and geological setting

The Luck Lake study area is located 120 km southwest of
Saskatoon, Saskatchewan, Canada (Fig. 1). The study area
is bounded on the north, west and south by a hummocky
ridge called the Coteau Ridge (maximum elevation of
710 m asl) and to the east by the South Saskatchewan
River basin (560 m asl). Two boreholes (LL3, 353208E,
5665835N and LL6, 13 353142E, 5663394N) were drilled
along a profile crossing the Coteau Ridge (Fig. 1). These
two boreholes show great variation in solute transport
conditions related to the nature of the till on the both sides
of Coteau Ridge (Hendry et al. 2011). At LL3, a 13-m thick
gravel layer was observed at 37 m depth. No gravel was
observed in the downside at LL6 to a depth of 50 m.

The area around Luck Lake, Southern Saskatchewan is
covered by thick (>30 m) glacial deposits, weathered to a
depth of 15 m, overlying dark gray, silty marine clay of the
Snakebite Member of the Cretaceous Bearpaw Formation
(Van Stempvoort and van der Kamp 2003). The basal part
of the till is gray and unoxidized and overlain by a hard,
jointed and stained oxidized till.

The till deposits in the Luck Lake area have been
described by Christiansen (1986); Remenda (1993); Shaw
and Hendry (1998); Van Stempvoort and Van der Kamp
(2003) and Christiansen and Schmid (2005). The geologi-
cal processes of Southern Saskatchewan glacial deposits
include: (1) outwash of stratified sediments derived from
melting glaciers, (2) inwash of deltaic stratified sediments
deposited from extra-glacial streams, and (3) salt collapse
structures which occurred during the glaciation time
20,000 years ago (Christiansen and Schmid 2005).
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Fig. 2 Late Tertiary and Quaternary stratigraphy and hydrogeology
in southern Saskatchewan area (modified after, Christiansen 1992;
Mollard et al. 1998)

A stratigraphic framework for the till and intertill
stratified units of the Pleistocene glacial period in southern
Saskatchewan (Fig. 2) have been established and classified
by Christiansen (1992). The Pleistocene till and intertill
stratified deposits have been separated into the Empress
(discontinuous, proglacial gravels), and overlying pre-
dominantly till of Sutherland and Saskatoon groups
(Fig. 2). The Saskatchewan Geological Survey (2003)
reported that the glacial sediments in southern Saskatche-
wan are subdivided into two distinctive but gradational
groups; till, laid down directly by the ice, and stratified
sediments, deposited in water either in glaciofluvial or
glaciolacustrine environments. Glaciofluvial stratified sed-
iments are composed mainly of sand and gravel. These
sediments are subdivided into ice-contact stratified drift,
deposited beneath or immediately in front of the ice, and
outwash sediments, deposited by meltwater streams
beyond the ice. Glaciolacustrine sands and silts were
deposited in glacial lake deltas, whereas the finer silts and
clay settled offshore in the lake basins. Figure 3 shows the
glacial landforms of the Quaternary deposits surrounding
Luck Lake (Saskatchewan Geological Society 2002). As
indicated from this map, Luck Lake lies over glaciolacus-
trine deposits of sand, silt and clay and is bordered on the
north side by hummocky till.
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ALLUVIAL DEPOSITS
Gravel, sand, silt, clay and slump material,
on floodplains or poorly drained areas

. E' Alluvial deposits

EOLIAN DEPOSITS:

Fine and medium sand and silt
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GLACIAL LAKE DEPOSITS:
Gravel, sand, and silt transported
and deposited by glacial meltwater

Outwash/proglacial

" GLACIAL LAKE DEPOSITS
Sand, silt and clay

GLACIAL DEPOSITS:
Till consisting of unsorted mixtures of
boulders, gravel, sand, silt and clay

Moraine deposits

Stagnant ice moraine
undulating to hummocky

10 km -I Ridged moraine

Fig. 3 Surface geological map showing the glacial landforms around Luck Lake area (modified after Saskatchewan Geological Survey 2003)

Fig. 4 Thickness distribution
map of the till aquitard around
Luck Lake obtained from
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The thickness values of the till deposits were obtained
from 62 boreholes around Luck Lake area (Christiansen
1986; Christiansen 1992). The obtained thickness values
were interpolated using a kriging algorithm and presented
as a contour map of Fig. 4. According to this map, the till
in the area ranges in thickness from 14 to 120 m. At
borehole LL3, the till aquitard is 55 m thick (Hendry et al.
2011). In the Luck Lake area, Christiansen (1986) identi-
fied two till formations capped by Holocene deposits: an
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upper oxidized till identified as the Battleford Formation
and a basal till called the Floral Formation with thicknesses
of 0-5 and 30-70 m, respectively (Hendry et al. 2011). Till
in the upper part of the Floral Formation is hard, jointed
with yellowish brown and black staining (Christiansen
1992), whereas till in Battleford Formation is soft, massive
and unstained. The contact between the Floral and Battle-
ford Formations is unconformable and is marked com-
monly by a boulder pavement (Fig. 2).
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Fig. 5 Geological cross section A-A’ shows the stratigraphy and faulting in the area north of Luke Lake. Figure (1) shows the location of A-A’

cross-section (modified after Christiansen 1986)

The Saskatoon Group till unconformably overlies the
plastic, marine Snakebite Member clay of the Cretaceous
Bearpaw Formation (Fig. 5). The glacial and non-glacial
overburden, along with the Snakebite Member, forms an
aquitard restricting fluid flow into the underlying Ardken-
neth sand aquifer.

Hydrogeologically, the till aquitard in the area is typically
subdivided into units, a thin layer of brown weathered till
below ground surface (5-15 m thick), and follows by grey
and commonly thicker unit of unweathered till (Cummings
et al. 2012). Weathered till tends to be more permeable than
unweathered till and downward groundwater velocities in
unfractured are low (Shaw and Hendry 1998). Vertical
hydraulic conductivity through unfractured till is 10~ '
107'° m/s (Shaw and Hendry 1998). These values are higher
in the coarse-grained materials such as sands and gravels as
well as in the presence of fractures in the till drift aquitard.

Powerwater in weathered till is commonly enriched in
tritium, Oxygen-18, and deuterium, suggesting that the
zone is hydrogeology active (Hendry 1988). The chemistry
of the porewater in inter-till sand and gravels aquifers tends
to be similar to that of the porewater in the till aquitard
(Cummings et al. 2012). The depth to the water table in the
Luck Lake area is generally 1-5 m below ground (BG).
The shallow depth to water table is attributed to the lack of
downward flow due to low vertical hydraulic conductivity
of the unoxidized till (Hendry et al. 2011).

The bedrock, Bearpaw Ardkenneth (aquifer) and
Snakebite (aquitard) members are collapsed as a result of
dissolution of Devonian salt (Christiansen 1986; Chris-
tiansen and Sauer 1998; Cummings et al. 2012). Locally,
however, remnants of salt remain as salt horsts (Fig. 5). As
shown in the northern end of the cross-section (Fig. 5), the
basal part of the till in the footwall of the Coteau ridge is
defined by a gravel layer close to the ridge. The vertical
displacement in the Snakebite bedrock associated with the
collapsed fault is 69 m (Coteau ridge).

Methodology

In the present survey, the resistivity measurements were
started by applying the vertical electrical sounding tech-
nique (VES). Along a profile between boreholes LL6 and
LL3 in the north with 3.6 km length (Fig. 6), 12 Schlum-
berger sounding points were measured with 1,000 m
maximum current spacing (AB). The Schlumberger elec-
trode array was selected due to its advantage with respect
to the high penetration depth and its sensitivity for shallow
changes. According to the lithologic units obtained from
the two boreholes, the applied spread is long enough to
penetrate the till glacial drift overburden and reach the
Snakebite Member. These soundings were distributed with
unequal spacing depending on the civil constructions and
topography of the area (Fig. 6). To overcome the ambi-
guity problem, which is common in the resistivity mea-
surements, two sounding points (VES 10 and 12) were
conducted beside borehole LL3 in two different directions.
The curves of these soundings show a strong similarity
reflecting the same subsurface conditions in both direc-
tions. During the Schlumberger data collection, the resis-
tivity meter obtained the apparent resistivity and estimated
the standard deviation of errors from repeat cycles.
Observations with a standard deviation error of >0.1 Qm
were repeated or discarded.

The measured sounding points were inverted using
IP2WIN (Bobachev et al. 2003). The inversion procedure
in this program is based on a linear filtering algorithm,
which provides a fast and accurate direct problem solution
for a wide range of models, covering all reasonable geo-
logic situations. To select the model that best represents the
true conditions of the subsurface, lithology and depths of
subsurface layers from borehole LL3 were used to fix some
layer parameters to obtain the actual resistivity values
(Fig. 7). All soundings along the profile were treated as a
unit based on the lithologic boundaries obtained from
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Fig. 6 Location map of the
resistivity measurements in the
north of Luck Lake area. P are
locations of Wenner spreads.
Elevation contour intervals are
10 m
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boreholes LL3 and LL6 to represent the variations in the
subsurface geological conditions.

Four 2D resistivity profiles were measured along the
long intersect that intercepts boreholes LL3 and LL6. In
this technique, the resolution of the resistivity imaging
method is controlled by the electrode spacing, the type of
array used, and the noise levels and by the local geology
(Beresnev et al. 2003). Before the field measurements,
different electrode arrays were tested using a synthetic
forward model obtained from the available geological
information and the Schlumberger sounding survey. The
tested arrays were included dipole—dipole, Wenner, pole-
dipole and pole—pole arrays. Based on this information, a
Wenner array was selected for the resistivity imaging
survey where the inverted model of this array provides an
approximate guide to the geometry and true formation
resistivity (Dalhin and Zhou 2004). In addition, the Wenner
array is characterized by greater investigation depth com-
pared with the dipole—dipole array. On the other hand, the
dipole—dipole array has good imaging resolution at shallow
depth and can be used to detect rapid changes of the upper
parts of overburden till but it has a very low signal-to-noise
ratio at high data levels, n = 6 (Dalhin and Zhou 2004).
These conditions reflect the reliability of Wenner array to
detect the vertical variations and heterogeneity of the till
overburden.

The apparent resistivities were collected along the pro-
files using 30 electrodes system with 10-m minimum
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electrode spacing and data level n = 10. These parameters
allow for imaging of the variations in the subsurface con-
ditions to a depth of 50 m using Wenner array. A Syscal Jr.
with 30 Smart Nodes cable was used to automate the data
collection as much as possible.

The apparent resistivity pseudosections were processed
and inverted using the smoothness-constrained least-
squares method (Loke and Barker 1996) to create true
resistivity sections. The inversion procedures in this tech-
nique are carried out using a non-linear least-squares
optimization algorithm to fit the measured resistivity values
(Loke and Barker 1996). The elevations along the mea-
sured lines were included during the inversion process. The
inversion parameters were set based on expected subsur-
face geology, quality of measured data, type of electrode
array and expected resolution of the inverse models. The
resulting inversions were compared with the original input
models obtained from the results of Schlumberger sound-
ings and geological information from LL3 and LL6 bore-
holes. In general, the inversions gave relatively high-
resolution images and revealed that the geometries of the
resistivity anomalous areas were sufficiently recovered.

Results and discussion

The results of the Schlumberger soundings were corre-
lated with lithologic units from boreholes LL3 and LL6



Environ Earth Sci (2015) 73:923-935 929
Fig. 7 Correlation between the Single-Point Resistance
interpreted 1-D model of SP (mV)
sounding 10 and the Single 200 150 100 50 0 VES ] 5 100 150 200 250
Point Resistance and SP logs of ERESE SRR I LA 10 LL3 T T IT [T TT[TTTTI[TTTT]
borehole LL3 — . I 4 0m
331 B 2
w.T el E s Fs
= . C: s -
Ak B o
SR . g
=l = ' 15
T 2 % 5
[ - C
-1 Ok @ +20
i o 3 S
gl & 1 -
o ® H 25 %
ol SK 8 ¢ -
a 1 o L -£30
ol = o z
|5 < —+35
t = a0
] - -
2 g2 - 45
23 B ¥ 3
B R =
| : fs
3 % é —:'60

B35 Clay-rich till
'Clay

Clay sands
Intertill gravels

dnoao uoojeyses

(Table 1). The obtained geoelectrical layers were used to
generate the geoelectrical cross-section in Fig. 8. The
apparent resistivity section (Fig. 8a) shows considerable
variations in the apparent resistivity distributions on both
sides of the fault zone, which is in the area between
soundings 5 and 6. The hanging wall of the fault is
characterized by relatively low apparent resistivity val-
ues (2-10 Qm) compared with the footwall side. A lens-
shaped resistive zone in the basal part of the footwall is
interpreted to be gravel and sand. This high resistive
zone (>100 Qm) is increased in resistivity and thickness
towards the ridge near sounding six reflecting greater
thickness of the gravel.

The interpreted sedimentary textures and location of the
fault are presented in Fig. 8b. On the whole geoelectrical
section, the relatively low resistivity values (2-9 Qm) in
the lower part permitted to clearly identify the depth of
shale bedrock of Snakebite Member.

In the footwall, the deeper part (at depth of 35 m) has a
resistivity range between 169 Qm at borehole LL3 and

Snakebite Member of the Bearpaw Formation
contains numerous smectite clay seams and
consists mainly of claystone, shale, and siltstone

= Resistivity log in borehole (3)

|_| Interpreted true resistivity of
sounding (10)

>500 Qm near the ridge slope. This great variation in the
resistivity may be due to variable grain size, fracture
quality and water content, or lack of it, in this gravel
stratum. This gravel stratum is considered as intertill or
stratified ice-contact deposits in the till aquitard and
exposed in some pits along higher elevations in the ridge
zone (between sounding 5 and 6). The thickness of the
gravel stratum is decreased gradually towards sounding 11
in the north direction and is not evident in the hanging
wall of the Coteau ridge. These till deposits are considered
as glaciofluvial deposits and are characterized by high
resistivity values compared with sediments in the hanging
wall.

In the hanging wall, the till deposits show low resistivity
values of 15-41 Qm due to the increasing amount of
lacustrine clays, silt and gypsum as indicated from Bore-
hole LL6. These deposits are characterized by glaciola-
custrine facies. The lower part of the till deposits shows a
high resistivity values (20-46 Qm) compared with the
upper zone to indicate the unoxidized zone. The depth to

@ Springer
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Table 1 Resistivities and thicknesses of the geoelectrical layers and its geological interpretation

VES no. Elevation (m) Resistivities (Q2m) Thicknesses (m) Depth to bedrock Boreholes

Pl*  P2% P3* P4** PseEr b hy hs hy

1 592 1.7 42 334 2.9 428 17 30.65 51.94 Hanging wall
2 592 84 42 44 2.8 29 211 2852 524

3 600 33 95 362 6.51 8.06 208 12.6 41.5

4 599 307 7.7 36.2 4.34 1.66 235 17.76 42.9 LL6

5 607 246 11.7 33 6.09 454 208 192 44.5

6 681 189 454 157 545 643 112 25 2353 28 55.71 Foot wall
7 689 16.7 242 183 462 2.11 1.02  1.75 358 249 632

8 681 51.3 138 19.8 463 55 1.39 239 2971 192 5274

9 682 104 265 179 366 6.19 1.51 13.8 1826 21.8 554

10 687 341 143 232 169  8.95 2.1 175 1742 184 5551 LL3 (NS)

11 690 18.7 123 223 83 6.81 361 4 3416 16.5 57.26

12 687 243 146 23 153 8.7 215 175 174 184 554 LL3 (EW)

Lithologic description: * P1, P2, P3 Glacial tills, lacustrine clays, claystones (Saskatoon Group), ** P4 Sand and gravels, *** P5 Snakebite
Member of the Bearpaw Formation contains numerous smectite clay seams and consists mainly of claystone, shale, and siltstone

Luck Lake
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AB/2 (m)

200 1000 1200 1400 1600 1300 2000 2200 2400 2600 2800 3000 3200
Distance (m)

Coteauridge

(b)
660
640
g 620
§ 600 ==
E :] Lacustrine clay with rock fragments, silt
i 580 / l and sand streaks throuahout
%65 / [ sandand gravels
= [] Clay and silt (Snakebie Member)
i [ ¥ Resistivity sounding point
520 ? Interpreted resistivity
<. Resistivity log j
SP lo
s00d —= g

I I I | | | U I | T T T T
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 (m)

Fig. 8 The apparent resistivity section and geoelectrical cross section along the profile between LL3 and LL6

the bedrock (Snakebite Member) varies between 42 and The overburden till has been investigated in detail using
53 m in the lowland area and from 53 to 63 min the upland  the inverted 2D resistivity imaging sections collected in
area (Table 1). Wenner array form. To show the continuity of gravel
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Fig. 9 2-D Wenner inverted sections (P2) around borehole LL3 showing the gravel in the basal part of the till and extending towards the south

materials around LL3, the inverted section along P1 was
compiled with its perpendicular line (Fig. 9). This profile
runs in north—south direction with 620 m length. Around
the borehole LL3, the gravel materials showed low resis-
tivity values (31-37 Qm) compared with higher resistivity
zone (150 Qm) towards the southern side. The well-defined
high resistivity zone was interpreted as a till with large
gravel boulders. The upper low resistivity zone (<20 Qm)
corresponds to weathered and fractured till (oxidized till),
which extends to 15 depth. Below this low resistivity zone,
a relatively more resistive zone (20-50 Qm) is observed
over basal gravel stratum. This zone corresponds to
unweathered till. Shaw and Hendry (1998) described the
lower part of the till as soft, massive, and dark olive gray,
whereas the upper part of the till is soft, brown, oxidized,
and visibly fractured.

To understand the resistivity distributions resulting from
the discontinuity of the gravel stratum along the fault zone,
a synthetic resistivity model was created using the same
field parameters as 10 m electrode spacing and Wenner
array. As shown in Fig. 10a, the geological model simu-
lates a 10 m thick gravel and sand stratum interbedded in
the till that terminates at the fault zone (Coteau ridge). The
shale bedrock (Snakebite Member) is apparent in the basal
part of the model and is affected by the fault (Fig. 10a).

The resistivity ranges of the synthetic model were inferred
from the former sounding survey and the parametric
measurements near the boreholes LL3 and LL6. The syn-
thetic modeling process was started by calculating the
apparent resistivity distributions along the obtained geo-
logical model using the 2D forward modeling program
(Loke and Barker 1996). The apparent resistivity calcula-
tions were carried out using finite-difference method and
exported as a data file with added 5 % random noise
(Fig. 10b). The calculated synthetic model was inverted to
display the resistivity patterns along the fault zone
(Fig. 10c). During the inversion procedures, the inversion
parameters were adjusted to image the suggested geologi-
cal model. Figure 10c shows the final inverted model after
five iterations and its geological interpretation.

The second measured Wenner 2D profile (P2) was
compared with the inverted synthetic model (Fig. 10c) to
define the resistivity patterns along the Coteau ridge. This
profile (Fig. 11) runs crossing the fault zone with 900 m
length. The inverted section of P2 shows the same well-
defined interface between upper till zone and the gravel
stratum in the footwall side and is not present in the
hanging wall area. This facies changes dramatically on the
hanging wall of the fault plane with relatively low resis-
tivity sediments interpreted to be clay-rich sediment and
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Fig. 10 2-D synthetic model using Wenner array shows the resistivity patterns resulting from gravels with till background crossing the fault

zone

shallow shale bedrock along the fault plane. The basal
gravel stratum shows a higher resistivity (>300 Qm) and
thickness near the ridge in the footwall side. The elongated
conducive features appeared in the top 15 m of the section
are attributed to an intensely fracture zone filled with clays
or water. This profile clearly illustrates the lateral and in
depth extent of the resistive and conductive anomalies
observed in the till overburden on both sides of the ridge.
Two-dimensional imaging resistivity survey has proven to
be useful for mapping the lateral and vertical variations in
the till overburden. The multi-electrode system, with 30
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electrodes spaced at 10 m, provided good resolution in the
upper 50 m. However, this system was not suitable for
identifying the bedrock surface in the upside area due to its
limited penetration depth.

Profile P3 is located in the vicinity of borehole LL6 and
has 900 m length (Fig. 12). Along this profile, the high
resistivity anomalies within the overburden reflect the
heterogeneity of the constituents where it consists of ero-
ded materials from the high land (sand, gravel pebbles and
silt). The Snakebite Member appears in the middle part of
P3 at depths varying between 40 to 50 m with low
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resistivity values (<6 Qm). The fault line is interpreted at
depth of 25 m in the northern end of this profile, where the
Snakebite bedrock of low resistivity appeared as sharp
contacts with till overburden (Fig. 12). In the overlap area
between P2 and P3, the gravels appear in some pits along
the fault zone. At borehole LL6, the oxidized till is
observed as a conductive sediment with 6-8 Qm resistivity
range at a depth of 15 m.

Along the closest 2D Wenner profile (P4) to Luck Lake,
the topography has only a gentle slope and hence no
topographic correction was completed. The resistivity
distribution in P4 has low resistivity contrasts ranging from
a minimum of 2 Qm to a maximum of 20 Qm with data to
a depth of 50 m (Fig. 13). The gravel and coarse-grained
sand deposits are absent in the hanging wall block. Chan-
ges in the resistivity signal are interpreted to represent two
till layers; an upper oxidized till zone with low resistivity
(<7 Qm) interpreted to be clay-rich glaciolacustrine
deposits and a lower layer with more sand and silt and
resistivity in the range 8-20 Qm. The thickness of the
upper zone varies from 15 to 20 m towards the lake.

Summary and conclusions

This study illustrates that resistivity surveying is a prac-
tical and non-invasive tool that can be used to image the
intertill gravels across the north ridge of Luck Lake. The
resistivity imaging survey allowed for the study of geo-
logical structure of the till deposits in the area. The results
of the resistivity sections illustrated that the till lithologies
change dramatically from one side of the ridge to the
other. The gravels of the footwall are blanketed by dis-
continuous till and lacustrine clay dominates in the
hanging wall parts around Luck Lake. Calibration at the
borehole site with known thickness of gravel stratum
indicated that the resistivity of gravel materials could lie
within the range of 80-500 Qm, depending on the sea-
sonal variation in groundwater levels. The resistivity
sections indicated that the resistivity and thickness of the
gravel increase towards the ridge. The presence of this
coarse-grained sediment and the fractures in the top of till
overburden increase the total hydraulic conductivity of the
aquitard and may provide preferential pathways for sur-
face waste disposals.

The geological interpretation of resistivity sections
indicated that the till aquitard in the area consists of 60 m
of plastic clay-rich till of Battleford till. The good resis-
tivity contrasts between clay-rich overburden (<30 Qm)
and glacial gravels (>300 Qm) were observed in all 1-D
and 2D sections. The upper 15 m of till is oxidized and
fractured with low resistivity values (14-20 Qm) whereas
the rest is unoxidized and unfractured. The resistivity
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sections showed a strong resistivity contrast between the
sand and gravel and late Cretaceous clay bedrock (<6 Qm).

The results of this study will help for additional studies
regarding depositional and hydrogeological modeling to
study the impact of gravels, factures and fault systems that
can control the percolation of surface contaminants in the
till aquitard. The interpreted gravel layer, along the mea-
sured 2D profiles could be used to construct a stratigraphic
model integrated with the conceptual environmental and
depositional models along both sides of the Coteau ridge to
define its origin and discontinuities in the whole area. As
indicated from the available boreholes, these intertill gravel
deposits extend in the eastern side of the surveyed area and
represent stratified sediment or ice-contact deposits in the
till overburden.
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