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EXECUTIVE SUMMARY 

The University of Victoria, in conjunction with the Beaufort Watershed Stewards, a volunteer group, 
conducted a series of resistivity surveys on the eastern flanks of the Beaufort Range, eastern Vancouver 
Island, B.C., in the summer of 2021. The purpose of the project was to evaluate resistivity surveying as a 
cost-effective aquifer mapping tool for in-filling sub-surface lithology between sparse control well 
points, toward a goal of generating a 3D map of important aquifers. 

Resistivity soundings were carried out at nine sites, mostly along 300 m profiles, from the Bowser to 
Royston area. This yielded nine one-dimensional (1D) profiles of subsurface resistivity to depths of up to 
83 m below the ground for comparison with logged lithologies at adjacent or nearby wells. Sites were 
selected on the basis of: their proximity to control wells with available information on bedrock and/or 
shallow aquifer units of interest; their ease of access; and the ability to set up continuous cables along 
relatively straight and flat 300 m long sections of roads or railways. 

The subsurface resistivity structure revealed from the soundings is generally consistent with the 
lithology logged in the adjacent control wells. However, there are some differences in interface depths 
and layer properties. The differences may reflect true lithologic differences between the sounding and 
well location or may result from deviations in the assumption, inherent to resistivity sounding methods, 
of lateral homogeneity in the subsurface beneath the profile. Two dimensional (2D) electrical resistivity 
tomography profiles were collected alongside sounding profiles at two sites in the Fanny Bay area to 
test for lateral heterogeneity and/or potential sea water intrusion. 

A limitation of resistivity methods is that different lithologic units may have similar resistivity 
characteristics and thus may not be distinguishable from one another. However, the results of this 
project show that gravel and sand aquifer units in the study area are characterized by relatively high 
resistivity values (>500 ohm-m) and are distinguishable from more conductive and less permeable, more 
clay-rich till and shale bedrock (<300 ohm-m). 

With an understanding of the local stratigraphy and the resistivity calibration of important units 
encountered in the control wells in this initial project, it should be possible for future resistivity 
surveying to contribute to mapping of significant aquifers in areas of the Beaufort Watersheds that lack 
control wells. The geophysical methods utilized have additional potential applications for aquifer 
characterization. These include, but are not limited to, evaluating aquifer vulnerability to contamination 
by mapping the presence, absence and relative thickness of confining sediments, and ground truthing 
sea water intrusion vulnerability by mapping the depth and lateral extent of the brackish transition zone 
between fresh water and sea water in coastal aquifers. 
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1. INTRODUCTION 

The Beaufort Watershed Stewards (BWS) is a group of local volunteers, active since 2016, who work to 
promote the health and resilience of local watersheds in the Beaufort Range, and to ensure the quality 
and quantity of fresh water for the future (BWS, 2020). The Beaufort Range is located on the eastern 
slopes of Vancouver Island, between the communities of Bowser and Royston, British Columbia (Figure 
1). Understanding groundwater and aquifers within the Beaufort Range watersheds is a vital part of that 
work, as drinking water is primarily sourced from groundwater. The BWS expressed interest in using 
surface geophysics as a tool to characterize the groundwater and aquifer units within the Beaufort 
watersheds. 

Surface and borehole geophysics have been sparsely used as a tool for characterizing groundwater 
aquifers on Vancouver Island and the Gulf Islands. Moncur (1974) conducted surface seismic reflection 
and resistivity surveys (predominantly lateral profiling) on Mayne Island to approximate depth to 
bedrock (overburden thickness) and to infer presence of faults and fractures that may localize 
groundwater flow. Moncur (1974) also assessed the use of a suite of borehole geophysical tests to help 
identify different bedrock types and to locate fractures in select wells. 

With similar objectives, Abbey (2000) used lateral electromagnetic profiling and borehole geophysics at 
sites on southern Vancouver Island (Shawnigan Lake Quarry) and Saturna Island. Abbey (2000) noted 
that adequate interpretation of geophysical survey data requires the use of a sufficiently detailed 
database of geological data (e.g., drill logs) in order that geophysical interpretations can be extended to 
areas without such ground truthing data. 

Foster (2014) collected six two-dimensional (2D) electrical resistivity tomography profiles in the 
Cowichan watershed on southern Vancouver Island to improve constraints for hydrogeologic modelling. 
The profiles spanned 135-830 m in length, probing the subsurface to depths of 35-100 m below the 
ground. Using well log lithology to calibrate the inverted resistivity models, subsurface units could be 
mapped between the well control points based on strong resistivity contrasts between relatively high 
resistivity gravel/silt aquifers and more conductive clay-rich sediments. Constraints were insufficient to 
characterize a resistivity range for the Nanaimo Group bedrock which comprises sandstone, 
conglomerate, and shale. 

!ǎ ǇŀǊǘ ƻŦ ǘƘŜ DŜƻƭƻƎƛŎŀƭ {ǳǊǾŜȅ ƻŦ /ŀƴŀŘŀΩǎ ǊŜƎƛƻƴŀƭ ƎǊƻǳƴŘǿŀǘŜǊ ŀǎǎŜǎǎƳŜƴǘ ǇǊƻƎǊŀƳΣ ǎŜƛǎƳƛŎ 
reflection and borehole geophysics data were collected in the Parksville-Deep Bay area of eastern 
Vancouver Island to characterize surficial and bedrock geology. Borehole geophysical data, including 
apparent conductivity and magnetic susceptibility, from one bedrock and four unconsolidated sediment 
boreholes were used to characterize lithological changes (Crow et al., 2014; Crow, 2016). Seismic 
reflection data were further used to constrain the stratigraphy of unconsolidated sediments and the 
depth to bedrock (Bednarski, 2015). 

In 2021, the BWS partnered with the School of Earth and Ocean Sciences (SEOS) at the University of 
Victoria to conduct a series of resistivity soundings to characterize the local surficial and bedrock 
aquifers. The initial project idea was based on the successful use of resistivity sounding in aquifer 
mapping in the United Kingdom some 40 years ago by BWS member Mark Lake (Lake, 1978). The 
purpose of the Beaufort Watershed project was to test the viability of electrical resistivity techniques to 
find important boundaries between lithological units, using control wells for ground truthing. 

The study area for the pilot project is on the east coast of Vancouver Island between Bowser to the 
south and Courtenay to the north. Nine survey sites were chosen based upon: their ease of access, the 
ability for continuous cables to be set up along relatively straight and flat 300-m long stretches of road- 
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or rail-side, the availability of subsurface information from nearby deeper drilled wells, and the 
occurrence of known aquifer units of interest, such as sedimentary bedrock or Quadra Sand aquifers. 
The general locations of these sites and adjacent control wells are shown in Figure 1, along with the 
locations of all the registered water wells in the region. 

 
Figure 1:  Generalised regional map of the Beaufort study area showing location of Vertical Electrical 
Soundings (VES) in red, control wells (Well Tag Number in black) and registered water wells (GWELLS, 
Province of B.C., 2022a). 
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2. LOCAL GEOLOGY AND AQUIFERS 

The surficial geology of the study area consists primarily of unconsolidated sediments deposited from 
more than 40,000 years ago to the present (Fyles, 1960; 1963a,b). A description of the age and 
depositional relationships between the primary unconsolidated lithostratigraphic units is shown in Table 
1, with the descriptions of surficial sediments from (Bednarski, 2015); Figure 2 is a regional map showing 
the spatial extent of Quaternary sediments. The mapped bedrock geology is shown in Figure 3; the 
bedrock stratigraphy of the region is provided in Appendix C, as mapped by Cathyl-Bickford (1992) and 
Cathyl-Bickford and Hoffman (1998). Figure 4 shows photos of the main unconsolidated and bedrock 
geological units in the study area. 

Unconsolidated (sand and gravel) aquifers mapped along the central east coast of Vancouver Island are 
made up of sediments deposited before, during and following major periods of glaciation; sediment 
thickness can locally exceed 100 m (Bednarski, 2015; Fyles, 1963a).  

Table 1:  Description of surficial deposits in the study area (from Bednarski, 2015). Age units are denoted 
ŀǎ άƪŀ .tέ ǊŜŦŜǊǊƛƴƎ ǘƻ Ȅмллл ǊŀŘƛƻŎŀǊōƻƴ ȅŜŀǊǎ ōŜŦƻǊŜ ǇǊŜǎŜƴǘ όмфрлύΣ ŀƴŘ άƪŀ Ŏŀƭ .tέ ǊŜŦŜǊǊƛƴƎ ǘƻ ǘƘŜ 
calibrated age x1000 years before present (1950). 
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Figure 2:  Surficial materials within the Beaufort study area (data from: Guthrie, 2005; Province of B.C., 
2022b). 

Mapped aquifers within the Beaufort study area are shown in Figure 5.  Some of the most productive 
aquifers in the study area are comprised of younger Salish Sediments that form deltaic fan aquifers 
along the lower reaches of Wilfred Creek (Aquifer 419), Rosewall Creek (Aquifer 414), and Tsable River 
(Aquifer 415). Other deposits of older sediments associated with the Quadra sand occur at the southern 
edge of the study area near Bowser (Aquifer 416), as well as at the northern edge of the study area near 
Royston (Aquifer 951) and form important aquifers in those locales. Quadra sand deposits (example in 
Figure 4c) outcrop along major drainages including Qualicum River, downstream of Horne Lake and 
along reaches of Nile Creek inland from the coast where these major drainages have incised shallower 
confining sediments made up of Vashon Drift (morainal deposits containing fine grained clay and silt) 
mapped between Wilfred Creek and Cowie Creek (Fyles, 1963a) and between Fanny Bay and Royston 
(Fyles, 1960). More permeable sediments within the Vashon Drift sequence also form shallower aquifers 
overlying the Quadra sand, including Aquifer 417, Aquifer 661, Aquifer 663 and Aquifer 951. Additional 
unconsolidated aquifers may be identified in the future in areas of presently low levels of groundwater 
development, as additional test holes and water wells are drilled that provide subsurface information. A 
summary of aquifers within the entire Beaufort study area is included in Appendix B, including some 
aquifers that are not contained within the Beaufort watersheds in entirety, but overlap the northern and 
southern extents of the primary area of interest.  
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The bedrock geology beneath these unconsolidated sediments has been extensively mapped by Cathyl-
Bickford and Hoffman (1998). Due to the eastward-dipping nature of these Upper Triassic and Upper 
Cretaceous deposits, the rocks sub-cropping the glacial sediments become successively younger to the 
east, from Triassic volcanics in the west and stepping through progressively younger members of the 
Nanaimo Group of sedimentary rocks (Figure 3, and Figure 4d). The Nanaimo Group is characterized by 
alternating coarser-grained units (dominated by sandstone and conglomerate) and finer-grained units 
(dominantly shale)(Hamblin, 2015). The degree of fracturing affects the hydraulic properties (i.e., 
hydraulic conductivity and storativity) of both the potential aquifer and aquitard units (Surrette et al., 
2008; Allen et al., 2003; Mackie, 2002). 

The only bedrock aquifer mapped in the region by the Province of B.C. is Aquifer 411 (AQ411) at the 
northern part of the study area (Figure 5). AQ411 is composed of fractured sedimentary bedrock of the 
Nanaimo Group. Even though no other bedrock aquifer is mapped within the study area, the Nanaimo 
Group underlies the entire area and even where surficial aquifers exist, wells are known to be drilled 
deeper into the bedrock in search of water supply. 

 
Figure 3:  Bedrock geology within the Beaufort study area (data from: Cui et al., 2017; Massey et al., 
1994; Province of B.C., 2022b). 
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At most site locations in this study (Fanny Bay Hall, Ships Point Improvement District (SPID)/Fanny Bay, 
Yake Road, Macartney Drive, Buckley Bay and Royston), the mapped bedrock is the Nanaimo Group 
Willow Point member (Trent River formation), which is made up of shale, siltstone, and minor sandstone 
(Cathyl-Bickford, 1992; Appendix C). At the Union Bay site, the mapped bedrock is the Tsable member of 
the Nanaimo Group (Trent River formation), including conglomerate, minor sandstone, and pebbly 
siltstone. 

 

 

Figure 4:  Photographs showing, in a clockwise direction: a) Salish Sediments within and on the banks of 
Wilfred Creek and Capilano Sediments (outcrop in the background), b) Vashon Till at Englishman River 
(from Bednarski, 2015), c) Quadra Sand near Bowser, B.C., and d) Nanaimo Group sedimentary bedrock 
at Buckley Bay. 
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Figure 5:  Mapped aquifers within the Beaufort study area (data from: Province of B.C., 2022b). Aquifer 
descriptions included in Appendix B. 

3. ELECTRICAL RESISTIVITY: THEORY AND METHODS 

3.1 Resistivity of Geological Materials 

Electrical resistivity, the inverse of conductivity, is a measure of how well a material resists the flow of 
electrical current. It is material dependent; metals tend to have a resistivity near zero (high 
conductivity), whereas air has a value of resistivity approaching infinity (Griffiths, 2017). Rock tends to 
have relatively high resistivity; however, resistivity values depend on mineral composition, porosity and 
the salinity of the pore fluids (Burger et al., 2006). Lithology is an especially significant factor; if the rock 
has a higher content of metals or graphite, resistivity will be reduced by electronic conduction. For 
example, a graphite-rich rock will be much less resistive than a young granitic pluton with high silica 
content. However, if the granitic pluton is extremely weathered with cracks and larger permeable pore 
spaces, its resistivity values can decrease significantly because the enhanced porosity can contain 
groundwater which lowers resistivity. Clay-rich sediments typically have low resistivity because of the 
negative surface charge of clay minerals and their typically high porosity to hold fluids. Clay-rich shale 
bedrock may have resistivity values overlapping those of unconsolidated clay sediments. 
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The porosity and water content of the rock and sediments also plays an important role. If the 
rock/sediment is porous, but unsaturated, it will most likely have high resistivity due to the high air 
content. If the rock/sediment is porous and saturated, the resistivity will decrease. Depending on the 
pore fluid chemistry, the resistivity could decrease even more. For example, salt water has a resistivity 
below 1 ohm-m and fresh water has a resistivity varying from around 4 ohm-m up to 100 ohm-m 
depending on the concentration of dissolved ions (Palacky, 1988). Typical ranges of resistivity (and 
conductivity) values of rock and sediment types are shown in Figure 6. 

As a result of the factors described above, resistivity alone tends not to be diagnostic of a particular rock 
or sediment type. However, the goal of this project is to determine if resistivity surveying can help 
distinguish between contrasting lithological units, such as the boundary between fluid-filled coarse 
gravel and shale bedrock. In saturated unconsolidated units, resistivity contrasts could highlight 
differences in groundwater chemistry, such as zones of higher salinity in a coastal environment. Based 
on the mapped bedrock and surficial geology in the study area, resistivities in the typical range of shales 
and clays to gravel and sandstone could be expected (10 - 10,000 ohm-m). 

 
Figure 6:  Resistivity of common rock and sediment types and fluids (Palacky, 1988). 

3.2 Resistivity Survey Methods 

The resistivity in the subsurface can be estimated by applying a voltage or current through a pair of 
electrodes inserted partway into the ground (typically to ~25 cm depth) and measuring the potential 
difference via a separate pair of electrodes. The measured potential difference is proportional to the 
resistivity, averaged over the sampled subsurface; it also depends on the input current and on the 
electrode array geometry. The current and potential electrode pairs can be placed in different 
configurations or arrays depending on the survey objectives. 

There are three different types of resistivity surveys:  

1) Vertical Electrical Sounding (VES) is used to determine the one-dimensional (1D) resistivity 
structure of the subsurface. The length of the 4-electrode array is gradually increased in order to 
sample progressively deeper into the subsurface. This is typically done using one of two 
electrode configurations: the Wenner array or the Schlumberger array (described in the 
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following sections), as these arrays provide the best vertical resolution. VES surveys were carried 
out at all sites in this study.  

2) Constant Spread Traversing (CST) is used to determine lateral changes in the subsurface, e.g., to 
locate vertical fault zones. A fixed-length 4-electrode array is moved stepwise along a profile. 
CST surveying was not conducted in our study.  

3) Electrical Resistivity Tomography (ERT) combines VES and CST surveying to investigate both 
vertical and lateral variations in the subsurface, resulting in a 2D profile. Many electrodes are 
used, connected by cable, and programmed so that a subset of four electrodes is used in each 
measurement. The program works through different subsets of electrodes to effectively carry 
out both CST and VES surveying during the automatic data collection. The dipole-dipole array, 
described in Section 3.3.2, is typically used in ERT surveys, as it has good lateral resolution. ERT 
surveys were carried out at two sites in this study. 

3.2.1 Wenner Array 

The Wenner array (Zohdy et al., 1974) is shown in Figure 7, where the current electrodes (A and B) and 
ǘƘŜ ǇƻǘŜƴǘƛŀƭ ŜƭŜŎǘǊƻŘŜǎ όa ŀƴŘ bύ ŀǊŜ ǇƭŀŎŜŘ ŀƴ Ŝǉǳŀƭ ŘƛǎǘŀƴŎŜ ΨŀΩ ŀǇŀǊǘ ŀǊƻǳƴŘ ŀ ŎŜƴǘǊŀƭ ǇƻƛƴǘΣ ǘƘŜ 
location beneath which the 1D resistivity structure will be interpreted. The battery sends a known 
ŎǳǊǊŜƴǘ ōŜǘǿŜŜƴ ŜƭŜŎǘǊƻŘŜǎ ! ŀƴŘ . ŀƴŘ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ŘƛŦŦŜǊŜƴŎŜ όɲ±ύ ƛǎ ƳŜŀǎǳǊŜŘ ōŜǘǿŜŜƴ ŜƭŜŎǘǊƻŘŜǎ 
a ŀƴŘ bΦ Lƴ ±9{ ǎǳǊǾŜȅƛƴƎΣ ǘƘŜ ŦƛǊǎǘ ƳŜŀǎǳǊŜƳŜƴǘ ǳǎŜǎ ŀ ƳƛƴƛƳǳƳ ǾŀƭǳŜ ƻŦ ΨŀΩ ǘƻ ǎŀƳǇƭŜ ǘƘŜ ǎƘŀƭƭƻǿŜǎǘ 
subsurface. For subsequent measurements, the distancŜ ΨŀΩ ƛǎ ƛƴŎǊŜŀǎŜŘ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ŘŜǇǘƘ ƻŦ ǘƘŜ 
sounding and all four electrodes are moved to a new position, remaining centred on the same point. The 
calculation of apparent resistivity (ʍ) for a particular measurement using the Wenner array is shown in 
Figure 7 where ҟ± ƛǎ ǘƘŜ ƳŜŀǎǳǊŜŘ ǇƻǘŜƴǘƛŀƭ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ŜƭŜŎǘǊƻŘŜǎ a ŀƴŘ bΣ L ƛǎ ǘƘŜ ŎǳǊǊŜƴǘ 
from the battery, and ΨŀΩ is the spacing between adjacent electrodes.  

 
Figure 7:  Electrode configuration for the Wenner array with the equation for apparent resistivity (ʍ), 
ōŀǎŜŘ ƻƴ ǘƘŜ ƛƴǇǳǘ ŎǳǊǊŜƴǘ όLύΣ ǘƘŜ ŜƭŜŎǘǊƻŘŜ ǎǇŀŎƛƴƎ ΨŀΩΣ ŀƴŘ ǘƘŜ ƳŜŀǎǳǊŜŘ ǇƻǘŜƴǘƛŀƭ ŘƛŦŦŜǊŜƴŎŜ όɲ±ύ 
between electrodes M and N.  

3.2.2 Schlumberger Array 

The Schlumberger array (Zohdy et al., 1974) involves the same order of electrodes around a central 
point, where the outer current electrodes (A and B) are connected to the battery with a known voltage 
and the inner electrodes (M and N) measure the resulting potential difference. However, the spacing 
between electrodes does not remain equal; generally only the outer electrodes are moved further apart 
for subsequent measurements during a VES survey. As the current electrode spacing is increased, the 
current travels deeper and the measured potential difference is a result of sampling a greater depth 
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range in the subsurface. Figure 8 shows the Schlumberger array, and the apparent resistivity equation, 
ǿƘŜǊŜ ǘƘŜ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ƛƴƴŜǊ ǇƻǘŜƴǘƛŀƭ ŜƭŜŎǘǊƻŘŜǎ όa ƻǊ bύ ŀƴŘ ǘƘŜ ŎŜƴǘǊŜ ƻŦ ǘƘŜ ŀǊǊŀȅ ƛǎ ΨƭΩ ŀƴŘ 
ǘƘŜ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ŜƭŜŎǘǊƻŘŜ ! ŀƴŘ ŎŜƴǘǊŜ ƛǎ Ψ[ΩΣ ǿƘƛŎƘ ƛǎ ǘƘŜ ǎŀƳŜ ŀǎ ǘƘŜ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ the 
centre and electrode B. 

 
Figure 8:  Electrode configuration for the Schlumberger array with the equation for apparent resistivity 
(ʍύΣ ōŀǎŜŘ ƻƴ ǘƘŜ ƛƴǇǳǘ ŎǳǊǊŜƴǘ όLύΣ ǎǇŀŎƛƴƎǎ Ψ[Ω ŀƴŘ ΨƭΩΣ ŀƴŘ ǘƘŜ ƳŜŀǎǳǊŜŘ ǇƻǘŜƴǘƛŀƭ ŘƛŦŦŜǊŜƴŎŜ όɲ±ύΦ ¢ƘŜ 
asterisk (*) indicates the centre of the array. 

The Schlumberger array offers a more efficient method for sounding because it is possible to do multiple 
ǎƻǳƴŘƛƴƎǎ ōȅ ƻƴƭȅ ƳƻǾƛƴƎ ǘƘŜ ƻǳǘŜǊ ŜƭŜŎǘǊƻŘŜǎ όƛƴŎǊŜŀǎƛƴƎ Ψ[Ωύ ǿƘƛƭŜ ƳŀƛƴǘŀƛƴƛƴƎ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ 
inner electrodes. Once the outer electrodes are too far apart (when Ψ[Ω ƛǎ ƎǊŜŀǘŜǊ ǘƘŀƴ млΩƭΩύΣ ΨƭΩ ƛǎ 
increased. The Schlumberger array can sound deeper with the same length of spread as the Wenner 
array, while providing higher vertical resolution with greater efficiency. 

3.2.3 Dipole-Dipole Array 

Resistivity surveying can also be carried out with the dipole-dipole array (Zohdy et al., 1974), where the 
current electrode pair is separated from the potential electrode pair (Figure 9). The dipole-dipole array 
Ƙŀǎ ǎǇŀŎƛƴƎ ΨŀΩ within each pair of electrodes. It differs from the Wenner and Schlumberger arrays 
because the electrodes M and N are not within the spread of electrodes A and B. The spacing between 
the A-B electrode pair and the M-N electrode pair Ƴǳǎǘ ōŜ ŀƴ ƛƴǘŜƎŜǊ ƳǳƭǘƛǇƭŜ όƴύ ƻŦ ΨŀΩΦ 

The dipole-dipole array has lower vertical resolution than the Wenner and Schlumberger arrays, but 
higher lateral resolution, making it a good choice for interpreting the 2-dimensional structure of the 
subsurface using ERT. During an ERT survey, the collection of data is controlled by software which 
selects four of the electrodes, arranged in a dipole-dipole array, for each individual measurement. It 
ǎǘŀǊǘǎ ǿƛǘƘ ǎǇŀŎƛƴƎ ΨŀΩ ŀƴŘ ǘǊŀǾŜǊǎŜǎ ŀƭƻƴƎ ǘƘŜ ǇǊƻŦƛƭŜ ŀǘ ǘƘƛǎ ǎǇŀŎƛƴƎΦ !ŦǘŜǊ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ǎǳǊǾŜȅ Ƙŀǎ 
ōŜŜƴ ǘǊŀǾŜǊǎŜŘΣ ŀ ƎǊŜŀǘŜǊ ŘŜǇǘƘ ƛǎ ǎŀƳǇƭŜŘ ōȅ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ǎǇŀŎƛƴƎ ΨŀΩ ŀƴŘ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ǎǳǊǾŜȅ ƛǎ 
ǘǊŀǾŜǊǎŜŘ ŀƎŀƛƴΦ ¢Ƙƛǎ ŎƻƴǘƛƴǳŜǎ ǳƴǘƛƭ ǘƘŜ ΨŀΩ ŀƴŘ ΨƴΩ ǎǇŀŎƛƴƎǎ Ŏŀƴ ƴƻ ƭƻƴƎŜǊ ōŜ ƛƴŎǊŜŀǎŜŘΦ 
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Figure 9:  Electrode configuration for the dipole-dipole array with the equation for apparent resistivity 
(ʍ), based on the input current (I), ǎǇŀŎƛƴƎǎ ΨŀΩ ŀƴŘ ΨƴŀΩΣ ǿƘŜǊŜ ΨƴΩ ƛǎ ŀƴ ƛƴǘŜƎŜǊ ƳǳƭǘƛǇƭŜ όƴ Ґ мΣ нΣ оΣΦΦύΣ 
ŀƴŘ ǘƘŜ ƳŜŀǎǳǊŜŘ ǇƻǘŜƴǘƛŀƭ ŘƛŦŦŜǊŜƴŎŜ όɲ±ύ.  

3.3 Data Analysis 

3.3.1 Analysis of VES Data 

VES provides a vertical 1D profile of subsurface resistivity. As the electrodes are moved further apart, 
the sampling depth range is increased. Typically, with vertical profiling, it is possible to sound to a depth 
of between 15% and 25% of the full final array length (Advanced Geosciences, Inc., 2014). Interpretation 
of sounding data assumes that the layers below the surface are relatively horizontal and laterally 
continuous. This assumption is necessary because the initial resistivity calculation using the input 

current and the measured potential difference provides the apparent resistivity. Apparent resistivity (ʍa) 
is the weighted average of resistivity that the current experiences on its journey through the subsurface.  

For the first measurement, when the electrodes are close together, ʍa is typically equal to the resistivity 

of the shallowest layer (ʍ1). For example, as indicated in Figure 10, if the outer electrodes were at S and 
T with the green line as the current flow path between them, the apparent resistivity would equal the 
resistivity of layer one because that is the only layer sampled by this path. The deeper the current 
travels, the more layers it can travel through. As shown in Figure 10, the current between electrodes A 

and B (the red line) travels through three layers with three different resistivities (ʍ1, ʍ2, ʍ3). Thus, the 

apparent resistivity (ʍa) calculated from this array does not equal ʍ3 but reflects a combination of the 
resistivities of all layers the current travelled through. 

 

Figure 10:  Simplified diagram of a Schlumberger array. Red line shows the current flow path between 
the current electrodes A and B. Green line shows the shallower path for a shorter array with current 
electrodes placed at S and T.  

ra ŗ3 

ra=r1 
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True layer resistivities and interface depths (a layered resistivity model) can be approximated using the 
master curve approach or by using inverse modelling software. The master curve approach is typically 

used during the sounding survey and may guide data collection. During fieldwork, ʍa values are 

displayed on the resistivity instrument following each measurement. ʍa values are plotted against 
electrode spacing on log-ƭƻƎ ƎǊŀǇƘ ǇŀǇŜǊΦ CƻǊ ŀ ²ŜƴƴŜǊ ŀǊǊŀȅΣ ǘƘƛǎ ǎǇŀŎƛƴƎ ƛǎ ΨŀΩΤ ŦƻǊ ŀ {ŎƘƭǳƳōŜǊƎŜǊ 
array, distance AB/2 is plotted (e.g., Figure 11).  

A data curve that shows an increase in apparent resistivity with increased spacing implies a downward 
change from a lower- to a higher-resistivity layer, and vice versa. The size of the resistivity contrast 
controls the steepness of the curve, and the depth of the interface between the contrasting layers 
controls the spacing at which this change occurs. Sounding of a multi-layer subsurface will result in 
multiple curve segments on the apparent resistivity versus spacing plot. 

 

Figure 11:  Data from the Buckley Bay 1D sounding, plotted in the field for preliminary interpretation. 
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Sets of 2-ƭŀȅŜǊ ǘƘŜƻǊŜǘƛŎŀƭ άaŀǎǘŜǊ /ǳǊǾŜǎέ ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ ǘƻ ŜƴŎƻƳǇŀǎǎ ǘƘŜ Ŧǳƭƭ ǊŀƴƎŜ ƻŦ ǇƻǎǎƛōƭŜ 
ǇƻǎƛǘƛǾŜ ŀƴŘ ƴŜƎŀǘƛǾŜ ǊŜǎƛǎǘƛǾƛǘȅ ŎƻƴǘǊŀǎǘǎ ŀŎǊƻǎǎ ŀƴ ƛƴǘŜǊŦŀŎŜΣ ǿƛǘƘ ǊŜŦƭŜŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ΨkΩ (Equation 1) 
ranging from +1 to -1 (e.g., Zohdy et al., 1974). A transparent master curve overlay, at the same scale as 
the log-log graph paper, is placed over a curved segment of the plotted data. The overlay is moved 
up/down and right/left, keeping the axes of the two sheets parallel, until a best fit is found between the 
data curve segment and one of the master curves. In this position, the true resistivity of the shallower 

ƭŀȅŜǊ όάʍ1,έύ Ŏŀƴ ōŜ ǊŜŀŘ ƻŦŦ ǘƘŜ ȅ-axis, the depth of the interface between the two contrasting layers is 

read off the x-axis, aƴŘ ǘƘŜ ǘǊǳŜ ǊŜǎƛǎǘƛǾƛǘȅ ƻŦ ǘƘŜ ŘŜŜǇŜǊ ƭŀȅŜǊ όάʍ2,έύ Ŏŀƴ ōŜ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ΨƪΩ 
value of the best-fit master curve, using the equation below: 

”
ρ Ὧ

ρ Ὧ
”  

(Equation 1) 

The process is repeated with subsequent curved segments of the data, to yield an approximate 1D 
resistivity model of the subsurface.  

Inverse modelling can be carried out to provide a more detailed and accurate 1D resistivity model 
following the VES survey, using software such as Res1D (freeware, available at: 
geotomosoft.com/downloads.php) or EarthImager 1D (Advanced Geosciences, Inc., 2009) as used in this 
study. After loading the data file, the program constructs a starting model that is based on the recorded 
data and a fixed number of layers (this can be specified by the user). Automatic inversion will retain the 
number of layers and modify the layer resistivities and thicknesses over a number of iterations. Each 
successive iteration is used to model a set of predicted data for comparison with the observed data 
points, with the best-fit model having the lowest root mean square (RMS) error, as defined below:  

ὙὓὛϷ

В

 x100% 

(Equation 2) 

where N is the total number of measurements, dpred is the modeled set of predicted data and dobs is the 
set of measured data. The inversion can be set to stop either after a fixed number of iterations or once a 
set RMS value is reached. The preferred layered resistivity model is typically one that has a relatively low 
RMS value that is also geologically reasonable. 

3.3.2 Analysis of ERT Data  

As with VES surveys, an ERT survey collects apparent resistivity and electrode spacing information. The 
apparent resistivity data points collected with small spacings are representative of the shallow 
subsurface, and those collected with larger spacings sample a greater depth range. The ERT apparent 
resistivity dataset is represented on a 2D pseudo-ǎŜŎǘƛƻƴΣ άǇǎŜǳŘƻέ ōŜŎŀǳǎŜ ǘƘŜ ǊŜǎƛǎǘƛǾƛǘȅ ǾŀƭǳŜǎ ŀǊŜ 
weighted averages shown at median subsurface positions based on the electrode geometry for each 
measurement. The ERT data must be inverted for the true 2D subsurface resistivity profile. With many 
points making up a pseudo-section, data analysis must use inversion software such as Res2DINV (from 
Geotomo Software) or EarthImager 2D (Advanced Geosciences Inc., 2009) as used in this study. The 
automatic least-squares inversion follows a similar process to the 1D inversion modelling, but it uses the 
pseudo-section as a starting model and inverts for the 2D structure instead of 1D. 
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3.4 Resistivity Survey Sites and Data Collection 

Resistivity surveys were carried out at nine locations in total as indicated in Figure 1. At all locations a 
VES was done using a Schlumberger array; at Fanny Bay Hall, a VES using a Wenner array was also done, 
for comparison. Additionally, at the Fanny Bay Hall and SPID/Fanny Bay sites, a 2D survey using ERT was 
done. Table 2 summarizes the surveys at each site. A straight, horizontal line of 300 m was needed for 
the best results, so the majority of the soundings were done on the side of roads or along the side of the 
E&N railbed with the centre of the spread located as close as possible to the control well. Offset 
distances are detailed in Appendix A. The data were acquired using an Advanced Geosciences Inc. 
MiniSting resistivity meter (details at https://www.agiusa.com/ministing, last accessed June 2022), 
powered by a 12-V battery, and connected by cables to stainless steel electrodes.  

Table 2:  Summary of the nine survey sites; for more details of each site, see Appendix A and Appendix E. 

Site (Well Tag Number (WTN) 
for control well(s)) 

VES - Wenner 
1D 

VES - Schlumberger 
1D 

ERT Dipole-
Dipole 2D 

Note 

1. Fanny Bay Hall (WTN 77113) Ṋ Ṋ Ṋ Exploring which 1D array to 
use and application of 2D 
section. Decided to go with 
the more efficient 
Schlumberger array. 

2. SPID/Fanny Bay (WTN 95528)  Ṋ Ṋ Application of 2D section to 
map occurrence of 
saltwater in the aquifer. 

3. Bowser (WTN 37367)  Ṋ   

4. E & N Railway near Yake Road 
(WTN 87591) 

 Ṋ   

5. Cochrane Road (WTN 107880)  Ṋ   

6. E & N Railway near Macartney 
Drive (WTN 120708) 

 Ṋ   

7. Buckley Bay (WTN 26165)  Ṋ   

8. E & N Railway at Union Bay 
ENV (WTN 83158 and 85165) 

 Ṋ   

9. Royston (WTN 103795)  Ṋ   

 

The spacing of electrodes used for the Schlumberger array was the same at almost all the soundings 
(spacing tabulated in Appendix D). Each apparent resistivity measurement was plotted on a log-log 
graph (as shown in Figure 11) and the results were monitored. If better resolution was needed to 
characterize a sharp change in resistivity, the electrode spacing was adjusted or additional 
measurements were made. The electrode spacing was also adjusted at the Cochrane and Bowser sites 
due to obstructions that prevented the placement of electrodes (e.g., large rocks or hard-packed 
surfaces). The location for the centre of the spread was determined considering a few factors. The 
centre needed to be as close to the control well as possible, while also being a convenient and safe place 
to set up the battery and MiniSting equipment. A straight line was set up by rolling out a measuring tape 
on either side of the centre point.  

To maximize efficiency, the 28 available electrodes were hammered to a depth of approximately 25 cm 
at predetermined spacings (see Appendix D) up to 50 m from the centre. The first measurement 

https://www.agiusa.com/ministing
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involved the smallest spacing, with all electrodes close to the centre, moving outwards to increase the 
spacing through the survey. After the data were collected with the outer electrodes at 50 m, all the 
electrodes (except for the ones needed as the inner electrodes for the next set of measurements) were 
removed and hammered in at greater distances, up to 150 m from centre on each side. Each time 
electrodes were placed, 0.5 litres of salt water (from the ocean) were poured at the base of each 
electrode to reduce contact resistance. The outer electrode spacing was maintained at no less than 3 
times, increasing to 10 times the inner electrode spacing, and each time the inner electrode spacing was 
expanded, the outer electrode spacing was retained for an extra measurement to improve the later 
inversion results. GPS coordinates were collected at the centre and end points of each spread (Appendix 
E) and at a few positions along the line, if not straight, to record the location of the sounding. Figure 12 
shows the centre of the spread at the Cochrane site; the potential electrodes can be seen, connected to 
the MiniSting, as well as the cables connecting to the current electrodes (out of view in the photo). 

 

Figure 12:  Centre of the VES spread at the Cochrane site. The MiniSting instrument is connected by red 
and black cables to the inner, potential electrodes, and by yellow cables to the outer, current electrodes 
(out of view in the photo). The cables are wound and taped around wooden stakes near the instrument, 
to avoid damage to the connectors as cables are unwound. Wet patches in the ground reflect the 
application of salt water at the base of electrodes to reduce contact resistance.  

The ERT surveys were less labour intensive. The electrodes were hammered in 3 m increments along an 
81 m line to a depth of approximately 25 cm, saltwater was once again poured at the base of each 
electrode before the electrodes were connected by cable to the resistivity system, and the resistivity 
line was kept free of potential obstructions (e.g., dogs or people). A contact resistance test was 
completed to assess variations in contact resistance, and to check that all electrodes were properly 
connected to the cable. More salt water was added to reduce contact resistance as required. Data were 
collected automatically, using the pre-set dipole-dipole ERT program and the SWIFT Mode software 
integral to the MiniSting instrument. Data were stored in the instrument and were downloaded to a 
laptop computer immediately following completion of the survey. The survey centre position was 
recorded with a handheld GPS. 
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4. RESULTS AND INTERPRETATIONS 

The following subsections present the results from each sounding site as well as the interpretation of 
each model, with reference to the adjacent control wells. The order of the subsections is based on the 
order in which the sites were surveyed in July 2021. The data for each control well and site including the 
coordinates, elevation, depth drilled, and surface geology can be found organized in a table in Appendix 
A. Note that the colour scale for the resistivity model figures varies from site to site. Relatively resistive 
layers are shown in warm colours and relatively conductive layers in cool colours, but for each model 
the colour scale is optimized to best illustrate the contrasts between layers, i.e., the same shade of blue 
may represent very different resistivity values from one site to another. 

4.1 Fanny Bay Hall (WTN 77113) 

At the Fanny Bay Hall site, Salish Sediments are mapped at the location of the well and the resistivity 
profiles (Fyles, 1963a). The control well (WTN 77113) is located approximately 120 m southeast of the 
centre of the spread (Figure 13). At this site, a variety of surveys were carried out to test the equipment 
and to determine which array to use for the rest of the 1D soundings. Soundings using both the Wenner 
and Schlumberger arrays were completed in the northwest to southeast direction (the yellow line in 
Figure 13). After this comparison, the Schlumberger array was used for the remaining soundings, as use 
of this array is significantly more efficient with no compromise to data quality. An orthogonal 
Schlumberger sounding (NE-SW orientation) was also completed, to test for lateral variations. Finally, a 
2D ERT profile was also collected in the NE-SW direction (the red line in Figure 13). Applying all the 
survey methods in the same location allowed a comparison of the advantages and shortcomings of each 
approach. 

 

Figure 13:  Locations of the resistivity profiles and the control well (WTN 77113; open circle) near Fanny 
Bay Hall. Yellow lines show the 1D sounding profiles; the red line marks the 2D ERT survey. 
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4.1.1 Wenner (NW-SE) 1D array 

Figure 14 shows the final (10 layer) resistivity model and the observed and predicted apparent resistivity 
values for the Wenner (NW-SE) array at Fanny Bay Hall. An initial default 12-layer model was produced - 
this showed a large decrease in resistivity at a depth of around 16 m and a general trend of decreasing 
resistivity with depth. The number of layers was decreased to 6 for a subsequent inversion, but multiple 
layers near the surface had large differences in resistivity and the model lost detail at greater depth. 
After comparing the model with the Schlumberger array results and the 2D model, it appears that 10 
layers is the minimum number of layers to maintain a reasonable amount of detail in the resistivity 
model (Figure 14). 

 

Figure 14:  Final Fanny Bay Hall Wenner (NW-SE) 1D array resistivity data and 10-layer model. Left: 
measured (black circles) and best-fit modelled (red circles) apparent resistivity plotted against electrode 
spacing a (as shown in Figure 7). Blue line shows the resistivity model layer thicknesses and resistivity 
values. Right: layered resistivity model showing RMS value calculated from the variance of the best fit 
(red line) and original data. 

4.1.2 Schlumberger (NW-SE) 1D array  

Figure 15 shows the final (9 layer) resistivity model and the observed and predicted apparent resistivity 
values for the Schlumberger (NW-SE) array at Fanny Bay Hall. A similar inversion process as for the 
Wenner array data was followed; detail was lost from approximately 4 m to 29 m when fewer than 9 
layers were used. The boundaries in the Schlumberger (NW-SE) and Wenner (NW-SE) models are 
consistently within 1 m of each other, though the layer resistivity values vary. The deepest layer in both 
models begins at approximately 16.5 m, but the layer resistivity is 57 ohm-m for the Wenner array and 
266 ohm-m for the Schlumberger array. Notably, a comparison of the initial 12-layer model inversions 
(Figure 16) reveals a similar trend for both the Wenner and Schlumberger arrays, with a strong negative 
resistivity contrast at ~2-3 m depth, a positive resistivity contrast at ~4.5-5 m depth, and negative 
resistivity contrasts at ~12 m and at ~16 m.  

Both arrays gave broadly similar results, but the Schlumberger array sampled to a slightly greater depth 
for the same array length. Given that surveying with the Schlumberger array is significantly less labour 
intensive than with the Wenner array, it was decided to employ the Schlumberger array for the 
remainder of the sites. 
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4.1.3 Schlumberger 1D array NE-SW 

To assess heterogeneity in the subsurface, a Schlumberger array was also conducted along the NE-SW 
direction, perpendicular to the NW-SE profile. As seen in Figure 16, the initial 12-layer model shows a 
generally similar trend to the NW-SE Schlumberger model, but the change to the low-resistivity deepest 
layer occurs at a significantly shallower depth, implying that the interface is not laterally homogeneous. 
Figure 17 shows the final (7 layer) resistivity model and the observed and predicted apparent resistivity 
values curve for the Schlumberger (NE-SW) array at Fanny Bay Hall, with the number of layers being 
reduced to 7, in order to group several layers near the surface that were very close in resistivity.  

 

Figure 15:  Fanny Bay Hall Schlumberger (NW-SE) 1D array resistivity data and the 9-layer model. Left: 
measured (black circles) and best-fit modelled (red circles) apparent resistivity plotted against electrode 
spacing. Blue line shows the resistivity model layer thicknesses and resistivity values. Right: layered 
resistivity model showing RMS value calculated from the variance of the best fit (red line) and original 
data. 

 

Figure 16:  Comparison of the initial 1D 12-layer model inversions at Fanny Bay Hall. 
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Figure 17:  Final Fanny Bay Hall Schlumberger (NE-SW) 1D array resistivity data and 7 layer model. Left: 
measured (black circles) and best-fit modelled (red circles) apparent resistivity plotted against electrode 
spacing. Blue line shows the resistivity model layer thicknesses and resistivity values. Right: layered 
resistivity model showing RMS value calculated from the variance of the best fit (red line) and original 
data. 

4.1.4 Dipole-Dipole 2D (NE-SW) 

Collection of an ERT profile provided an additional opportunity to assess lateral variability in the 
subsurface at the Fanny Ball Hall site. Figure 18 shows the 2D resistivity model based on data collected 
using a dipole-dipole array and the 28-electrode system. The inversion process involved removing a few 
data points that were not within 15% of the mean value. The final root mean square (RMS) error of the 
model is 5.8%. 

4.1.5 Interpretation 

All final 1D resistivity models from the Fanny Bay Hall site are shown in Figure 19, with the well log 
lithology for comparison. There is some variation between the models in the upper layers, but a similar 
pattern appears with a high resistivity close to the surface and a decrease in resistivity in the lower 
layers. The upper layers most likely have a high resistivity due to the VES being on a very dry field in mid-
summer with no irrigation. The well log does not show any large lithological changes from 6 to 16 m 
depth, but the resistivity models all show a large decrease in resistivity at around 7 to 10 m. The section 
from 6 to 16 m is logged as water-bearing coarse gravel. The interface characterized by the decrease in 
resistivity in each section is potentially the water table. At the time of drilling (December 1998), the 
static water level was at 6 m below the top of the collar casing. It is possible that the water table was 
lower at the time of our measurements due to seasonal fluctuations. However, the difference may also 
be unrelated to the pore saturation and instead result from a small lithological change within the coarse 
gravel. Interpreting the bottom layer in each section as the grey till from the well log seems reasonable 
because it is the deepest layer, and its upper surface corresponds reasonably well with the till in the well 
lithology, although it is considerably shallower in the NE-SW array model. The till appears to have a 
resistivity range of 6 to 266 ohm-m, and extends to at least 28 m, the greatest depth sampled by the 
soundings. The bedrock has been attributed to a depth of greater than 28 m (< 23 mASL elevation). 
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After reviewing the 2D survey results, the variation in the 1D models seems reasonable. The variation 
between the Wenner and the Schlumberger arrays as well as variation between the orthogonal 
Schlumberger array surveys can be explained by the lateral variations shown in the 2D section (Figure 
18). Since there is only one cross section in the NE-SW direction, it is not possible to tell if the 
undulations of the deepest interface are continuous in the NW-SE direction, but its depth appears to 
range from approximately 9 m to greater than 17 m, which is consistent ǿƛǘƘ ǘƘŜ м5 ƳƻŘŜƭǎΩ ǊŀƴƎŜ ŦƻǊ 
the depth to the top of the deepest layer. Figure 20 shows a possible interpretation of the 2D resistivity 
model. In both the 1D and 2D models, the aquifer appears to be quite thin, ranging from a thickness of 
about 2 m to 8 m thick. From the well record, the aquifer thickness is closer to 10 m thick.  
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Figure 18:  2D (NE-SW) resistivity model at Fanny Bay Hall. The red arrow indicates the location of the centre for all 1D soundings. 

 

Figure 19:  Lithology from well log (WTN 77113 at right) scaled to all the 1D resistivity models from the Fanny Bay Community Hall survey. 
Lithology based on well construction record, static water level recorded at time of well construction. 
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Figure 20:  Schematic lithological interpretation of the 2D resistivity model at Fanny Bay Hall. 

 



 

W A T E R  S C I E N C E  S E R I E S  N o .  2 0 2 2- 0 8 23 

 

4.2 Ships Point Improvement District/Fanny Bay (WTN 95528) 

Similar to the Fanny Bay Hall site, the well and the centre of the spread for the Ships Point Improvement 
District (SPID)/Fanny Bay site are both co-located with surficial Salish Sediments (Fyles, 1963). The well is 
located approximately 20 m northwest of the centre of the spread (Figure 21). The static water level was 
only 0.6 m below the top of the casing at the time of drilling (November 2001). 

 

Figure 21:  Locations of resistivity profiles and the well (WTN 95528; open circle) at SPID/Fanny Bay. 
Yellow line shows the 1D sounding profile; red line marks the 2D ERT survey. 

4.2.1 Schlumberger 1D array  

Figure 22 shows the final layered resistivity model and the observed and predicted apparent resistivity 
curve for the Schlumberger array at SPID/Fanny Bay. The 8-layer model was chosen because of its 
balance between detail and clarity. The data point at the largest electrode spacing shows an increase in 
apparent resistivity that is not reflected in the model; adjustments to the inversion settings did not 
make a difference. 

4.2.2 Dipole-Dipole 2D 

After the 1D data were acquired, a 2D dipole-dipole profile was also surveyed at SPID/Fanny Bay, in the 
same fashion as at the Fanny Bay Hall site; the resulting ERT profile is shown in Figure 23. The southwest 
end of the profile was located at the centre of the VES, and the profile extended 81 m to the northeast 
along Ships Point Road (red line on Figure 21). 

4.2.3 Interpretation 

The 1D resistivity model for SPID/Fanny Bay follows the lithology from the well log reasonably well 
(Figure 24). The high resistivity at the surface is likely due to the centre of the spread being located on a 
dry gravel road shoulder. The water table is quite shallow at this location (0.6 m depth at the time of 
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drilling, and approximately 2.0 m at time of the sounding, according to SPID records for WTN 93741, 
which is roughly 100 m northwest of the control well) and could be reflected by the first or second 
boundary where there is a reduction in resistivity. The transition from light brown gravel to dark brown 
gravel at 10 m depth appears to be reflected in the resistivity model, with an increase in resistivity at ~9 
m (from 572 to 821 ohm-m). The large decrease in resistivity (from 821 to 186 ohm-m) at 20 m depth is 
possibly the bottom of the aquifer. The well log states the presence of fine grey sand with wood, but this 
layer could be till, because the resistivity of 186 ohm-m falls within the range seen at Fanny Bay Hall. 
Fanny Bay Hall is located less than 1 km to the west of this location and is also located where Salish 
Sediments are mapped at the surface (Fyles, 1963a), overlying till (stratigraphically, this is most likely 
Vashon Till). The sounding at SPID/Fanny Bay sampled the subsurface to a greater depth than the well. 
The deepest boundary in the resistivity model is at 30 m depth (-29 mASL), where the resistivity 
decreases from 186 to 51 ohm-m. This interface is ~6 m below the maximum drilled depth for the 
control well. This deepest layer is within the resistivity range of the till sampled at Fanny Bay Hall; it 
could also reflect bedrock, or there is a possibility of the presence of saltwater at depth. The bedrock in 
the area is mudstone of the Willow Point member (Cathyl-Bickford and Hoffman, 1998) and it is possible 
that the layer starting at 30 m depth is this bedrock. It is less likely to be till because, according to the 
resistivity model, this unit has a thickness of at least 50 m and Vashon Till has a maximum thickness of 
60 m (Bednarski, 2015). It is difficult to say whether saltwater incursion at depth is a factor without 
more information. 

Over the ~17 m depth range where the models overlap, the resistivity values in the 2D model are on 
average lower than the 1D Schlumberger sounding (Figure 23). This is most likely due to moisture level; 
the shoulder of the road was dry starting at the southwest end of the 1D sounding, including the whole 
central part of the profile which would result in higher resistivity for the shallow layers in the 1D model. 
The northeast end of the sounding profile and most of the 2D profile was more vegetated, with more 
surface moisture (lower resistivity). 

 

Figure 22:  SPID/Fanny Bay Schlumberger 1D array resistivity data and model. Left: measured (black 
circles) and best-fit modelled (red circles) apparent resistivity plotted against electrode spacing. Blue line 
shows the resistivity model layer thicknesses and resistivity values. Right: layered resistivity model 
showing RMS value calculated from the variance of the best fit (red line) and original data. 
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Figure 23:  Scaled comparison of the 1D layered resistivity model and the 2D resistivity model at SPID/Fanny Bay. The red arrow indicates the 
centre of the 1D spread. Overlain on the 2D model is a schematic lithological interpretation. 
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Figure 24:  Scaled comparison of the control well lithology and the 1D layered resistivity model at 
SPID/Fanny Bay. 

The high resistivity (red) in the upper ~3 m of the southwestern half of the 2D profile could be explained 
by the gravel shoulder of the road where the centre of the 1D survey was located. Towards the 
northeast, the ground changes from compacted gravel to a ditch with thick brush. Throughout the 2D 
section, there is a trend of decreasing resistivity from the southwest to the northeast (Figure 23). There 
are a few different factors to consider when interpreting this trend. The tidal flat of Mud Bay lies to the 
east (Figure 21) and the high tide line appears to be close to the NE end of the resistivity line 
(approximately 100 m). Additionally, the ground elevation in the area is about 1 m above sea level. 
¢ƘŜǊŜ ƛǎ ŀ ŎǊŜŜƪ ό.ƻōΩǎ {ǇǊƛƴƎύ ǘƘŀǘ Ǌǳƴǎ Ǉarallel to the survey profile, ~30 m to the SE. The high level of 
moisture in the ground from both the creek and the tidal flats would be a significant factor in decreasing 
the resistivity in the NE, especially if the water is brackish from tidal influences, which seems likely given 
the low elevation and coastal proximity. The water table is high. Assuming that the lithological layers are 
relatively horizontal and laterally continuous, it is possible that at the northeast end of the profile, there 
is coarse gravel and sand from 2 to 20 m depth and that the changes in resistivity are largely affected by 
variations in the salinity of the water in the subsurface. In the northeastern half of the profile, there is a 
low resistivity layer (~200-250 ohm-m) that appears to be rising to the northeast at ~14 m depth (-13 
mASL); this could be either bedrock or till. It is more likely to be bedrock, based on the interpretation of 
bedrock at 30 m depth (-29 mASL) from the VES, which is centred at the SW end of the 2D profile. The 
apparent NE shallowing of bedrock is consistent with geological mapping at Ships Point, which indicates 
a reversal of the regional trend of bedrock elevation from eastward-deepening to eastward-shallowing. 
Bedrock elevation is mapped to be as shallow as 1 mASL at the north end of the Ships Point peninsula 
(WTN 12964).  

Another interesting feature in this model is the high resistivity at the surface, followed by a substantial 
decrease in resistivity at around 4.3 m depth and then an increase in resistivity at around 9 m depth. 
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Although this could be due to lithology variationsΣ ǘƘŜǊŜ ƛǎ ŀ ǇƻǎǎƛōƭŜ ǘƛŘŀƭ ƛƴŦƭǳŜƴŎŜΤ .ƻōΩǎ {ǇǊƛƴƎ Ƴŀȅ 
host saltwater at high tide that could infiltrate into the shallow aquifer underneath and decrease the 
resistivity at this site. The SPID/Fanny Bay 2D profile should be repeated in future, to determine if there 
is any temporal variability in the interface between fresh water and sea water. 

4.3 Bowser (WTN 37367) 

The Bowser sounding was centred about 10 m from the control well along an access road. The surface 
geology in this area consists of marine veneer deposits from the Capilano Sediments over the Quadra 
sand (Fyles, 1963).  

4.3.1 Schlumberger 1D array  

The final 1D resistivity model at Bowser (Figure 25) indicates very high resistivity at the surface, most 
likely due to dry conditions on the shoulder of the road. The initial 12-layer model had a few interfaces 
at depth, including one at 30 m and one at 40 m, but their resistivity contrasts were small relative to the 
changes at ~20 m and ~50 m, and they followed the same trend. There were quite a few higher 
resistivity layers near the surface, and by decreasing the number of layers to seven for the final model, 
the multiple similar layers at the surface were combined, while maintaining the deeper prominent 
boundaries. 

 

Figure 25:  Layered resistivity model and curve for Bowser Schlumberger 1D array resistivity data and 
model. Left: measured (black circles) and best-fit modelled (red circles) apparent resistivity plotted 
against electrode spacing. Blue line shows the resistivity model layer thicknesses and resistivity values. 
Right: layered resistivity model showing RMS value calculated from the variance of the best fit (red line) 
and original data. 

4.3.2 Interpretation 

The centre of the spread at Bowser was quite close to the control well (WTN 37367) and at the same 
elevation, but the southwest end of the spread was 5 m higher than the northeast end. The Bowser well 
was documented in the well log as penetrating a Quadra sand aquifer. The section from approximately 5 
m to 17 m depth appears to be the potential aquifer sediments, from both the well log and the 
resistivity model, although it extends deeper in the resistivity model (Figure 26). The well log indicates 



 

W A T E R  S C I E N C E  S E R I E S  N o .  2 0 2 2- 0 8 28 

 

the presence of sand and gravel from approximately 2 m to 17 m depth, and the resistivity model shows 
a layer with a relatively low resistivity (compared to its neighbours) of 859 ohm-m from 5 m to just 
below 20 m. At the time of drilling, the water depth was recorded at 9 m, which further confirms the 
aquifer location. 

There is a significant increase in resistivity from 859 ohm-m to 1,839 ohm-m at around 22 m depth, 
extending to 51 m in the layered resistivity model. The deepest layer in the well log, which overlaps the 
depth of this resistivity contrast, is clay. It is very unlikely that the ~1,840 ohm-m layer is clay, as this is 
far above the typical resistivity range for clays (< 100 ohm-m; Figure 6), and surficial clay sampled at the 
Buckley Bay site (Section 4.7) had resistivity of less than 100 ohm-m. Stratigraphically, it is possible that 
the layer is part of the Cowichan Head formation from a non-glacial interval. This formation consists of 
clayey silt and sand as well as an upper member of estuarine and fluvial sandy silt and gravel (Bednarski, 
2015). The resistivity value of 1,839 ohm-m appears consistent with fluvial sediments from Cowichan 
Head that could form an aquifer (like at Fanny Bay Hall or Cochrane). Although it cannot be discounted 
that the well log details at least 6 m of blue clay (extending to the base of the well at 25 m depth, 51 
mASL), a 30 m thickness of clay seems unlikely. For the purposes of mapping from the VES, the high 
resistivity (1839 ohm-m) layer extending from 22 to 51 m depth (53.6 to 24.6 mASL), was interpreted as 
Cowichan Head sediments.  

The deepest layer in the resistivity model, extending from 51 m to the 83 m depth base of the model has 
a low resistivity (148 ohm-m). More geological correlation work needs to be done to determine what 
this layer, starting at 25 mASL, equates to; it may be Nanaimo Group bedrock. A review of the 2011 
Geological Survey of Canada (GSC) seismic reflection data (Line 01b CMP 100 offsets the control well by 
400 m to the SW) shows a strong reflector at 20 mASL, but this has not been interpreted as bedrock 
(Benoit et al., 2015). In this study, bedrock has been attributed an elevation of lower than -4 mASL (the 
deepest penetration of the VES). 

 

Figure 26:  Scaled comparison of the control well lithology and the 1D layered resistivity model at 
Bowser. 
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4.4 Yake Road (WTN 87591) 

The control well for the Yake Road sounding (WTN 87591) was located 50 m east of the centre of the 
spread and was 2 m lower in elevation. The mapped surface geology at this location includes marine 
veneer deposits from the Capilano Sediments over top of Vashon Till (Fyles, 1960). The mapped bedrock 
at this location is the Willow Point Member (Cathyl-Bickford and Hoffman, 1998).  

4.4.1 Schlumberger 1D array  

The final 1D resistivity model at Yake Road is shown in Figure 27. The initial 12-layer model was similar 
to the 9-layer final model near the surface, and both models have their deepest interface at around 35 
m depth above a layer with a resistivity of ~27 ohm-m. The final model combines a few intervening 
layers with small resistivity differences (within 5-10 ohm-m). 

 

Figure 27:  Yake Road layered resistivity model and curve for the Schlumberger 1D array resistivity data 
and model. Left: measured (black circles) and best-fit modelled (red circles) apparent resistivity plotted 
against electrode spacing. Blue line shows the resistivity model layer thicknesses and resistivity values. 
Right: layered resistivity model showing RMS value calculated from the variance of the best fit (red line) 
and original data. 

4.4.2 Interpretation 

The Yake Road sounding was located on the west side of the E&N railbed. The well log (WTN 87591) 
states that at the time of drilling, the well was dry. As expected, the 1D resistivity model shows that 
resistivity was quite high at the surface (Figure 28). The uppermost few metres are affected by the 
railroad gravel bed, and they may not be true to the natural shallow subsurface nearby or at the nearest 
well. The units that could be interpreted as till in the resistivity model lie between ~2 m and 35 m depth, 
with resistivity between ~50 and 65 ohm-m. The layer below 35 m depth has a resistivity of around 28 
ohm-m and is modelled to be at least 45 m thick, which is a strong indication that it is the Willow Point 
Member bedrock, although a 35 m depth (-17.3 mASL) is significantly shallower than the 54 m (-38 
mASL) bedrock depth at the control well, where a much thicker unit of till was documented than is seen 
in the resistivity model. One possible factor contributing to this discrepancy in the interpretation is the 
similarity of resistivity values between till and shale found at other sites. An interface between these 
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layers may be more difficult to distinguish, especially if the interface is uneven. Another, and more likely 
possibility, is that the bedrock interface is vertically offset due to faulting (down to the NE) between the 
well and the sounding profile. 

 

Figure 28:  Yake Road scaled comparison of the control well (WTN 87591) lithology and the 1D layered 
resistivity model. The well lithology is vertically offset by 2 m to account for the ground elevation 
difference. 

4.5 Cochrane Road (WTN 107880) 

The control well (WTN 107880) for the Cochrane Road sounding is located about 10 m northeast of the 
centre of the spread. This site is Observation Well 427 (see Figure 5) in which groundwater levels are 
monitored as part of the Provincial Ground Water Observation Well Network. The mapped surface 
geology at this location includes up to ~1.5 m of marine veneer deposits from the Capilano Sediments 
overlying Vashon Till (Fyles, 1960). The well was drilled 129 m deep and did not hit bedrock. The deepest 
sand layer in this well log consists of Quadra sand (Bednarski, 2015). 

4.5.1 Schlumberger 1D array  

The final 1D resistivity model for the Cochrane Road site is shown in Figure 29. The model has a 
relatively good fit to the data, with an RMS of ~6%. The initial 12-layer model had 3 layers within 50 
ohm-m of 1,100 ohm-m from 16 to 56 m depth. These variations seemed close enough to be combined 
into one layer because they are part of the same unit in the well log (fine to medium sand). 
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Figure 29:  Cochrane Road Schlumberger 1D array resistivity data and model. Left: measured (black 
circles) and best-fit modelled (red circles) apparent resistivity plotted against electrode spacing. Blue line 
shows the resistivity model layer thicknesses and resistivity values. Right: layered resistivity model 
showing RMS value calculated from the variance of the best fit (red line) and original data. 

4.5.2 Interpretation 

At the time of drilling, the water level in the Cochrane Road well (WTN 107880) measured around 40 m 
depth (Figure 30). However, according to well monitoring data (Province of B.C., 2021), the water level 
was at a depth of ~58 m below ground at the time of the resistivity survey. The 1D resistivity model 
shows lower resistivity in the shallow subsurface than at other surveyed locations. This is likely due to 
the presence of diamicton close to the surface. There is an abrupt drop in resistivity at around 2 m depth 
which coincides with the silty diamicton in the well log. This layer with a value of ~106 ohm-m is most 
likely the Vashon Till. The layer that most likely correlates with the Quadra sand in the well log begins at 
a depth of 10 m with a resistivity of ~736 ohm-m. Below ~20 m, resistivity values of 1,250 ohm-m and 
1,043 ohm-m are also consistent with the Quadra sand, likely reflecting slight lithological or fluid 
changes. The base of the aquifer is at around 90 m depth (21 mASL), where the control well intersects 
more diamicton. 

For the purposes of geological mapping, the bottom of the well was treated as minimum depth to 
bedrock, at around 129 m below surface (-18 mASL). For the purposes of the VES interpretation the 
minimum depth to bedrock was the deepest penetration of the VES at 83 m (30 mASL). 

This control well has a full set of downhole geophysical logs available, which could be used for further 
aquifer characterisation (Crow, 2014). In addition, the GSC acquired a 2D seismic reflection line very 
close to this control well (Benoit et al., 2015). A review of these seismic reflection data (Line 02a 
CMP900 offsets the control well by less than 50 m to the south) shows two strong reflectors, one at 25 
mASL and another at around -20 mASL. The first is probably the base of the Quadra aquifer and the 
second could be bedrock, just below the deepest penetration of the control well. 
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Figure 30:  Cochrane Road scaled comparison of the control well lithology and the 1D layered resistivity 
model. 

4.6 Macartney Drive (WTN 120708) 

The control well at Macartney Drive (WTN 120708) is located almost 200 m to the east of the centre of 
the 1D resistivity spread, and is 5 m lower in ground elevation. The surface geology in this area consists 
of terraced fluvial (deltaic) deposits from the Capilano Sediments (Fyles, 1963a). The bedrock is 
projected to be the Willow Point member (Cathyl-Bickford and Hoffman, 1998). 

4.6.1 Schlumberger 1D array  

The sounding at Macartney Drive was done on the west side of the E&N railway. The surrounding area 
on the west side was quite wet (swampy) and it appeared that a lot of fill had been used to build the 
railway higher. The fill comprised large cobbles with diameters ranging from 5 to 10 cm, or loosely 
packed soil. Both these media led to high contact resistance at the electrodes; as a result, it was only 
possible to send 2 mA through the electrodes at most positions in the array (see Appendix F for the 
initial Macartney Drive data). This fill may have contributed to the high error values and negative 
resistivity values associated with some data points. The final resistivity model shown in Figure 31 is a 
result of removing data points that had a negative resistivity value, as well as data points that had an 
uncertainty higher than 10%. When the data were left unedited, the model had an RMS of 61.59%. Most 
of the data points with negative resistivity values and high errors were measured when the distance 
between electrodes was greatest. As a result, this sounding was unable to reach as deep as at the other 
sites. 
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Figure 31:  Macartney Drive Schlumberger 1D array resistivity data and model. Left: measured (black 
circles) and best-fit modelled (red circles) apparent resistivity plotted against electrode spacing. Blue line 
shows the resistivity model layer thicknesses and resistivity values. Right: layered resistivity model 
showing RMS value calculated from the variance of the best fit (red line) and original data. 

4.6.2 Interpretation 

The resistivity model for the Macartney Road site is shown with the lithology from the control well in 
Figure 32. As discussed above, the near-surface geology beneath the sounding is most likely fill under 
the railway bed. The layer starting at 5 m with a resistivity of 454 ohm-m may be the start of the wet till 
noted in the well log at a similar elevation. The mapped surface geology in this area is Capilano 
Sediments, which consist of deltaic deposits (gravel and sand).  

In the resistivity model, the Capilano Sediments may be marked by units between 2.5 m and 18 m 
depth, with resistivities in the range of 350 to 520 ohm-m. The layer beginning at 18 m (0 mASL) with a 
value of 19 ohm-m is most likely the Willow Point member bedrock (shale). The boundary between the 
sediments and the bedrock in the well lithology is about 7 m lower (-7 mASL) than the interpreted 
matching boundary in the resistivity model. This is not unreasonable considering the 170-m distance 
between the spread centre and the control well. There may be a down-to-the-NE normal fault between 
the VES and the control well, as interpreted at the Yake VES. A lesson from this sounding location is that 
if VES surveys are completed near railbed locations in future, the presence of aggregate fill should be 
anticipated. 
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Figure 32:  Scaled comparison of the control well lithology and the 1D layered resistivity model at 
Macartney Drive. The well is vertically offset 5 m lower in ground elevation. 

4.7 Buckley Bay (WTN 26165) 

The Buckley Bay sounding was completed beside the E&N Railway. The control well (WTN 26165) is 
located about 250 m to the southeast of the centre of the sounding, and at a 6 m lower ground 
elevation. The mapped surface sediments are marine veneer Capilano sediments over Vashon Drift 
(Fyles, 1963a). However, the Willow Point member bedrock is very near the surface here (Cathyl-
Bickford and Hoffman, 1998), as is evident from nearby roadcuts (Figure 4d). 

4.7.1 Schlumberger 1D array  

The final 1D resistivity model for the Buckley Bay site is shown in Figure 33. The model has a good fit to 
the data, likely because of low contact resistance in surficial clay-rich sediment, enabling the maximum 
current of 200 mA to be sent through the electrodes for much of the sounding. This sounding was quite 
different from the other locations in this study because the modelled resistivity range is very small, from 
17.1 to 83.4 ohm-m (Figure 33). This created more of a challenge to determine an appropriate number 
of layers in the model. A 9-layer model was chosen because it had a lower RMS (6.85%) than a model 
with more layers. 
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Figure 33:  Buckley Bay Schlumberger 1D array resistivity data and model. Left: measured (black circles) 
and best-fit modelled (red circles) apparent resistivity plotted against electrode spacing. Blue line shows 
the resistivity model layer thicknesses and resistivity values. Right: layered resistivity model showing RMS 
value calculated from the variance of the best fit (red line) and original data. 

4.7.2 Interpretation 

The Buckley Bay resistivity model is shown beside the control well lithology for comparison in Figure 34. 
Ground truthing was provided by the well lithology and a bedrock outcrop at the road that is about 200 
m south of the centre of the spread. The outcrop is shale from the Willow Point member (Cathyl-
Bickford and Hoffman, 1998). Some strike and dip measurements were taken at the outcrop, enabling 
calculation of the projected depth of the shale to be about 5 m below the surface at the sounding site 
(assuming no differential erosion and that the bedrock is laterally continuous). The bedrock in the 
offsetting well is at 17 m below surface (-8 mASL) and consists of shale (probably Willow Point). The 
interpreted bedrock (23 ohm-m) at the VES is at 12 m depth (9 mASL), some 7 m lower than calculated 
at the VES from the outcrop projection. The bedrock elevation difference between the VES and the 
control well is 17 m, again down to the east. Although there is little variation in resistivity values in the 
VES model, there are significant changes below the ~12 m interpreted bedrock depth: at 28 m depth 
(from 23 to 46 ohm-m) and at 75 m (46 to 17 ohm-m). The resistivity increase at 28 m could be a 
lithological change in the bedrock from predominantly shale to hard grey shaley sandstone, as reported 
ƛƴ ǘƘŜ ŘǊƛƭƭŜǊΩǎ ƭƻƎΦ ¢ƘŜ ƭƻǿŜǊ ƴŜƎŀǘƛǾŜ ǊŜǎƛǎǘƛǾƛǘȅ ŎƻƴǘǊŀǎǘ ŎƻǳƭŘ ōŜ ŀƴƻǘƘŜǊ ƭƛǘƘƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜ ƻǊ ŎƻǳƭŘ 
be simply due to noisy data, as seen in the larger electrode spacings (Figure 33). 
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Figure 34:  Scaled comparison of the control well lithology and the 1D layered resistivity model at Buckley 
Bay. The well is vertically offset 6 m lower in ground elevation. 

4.8 Union Bay (WTN 83158 and WTN 85165) 

The sounding at Union Bay used two wells for control. A test well drilled for the Ministry of Environment 
(ENV) (WTN 83158) is located approximately 260 m southwest of the centre of the spread with a ground 
elevation of 37 m above sea level. A private well (WTN 85165) is located approximately 170 m 
northwest of the centre of the spread with a ground elevation of 26 m above sea level. The centre of the 
sounding was 20 m above sea level and the spread was situated on the west side of the E&N railway. 
The mapped surface geology in the area varies slightly between the wells and the centre of the spread. 
All locations are in Capilano Sediments, but the ENV well and the centre of the spread are in marine 
veneer Capilano over Vashon Till, and the private well intersects the deltaic deposits seen at Macartney 
(Fyles, 1960). The mapped bedrock is the Tsable member which comprises conglomerate, sandstone, 
and pebbly siltstone (Cathyl-Bickford and Hoffman, 1998).  

4.8.1 Schlumberger 1D array  

The final 1D resistivity model for the Union Bay site is shown in Figure 35. The model shows very high 
resistivity in the shallow subsurface with a significant reduction in resistivity starting at around 2 m 
depth. Below 2 m, the resistivity variations are within a relatively small range: 25-200 ohm-m. The 
deeper well log (WTN 83158; Figure 36) indicates variations of till and siltstone, which may have similar 
resistivities but are separate units, so the final model comprises 9 layers in order to maintain these small 
variations. 



 

W A T E R  S C I E N C E  S E R I E S  N o .  2 0 2 2- 0 8 37 

 

 

Figure 35:  Union Bay Schlumberger 1D array resistivity data and model. Left: measured (black circles) 
and best-fit modelled (red circles) apparent resistivity plotted against electrode spacing. Blue line shows 
the resistivity model layer thicknesses and resistivity values. Right: layered resistivity model showing RMS 
value calculated from the variance of the best fit (red line) and original data. 

4.8.2 Interpretation 

The Union Bay resistivity model is shown beside the logs for the two control wells in Figure 36. Like most 
of the other locations, the resistivity was high at the surface, likely due to the dry material that makes up 
the railway bed. Both well logs reveal significant layers of till with intermittent thin layers of sand and 
silt. The presence of till is reflected in the resistivity model starting at approximately 2 m below the top 
of the resistivity model, or 20 m depth in Figure 36. At this point, the resistivity drops from ~3,000 ohm-
m to 140 ohm-m. 140 ohm-m is well within the range documented for till at other locations in this study. 
From 2 to 20 m depth (20-38 m in Figure 36), there are small resistivity variations that most likely reflect 
changes in the composition of the till. The resistivity drops from 198 to 74 ohm-m at 20 m below surface 
at the VES (0 mASL). This could still be a variation within the till, or it could be the start of the soft 
siltstone bedrock at 36 m depth (2 mASL) in the ENV well. There is another drop to 25 ohm-m at 
approximately 38 m depth (-18 mASL) in the VES. This interface is interpreted here as the soft siltstone 
bedrock, at 20 m lower elevation than at the ENV well. It is interesting to note that at the ENV well salty 
water was noted at 48 m below surface (approximately -11 mASL). This could be complicating the 
interpretation of bedrock in this area. It is unlikely that the sounding reached the boundary between the 
logged siltstone and conglomerate, because conglomerate would be expected to have a higher 
resistivity (depending on its composition and pore fluid).  
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Figure 36:  Scaled comparison of the lithology of the control wells and the 1D layered resistivity model at 
Union Bay. WTN 83158 is vertically offset 17.5 m higher in ground elevation and WTN 85165 is vertically 
offset 6.2 m higher than the centre of the sounding. 

4.9 Royston (WTN 103795) 

At Royston, the control well (WTN 103795) is located approximately 150 m northeast of the centre of 
the resistivity spread and is 1 m lower in elevation. The ground elevation of the centre of the spread was 
7 m above sea level. The surface geology in the area is Salish Sediments (Fyles, 1960) and the bedrock is 
from the Willow Point member (Cathyl-Bickford and Hoffman, 1998). The sounding was done on the 
north shoulder of a driveway. 

4.9.1 Schlumberger 1D array  

The final 1D resistivity model for the Royston site shows a good fit to the data, with a relatively low RMS 
value (Figure 37). The initial 12-layer model was reduced to 8 layers in order to combine similar near-
surface layers while maintaining variations at greater depth.  

4.9.2 Interpretation 

The lithology for the control well is shown beside the 1D resistivity model for the Royston site in Figure 
38. The near-surface resistivity was found to be lower than most of the other locations (the top layer 
had a resistivity of 1,779 ohm-m). One layer at approximately 2 m depth has a modelled resistivity of 
3,520 ohm-m, significantly higher than the surrounding layers. This could be due to anthropogenic 
factors since the road is quite high relative to the adjacent ground, or attributable to a layer of dry 
gravel or sand. The water table was calculated to be at ~6 m depth (1 m ASL) from a well measurement 
taken nearby at the time of the survey.  
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Figure 37:  Royston Schlumberger 1D array resistivity data and model. Left: measured (black circles) and 
best-fit modelled (red circles) apparent resistivity plotted against electrode spacing. Blue line shows the 
resistivity model layer thicknesses and resistivity values. Right: layered resistivity model showing RMS 
value calculated from the variance of the best fit (red line) and original data. 

 

Figure 38:  Scaled comparison of the control well lithology and the 1D layered resistivity model at 
Royston. The control well is 1 m lower in ground elevation than the centre of the VES. 

The 924 ohm-m layer starting at approximately 4 m depth (3 m ASL) could be the start of the gravel or 
water-bearing sand logged at the well. The 19 ohm-m layer at ~5 m depth in the VES (2 mASL) could be 
the water level in the aquifer. This has a similar elevation to wet silty brown sand and gravel in the 
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control well. The rise in resistivity up to 49 ohm-m at approximately 10 m could represent the top of till, 
although this interface is a few metres higher in elevation than in the control well. There is a drop in 
resistivity to 27 ohm-m at approximately 42 m depth (-35 mASL) that could be attributed to the top of 
the Willow Point Member bedrock. The control well was not drilled to this depth, but the resistivity is 
reasonable for shale bedrock. Bearing in mind that the eastern end of the VES is only 50 m from the 
high-water mark on Gartley Beach, there may be influences of saline water that are not accounted for 
here. 

4.10 Bedrock Elevation 

The resistivity sounding results and control well data have enabled the creation of a preliminary bedrock 
surface elevation map (Figure 39 and Figure 40). Mapping the elevation of the bedrock surface 
throughout the region is important, as it constrains the potential extent of aquifers in the overlying 
unconsolidated sediments. The maps show the bedrock surface elevation interpreted from the VES (in 
ǊŜŘύ ŀƴŘ ǘƘŜ ŎƻƴǘǊƻƭ ǿŜƭƭǎ όƛƴ ōƭŀŎƪύΦ ! άғέ ǎȅƳōƻƭ ƛƴŘƛŎŀǘŜǎ the bedrock surface occurs at a lower 
elevation than the base of the control well or resistivity model. These maps show all control wells 
available to us in the area, including the following wells that have not been offset by a VES, listed from 
north to south:  

 Van West WTN 110114: bedrock elevation of <43 mASL 
 Tsable WTN 83159: bedrock elevation <-5 mASL 
 Holiday Road WTN 96053: bedrock elevation -11 mASL 
 Ships Point WTN 12964: bedrock elevation 1 mASL 
 Stelling Road WTN 77157: bedrock elevation -43 mASL 
 Qualicum Village WTN 12733: bedrock elevation - 61 mASL. Note that the location of this 1950 

well was not confirmed in the field (accuracy of location claimed as only 100 m on GWELLS 
database). 

There is a considerable amount of geologically defined elevation variation on the bedrock, varying from -
7 mASL at the Macartney control well to -38 mASL at the Yake control well. The -61 mASL of the 
Qualicum Village control well should be regarded as unreliable, due to poor location confidence. In 
parallel to the geologically defined bedrock elevation, the interpreted VES bedrock elevation shows a 
similar eastward decrease in elevation in the central part of the study area, from as shallow as 9 mASL at 
Buckley Bay to -29 mASL at SPID. 

Figure 40 shows a more detailed map of the Fanny Bay and Ships Point areas, enabling us to see how the 
VES sounding results correlate with the offsetting control wells. Table 3 summarises the VES results 
across all 9 VES sites. As a result of a number of factors, it is difficult to make a direct comparison 
between the VES results and the control well bedrock elevation. For instance, because of the large 
distance between the control wells and the VES locations at Union Bay, Buckley Bay, and Macartney, it is 
impossible to draw a direct comparison, as general regional dip or structural displacement make the 
difference significant. At Yake, even though the VES is within 50 m of the control well and the depth to 
bedrock is 54 m below ground, the difference between the control well depth and the VES depth is 21 m 
(38% of depth to control well bedrock). As the VES data quality is good, this difference is attributed to a 
normal, down-to-the-east bedrock fault. 

Mapping the elevation of the bedrock is the first critical step in the shallow aquifer characterisation in 
this area. The depth to bedrock defines the lower boundary for the unconsolidated deposit aquifers 
above. Fractured bedrock can also be an aquifer itself, such as Aquifer 411 in the north of the study 
area. (Figure 5; Appendix B)  
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Figure 39:  Comparison of bedrock surface elevation (in metres above sea level, mASL) determined from 
±9{ όǊŜŘ ǘŜȄǘΣ ΨғΩ ǎȅƳōƻƭ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ōedrock was not interpreted on the VES) and nearby control wells 
όōƭŀŎƪ ǘŜȄǘΣ ΨғΩ ǎȅƳōƻƭ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǘƘŜ ŎƻƴǘǊƻƭ ǿŜƭƭ ŘƛŘ ƴƻǘ ǇŜƴŜǘǊŀǘŜ ōŜŘǊƻŎƪΣ ǿƘƛŎƘ Ƴǳǎǘ ōŜ ŀǘ ƭƻǿŜǊ 
elevation than the base of the well). 
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Figure 40:  Cŀƴƴȅ .ŀȅ !ǊŜŀ ōŜŘǊƻŎƪ ŜƭŜǾŀǘƛƻƴ ƳŀǇ όƳ!{[ύΦ 9ƭŜǾŀǘƛƻƴ ŦǊƻƳ ±9{ ǎƘƻǿƴ ƛƴ ǊŜŘ όάғ ά 
ƛƴŘƛŎŀǘŜǎ ±9{ ŘƛŘ ƴƻǘ ǎƘƻǿ ōŜŘǊƻŎƪύΣ ŜƭŜǾŀǘƛƻƴ ŦǊƻƳ ŎƻƴǘǊƻƭ ǿŜƭƭǎ ǎƘƻǿƴ ƛƴ ōƭŀŎƪ όάғέ ƛƴŘƛŎŀǘŜǎ ǿŜƭƭ ŘƛŘ 
not penetrate bedrock). 
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Table 3:  Comparison of bedrock elevation interpreted from VES surveys versus control wells. 

VES Name 

VES 
Bedrock 
Elevation 
(mASL) 

Offset 
Distance 
(m) 

Control 
WTN 

Control 
Bedrock 
Elevation 
(mASL) 

VES / Bedrock 
Elevation 
Difference 
(relative to control 
well, m) 

Comments 

Royston -35 140 103795 < -11 - No bedrock (BR) in control well 

Union Bay 
Kens 

-16 170 85165 <-4 - No BR in control well 

Union Bay 
ENV 

-18 260 83158 2 -20 

Possibility of saline water 
response. BR drops down to 
east. Possible fault between 
control well and VES. 

Buckley Bay 9 250 26165 -8 +17 
BR drops down to east from 
VES to control well 

Yake -17 50 87591 -38 +21 
Possible BR fault, down to NE 
between control well and VES. 

Fanny Bay 
Hall (FBH) 

<-23 130 77113 < -7 - No BR in control well 

SPID -29 25 95528 < -15 - 
No BR in control well. BR from 
VES drops down to east from 
FBH to SPID 

Macartney 0 170 120708 -7 +7 
BR drops down to east from 
VES to control well 

Bowser < -4 10 37367 < 51 - 
No BR in VES or control well. 
 2011 2D seismic tie 

Cochrane < 30 10 107880 < -18 - 
No BR in VES or control well. 
2011 2D seismic tie 

 

The existing geological mapping in the area (Cathyl-Bickford and Hoffman, 1998) shows that the region 
is cut by a series of NW to SE trending normal faults. A down-to-the-NE fault that cuts Cowie and Wilfred 
Creek could be associated with some of the larger apparent displacements seen on Figure 40. 

The spatial distribution and the sparse nature of the bedrock elevation control points in these maps 
make it difficult to generate a contour map. However the map generated (Figure 41) does highlight the 
trends previously noted: decreasing elevation to the NE and the possibility of normal down-to-the-NE 
faults generating steep elevation gradients. A reversal in the structure centred over Ships Point 
Peninsula reflects the existing mapping (Cathyl-Bickford and Hoffman, 1998) that shows an up-to-the-NE 
inferred extensional fault bordering the southwest edge of the peninsula. The lowest bedrock elevation 
documented in the Ships Point area is -43 mASL at the Stelling Road well (WTN 77157). This low point 
could have formed the locus of deposition of AQ419. This well is less than 150 m from the current 
position of Wilfred Creek. The low bedrock elevation at the Qualicum Village control well (-61 mASL) 
indicates a potential down-to-the-south fault with an approximate east-west trend. The poor confidence 
in the coordinates of this well makes any meaningful interpretation of this fault problematic. 
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Figure 41:  Cŀƴƴȅ .ŀȅ !ǊŜŀ ōŜŘǊƻŎƪ ŜƭŜǾŀǘƛƻƴ ŎƻƴǘƻǳǊ ƳŀǇ όƳ!{[ύΦ 9ƭŜǾŀǘƛƻƴ ŦǊƻƳ ±9{ ǎƘƻǿƴ ƛƴ ǊŜŘ όάғ ά 
ƛƴŘƛŎŀǘŜǎ ±9{ ŘƛŘ ƴƻǘ ǎƘƻǿ ōŜŘǊƻŎƪύΣ ŜƭŜǾŀǘƛƻƴ ŦǊƻƳ ŎƻƴǘǊƻƭ ǿŜƭƭǎ ǎƘƻǿƴ ƛƴ ōƭŀŎƪ όάғέ ƛƴŘƛŎŀǘŜǎ ǿŜƭƭ ŘƛŘ 
not penetrate bedrock). 






































