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EXECUTIVE SUMMARY

The University of Victoria, in conjunction with the Beaufort WatersBavards, 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
costeffectiveaquifer mapping tool for iilling sub-surface lithologypetween sparse contrabell

points, toward a goal of generating a 3D map of important aquifers.

Resistivity soundings were carried out at nine sites, mostly along 300 m privbleshe Bowser to
Royston arearThis yielded ninene-dimensional 1D) profiles of subsurface resistivity to depths of up to
83 m below tle ground for comparison with logged lithologies at adjacent or nearby wells. Sites were
selected on the basis dheir proximity to corrol wells with available information on bedrock and/or
shallow aquifer units of intest; their ease of access; arle ability to se& up continuous cables along
relatively straight and flat 30t long sectionsf roads or railways

Thesubsurfaceesistivity structureaevealed from the soundings is gamlly consistent with the

lithology logged in the adjacewbntrol wells.However, there are some differences in interface depths
and layer properties. The differences may reflect trusoliogic differences between the sounding and
well location or may result from deviations in the assumptioherent to resistivity sounding methods

of lateral homogeneity in the subsurface beneath the profileo dimensionaldD) 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 sinmglsistivity
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 ohim) and aradistinguishable from more conductive and less permeable, more
clayrich till and shale bedrock (<300 okm).

With an understanding of the local stratigraphy and the resistivity calibration of important units
encountered in the control wells in this initiatoject, 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 foeraquif
characterization. Theseclude, 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 mappingetdepth 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 (BMé®)group of local volunteersctive since 2016yho 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 C¢iigubb&a

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 geophysicssa 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. Mofi@#4) conducted surface seismic reflection

and resistivity surves(predominantly lateal profiling)on Mayne Island to approximate depth to

bedrock (overhirden thicknessand to infer presence of faults and fractures that may localize
groundwater fow. 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 gegptysi
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 lagsprder that geophysical interpretations can be extended to
areas without such ground truthing data.

Foster (2014) collected siwo-dimensional ZD) electrical resistivity tomography profiles in the
Cowichan watershedrosouthern Vancouver Island to improverstraints for hydrogeologic modelling.
The profiles spanned 1380 m in length, probing the subsurface to depths ofl® m below the
ground. Using well log lithology to calibrate the inverted resistivity models, subsurface units could be
mapped betweerthe well control points based on strong resistivity contrasts between relatively high
resistivity gravel/silt aquifers and more conductive eliph sediments. Constraints were insufficient to
characterize a resistivity range for the Nanaimo Group bedwdikh comprises sandstone,
conglomerate, and shale.

& LI NI 2F GKS DS2t23A0Ft {dzNBSe 2F /FylFRFEQa NBIA
reflection andborehole geophysics data were collected in the Parksbidlep Bay area of eastern

Vancouver Island to characterize surficial and bedrock geology. Borehole geophysical data, including
apparent conductivity and magnetic susceptibility, from one bedrockfandunconsolidated 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 (Bednarsk015).

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 basedtbe successful use of resistivity sounding in aquifer
mapping in the United Kingdom some 40 years lag8WS member Mark Lakeake, 1978)The

purpose of the Beaufort Watershed project was to test the viability of electrical resistivity techrimues
find important boundaries between lithological unitssing 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 nortiNine survey sitewere choserbased upon: their ease of acceise
ability for continuous cables to be sap along relatively straight and flat 3@0 long stretches of road

WATER SCIENCE SERIES No. 2022 1



or railside,the availability of subsurface information from nearby deepeiied wells, and the
occurrenceof knownaquifer units of interest, such as sedimentary bedrock or Qu&aina aquifers.
The generaldcations of these sites and adjacent control wells are shoviigarel, along with the
locatiors of allthe registered water wells in the region

Lazo

Céurtenay

Legend N
Comox 0§°
Qn;\ v 2021 VES
> O Control Wells
’ ‘ - ' w @ BC Groundwater Wells
rla"' \oo \6@ (b
o ® o\
o) e
’ Cb 45225 0 9 13.5 18

Kilometers

Helliwell Provincial

Figurel: Generalised regional mayf the Beaufort study areahowing location of Vertical Electrical
Soundings (VES) in red, control w@Ne!l Tag Number in black) and registered water waM/ELLS,
Province of B.C., 202Ra
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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 pees (Fyles, 1960; 1963a,b). A description of the age and
depositional relationships between the primary unconsolidated lithostratigraphic units is sholable

1, with the descriptions of surficial sedimerftem (Bednarski, 2015Figure2 is a regional map showing
the spatial extent of Quaternary sediments. The mapped bedrock geology is sh&iguie3; the

bedrock stratigraphy of the region is proeiin Appendix Cas mapped by CathBlickford (1992) and
CathyiBickford and Hoffman (1998Figure4 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 depositdmkfore, during and following major periods of glaciation; sediment
thickness can locally exceed 100 m (Bednarski, 2015; Fyles, 1963a).

Tablel: Description of surficial deposits in the study area (from Bednarski,. Z0géb)nitsare denoted
Fa a1l . té NBFSNNAYy3A (2 Emnnn NIRA2OFND2Y &SI N&
calibrated age x1000 years before present (1950)

Radiocarbon age Stage/substage Chmatostratigraphy Lithostratigraphuc Unit Enmvironment of Depossion and Pnncipal Matenals

Swamgp / Organic deposas. organic matter and mud

Slope deposits: Alluvial fans of poorly sorted gravels, landshde debns, colluvium
Lacustning: fine-grained sediments deposited in lakes

Marine: Littoral sediments, sand, gravel and silt at the present shoreline
Postglacial Fluvial. deltaic and channel floodplain, stratified gravel, sand and silt

1 1186 I _— .
0 Slope deposits: Auvial fans of poorly sorted gravels; landslide debns, colluvium

Glaciofluvial to filuvial stratified sand and gravel, postglacial deltatic sediments

Capilano Sediments  |and channel flood plain deposits

Glaciomanne o manne: stoney silt, sand and clay, contains manne shells and
rare wood,; deamactons in places.

Glaciofluvial / ice contact: poorly sorted graveis,

sands and silts, stratfied, Kame and kame deltas

Glacial: sandy to clayey diamicton, till, in places

lenses of stratfied sediments

ka BP ka cal BP

Holocene Salish Sediments

Late Wisconsinan
Vashon Drift

Fraser Glaciation Glaciofluvial: stratified sand, minor gravel and sit

18 218 - well-sorted, in places organsc nch near base
QuadraSand

Manne to fluvial Pebble-gravel, peat
with pebbles and wood

271 311

40 436
>50

beyond the range of
radiocarbon dabing

Mid Wisconsinan

Olympea Nonglacsal
Interval

Cowichan Head
Formation

Manne: Clay, stony clay, sit, shels;
basal lamanatons in places laminated

pre-Wesconsinan

penultmate
glaciation

Dashwood dnift
nciating Mapleguard
seckments)

Glaciomarnne: stoney silts and clay
with sand lenses and shedls

Glacial: sandy 1o sity dsamucton, tll
containing sit and gravel lenses
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Figure2: Surficiamaterialswithin the Beaufort study area (data from: Guthrie, 2005; Province of B.C.,
2022b).

Mapped aquifers within the Beaufort study arage shown irFigure5. Some of the most productive

aquifers in the study area are comprised of younger Salish Seditienferm deltaic fan aquifers

along the lower reaches of Wilfred Creek (Aquifer 419), Rosewall Creek (Aquifer 414), and Tsable River
(Aquifer 415). Othedeposits of older sediments associated with the Quasirsd 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 loc&desdrasand depositgexample in

Figure 4cputcrop 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 madepuof Vashon Drift (morainal deposits containing fine grained clay and silt)
mapped between Wilfred Creek and Cowie Creek (Fylesal 988 between Fanny Bay and Royston
(Fyles, 1960). More permeable sediments within the Vashon Drift sequence also fdlomehaquifers
overlying the Quadraand, 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 tesoles and water wells are drilled that provide subsurface information. A
summary of aquifers within the entire Beaufort study area is includégpjpendix Bincluding 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
Bidford and Hoffman (1998). Due to the eastwaligping nature of these Upper Triassic and Upper
Cretaceous deposits, the rocks stitopping the glacial sediments become successively younger to the
east, from Triassic volcanics in the west and stepping tinqrogressively younger members of the
Nanaimo Group of sedimentary rocfsgure3, and Figure 4d The Nanaimo Group is characterized by
alternating coarsegraina units (dominated by sandstone and conglomerate) and fgramed 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 aquitards (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 areaF{gure5). 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 eveheve surficial aquifers exist, wells are known to be drilled
deeper into the bedrock in search of water supply.
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Figure3: Bedrock geology within the Beaufort study area (data from: Cui et al., RdSsey et a)
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, Mattney Drive, Buckley Bay and Royston), the mapped bedrock is the Nanaimo Group
Willow Point member (Trent Rér formation), which is made up of shale, siltstone, and minor sandstone
(CathyiBickford, 1992Appendix ¢ At the Union Bay site, the mapped bedrock is the Tsable meafber

the Nanaimo Group (Trent River formation), including conglomerate, minor sandstone, and pebbly
siltstone.

Figure4: Photographshowing, in a clockwise direction: a) Salish Sediments within and on the banks of
Wilfred Creeland Capilano Sediments (outcrop in the background), b) Vashon Till at Englishman River
(from Bednarski, 2015), ¢) Quadra Sand near Bowser, B.C., and d) Nanaimo Group sedimentary bedrock
at Buckley Bay.
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Figure5: Mappedaquifers within the Beaufort study area (data from: Province of B.C., 2022b). Aquifer
descriptions includeahiAppendix B

3. ELECTRICAL RESISTIVITY: THEORYEAND DS

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,&006). 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 graphiteich rock will be much less resistive than a young granitic pluitimhigh 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 resistivitlayrich sediments typically have low resistivity because of the
negative surface charge of clay minerals and their typically high porosity to hold fluidsicGlalyale
bedrock may have resistivity values overlapping those of unconsolidated clayesesgli
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The porosityand water contenpf the rockand sedimentslso plays an important role. If the
rockisedimentis porous, but unsaturated, it will most likely have high resistivity due to the high air
content. If the rocksedimentis porous and saturat], 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 ohmm and fresh water has a resistivity varying from around 4 -ohmp to 100 ohrmm

dependng on the concentration of dissolved ions (Palacky, 1988). Typical ranges of resistivity (and
conductivity) values of rock and sediment types are showkigre 6.

As a result of the factors described above, resistivity alone tends not to be diagnostic of a particular rock
or sedimenttype. However, the goal of this project is to determine if resistisurveying can help

distinguish between contrasting lithological units, such as the boundary betweetfiflatticoarse

gravel and shale bedrock. In saturated unconsolidated units, resistivity contrasts could highlight
differences in groundwater chemrgt 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 10000 ohram).

resistivity (ohm-m)

0.01 0.1 1 10 100 1,000 10,000 100,000
massivesulfides |
e
graphite Sgnelous - mlemmmp €| unweathered rocks
(llgneous: mafic folsic mottled duricrust
saprolite { 100 weathered layer
(metamorphic)
clays gravel and sand
- : glacial sediments
tills
shales sandstone conglomerate
sedimentary rocks
salt water
-A— water, aquifers
T I seaice !
100,000 10,000 1,000 100 10 1 0.1 0.01

conductivity (mS/m)

Figue 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 inserd 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 proportidnal to
resistivity, averaged over the sampled subsurface; it dégmends 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 determinertéglimensional 1D) resistivity
structure of the subsurface. The length of thelctrode array is gradually increased in order to
sample progressively deeper into the subsurface. This is tipai@ne 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 Bread Traversing (CST) is used to determine lateral chamgies subsurfacee.g., to
locate vertical fault zones. A fixdength 4electrode array is moved stepwise along a profile.
CST surveying was not conducted in our study.

3) Electrical Resistivityomography (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 subdetiotlectrodes is used in elac
measurement. The program works through different subsets of electrodes to effectively carry
out both CST and VES surveying during the automatic data collettierdipoledipole array,
described irection 3.3.2, is typically used in ERT surveys, hasigood 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 showFignire7, where the current electrodes (A and B) and

0KS LRGSyuArt StSOGNRRSa 6a yR bo FNB L FOSR Ity
location beneath which the 1D resistivity structure will be interpreted. The battery sends anknow
OdzNNBy i 060S0¢SSy StSOGNRRSa ! FyR . FYR (0KS LR{GSyd
a YR bd Ly +9{ adiNBSeAy3adx GKS FTANRG YSIadaNBYSyl
subsurface. For subsequent measurements, the diSand?/ Q A& Ay ONBlFaSR (G2 AyONE
sounding and all four electrodes are moved to a new position, remaining centred on the same point. The
calculation of apparent resistivity ) for a particular measurementsing the Wennearray is shown in
Figure7wherek + A& (GKS YSIadaNBR LRGIGSYdAlrf RAFTFSNBYOS 06Si
from the battery, and¥ lis@hespacing between adjacent electrodes.

2mAV
pa - !{ a
Wenner Array
g A
.
+ Battery --
{. v )
Surface a a a
A M N B

Figure7: Eledrode configuration for the Wenner array with the equation for apparent resistimy (
olaSR 2y GKS AyLlzi OdZNNByld O6LOIRGEFIET §ORNEF RS NEWIO
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 theebattith 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 measurementaudng 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 appaisahm;eequation

6KSNBE (GKS RA&alGIYyOS 0SGsSSYy GKS AYyYySN LJzusyuAI St
GKS RA&GIYyOS 06S0isSSy St SOGNRPRS ! YR OSiGNB Aa W]
centre and electrode B.
AV(LZ—.’.Z)-\
Schlumberger Array 'D“:T 21

+ Battew

Surface T

[ j
L

Figure8: Electrode configuration for the Schlumberger array with the equation for apparent resistivity
Moz oFaSR 2y (GKS AyLdzi OdaNNByld oLOI aLJ} OAay3da W[ Q
asterisk (*) indicates # centre of the array

The Schlumberger array offers a more efficient method for sounding because it is possible to do multiple
d2dzy RAy3da o6e 2yfe Y2@Ay3d GKS 2dziSNJ St SOGNRBRS& 6AY
inner electrodes. Once the outer electrodes are too far apattgnW[ Q A& 3INBFGSNI GKFYy ™y
increased. The Schlumberger array can sound deeper with the same length of spread as the Wenner

array, while providing higher vertical resolution with greagficiency.

3.2.3 DipoleDipole Array

Resistivity surveying can also be carried out with the digiipele array (Zohdy et al., 1974), where the

current electrode pair is separated from the potential electrode paigre9). The dipoledipole array

KI & & L)withik gagh paitlof@lectrodes. It differs from the Wenner and Schlumberger arrays

because the electrodes M and N are not within the sprebdlectrodes A and B. The spacing between

the A-Belectrode paitandthe M-Nelectrode paity dza i ©6S 'y Ay 0S3aASNI YdzZ GALI S o

The dipoledipole array has lower vertical resolution than the Wenner and Schlumberger arrays, but

higher lateral resolution, making it a good choice for interpreting tltBri@ensional structure of the

subsurface using ERT. During an ERT survey, theioolletdata is controlled by software which

selects four of the electrodes, arranged in a dipdigole array, for each individual measurement. It

aUI-NJJ g AGK aLJIO)\yEI Wi Q IyR 0N} OSNB Sa Ff2y3 G

0SSy (N} @SNBASRXZ | 3INBIFIGSNI RSLIIK Aa alYLX SR oe@
I Q

0N} OSNBESR F3AFAYyd ¢KA& O2yliAydzSa dzyGAf GKS Wi
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m AV
I

P = nm+1)n+2)a

Dipole-Dipole Array

Yy
+ Battery -- (S

Surface
a na a

A B M N

Figure9: Eledrode configuration for thelipole-dipolearray with the equation for apparent resistivity
(m), based on the input current @,LJ- OAy3a WFQ YR Wyl QX gKSNB WwWyQ
FYR GKS YSIFadiNBR LRISYGAIT RAFFSNBYOS 6n=x0

3.3 DataAnalysis

3.3.1 Analysis of VES Data

VESorovides 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 dataassumes that the layers below the surface are relatively horizontal and laterally
continuous. This assumption is hecessary because ttie ir@sistivity calculation using the input

current and the measured potential difference provides the apparent resistivity. Apparent resistayity (

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 togetheis typically equal to the resistivity
of the shallowest layemf). For examp@, as indicated ifrigurel, if the outer electrodes were at S and
T with the green line as the current flow path between them, the apparent reijstisould 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 showRigurel0, the current between electrodeA
andB (the red line) travels through three layers with three different resistivititsAp, /5). Thus, the
apparent resistivity g calculated from this array does not equalbut reflects a combination of the
resistivities of all layers the current travelled through.

[
¥ Battery —-
P

JL Wy
Surface a 5 b T a

A — 4] M B
=8 la=ra -
Pz \ /

N /

pa Fa,r3 e ———

Pa

FigurelO: Simplified diagram of a Schlumberger array. Reddiwvs 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 Sand T
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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 guidedatlection. During fieldworkis values are
displayed on the resistivity instrument following each measurementalues are plotted against

electrode spacingonleg2 3 3ANJ LK LI LISNXP C2NJ I 2SyySNI I NNIF &z

array, disance AB/2 is plotted (e.gFigurell).

A data curve that shows an increase in apparent resistivity with increased spacing intaiesvaard
change from a lowerto a higherresistivity 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 changors. Sounding of a multyer subsurface will result in
multiple curve segments on the apparent resistivity versus spacing plot.
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Figurell: Data from the Buckley Bay 1D sounding, plotted in the field for preliminary inegipret
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Setsof X @ SNJ GKS2NBGAOIE aal aGSNJ/ dNBSa¢ KF@S 0SS
LRAAGADGS YR yS3aFriAdS NBaradGAgAaAGe O2 WEym@NE | O
ranging from +1 tel (e.g., Zohdgt al., 1974). A transparent master curve overlay, at the same scale as
the loglog 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 beist fiitund between the

data curve segment and one of the master curves. In this position, the true resistivity of the shallower
fle®smpoodFy oS -aM§ thede@hfofithe inferfacedetween theo contrasting layers is

read off the xaxis, ¥ R G KS G NHzS NB&AA A& &DR 1@ 2 Fo & KSI (REZILISNG R | dz
value of the besfit master curve, using the equation below:

” p T‘Q ”
p Q

y
N

Qx A

P

(Equation 1)

The process is repeated with subsequent curved segments of the dafti@ldcan 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.comflownloads.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 thg.usutomatic 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 bestfit model having the lowest root mean square (RMS) error, as defined below:

YO P x100%

(Equation 2)

where N is the total number of measurementg€’®® is themodeled set opredicted data and ¥sisthe

set ofmeasured 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 geologicattgsonable.

3.3.2Analysis 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, anthose collected with larger spacings sample a greater depth range. The ERT apparent
resistivity dataset is represented ona2D psedd8 OG A2y > G LA SdzR2¢ 06SOF dzaS GKS
weighted averages shown at median subsurface positions based @idtizode geometry for each

measurement. The ERT data must be inverted for the true 2D subsurface resistivity profile. With many

points making up a pseudgection, data analysis must use inversion software such as Res2DINV (from
Geotomo Software) or Eartimiager 2D (Advanced Geosciences Inc., 2009) as used in this study. The

automatic leastsquares inversion follows a similar process to the 1D inversion modelling, but it uses the
pseudasection as a starting model and inverts for the 2D structure insteddof
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3.4 Resistivity Survey Sitegnd Data Collection

Resistivity surveys were carried out at nine locations in total as indicatéidumel. 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/Fagrsgit@s a 2D survey usiiRTwas
done.Table2 summarizes the surveys at each site. A straight, horizontal line of 300 m was needed for

the best results, so the majity 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 iAppendix AThe data were acquired using an Advanced Geosciences Inc.

MiniSting resistivity meter (details attps://www.agiusa.com/ministinglast accessed June 2022),

powered by a 12/ battery, and connected by cables to stainless steel electrodes.

Table2: Summary of the nine survey sites; for more details of eactsei@ppendix fand Appendix E

Site (Well Tag Number (WTN|VES Wenner|VES Schlumberge] ERTDipole- | Note

for control well(s)) 1D 1D Dipole 2D

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

SPID/Fanny Bay (WTN 9552 N N Application of 2D section t
map occurrence of
saltwater in the aquifer.

Bowser (WTN 37367) N

E & N Railway near Yake Ro N

(WTN 87591)

Cochrane RoafWWTN 107880) N

E & N Railway ne&lacartney N

Drive (WTN 120708)

Buckley Bay (WTN 26165) N

E & N Railway at Union Bay N

ENVWTN 83158 and 85165)

Royston (WTN 103795) N

The spacing of electrodes used for the Schlumberger array was the same at almost all the soundings
(spacing tabulated iAppendix ). Each apparent resistivity measurement wiatted on a logog

graph (as shown iRigurell) and the results were monitored. If better resolution was needed to
characterize a sharp changerasistivity, 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.qg., large rocks oiphaked

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. thagght 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 (s@g@pendix D up to 50 m from the centre. The first measurement

WATER SCIENCE SERIES No. 202 14


https://www.agiusa.com/ministing

involved the smallest spacing, with all electrodes close to the centre, moving outwards to increase the
spacing through the survey. Aftdre data were collected with the outer electrodes at 50 m tladi
electrodes (except for the ones needed as the inglectrodes 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 oceameywoured at the base of each

electrode toreduce contact resistanc@heouter electrode spacing was maintained at no less tBan
times, increasing td0 times theinner electrode spacing, and each time the inner electrode spacing was
expanded, the outer electrode spacing was retained for an ernrasuremento improve the later
inversion resultsGPS coordinatesese collected at the centre and end points of each spregazpéndix

B and at a few positions along thed, if not straight, to record the location of the soundikggurel?2
shows the centre of the spread at the Cochrane site; the potential electratebe seen, connected to
the Miniing, as well as the cables connecting to the current electrodes (out of view in the photo).

e PO

Figurel2: 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 anddag®und 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 labatgrisive. 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, andsibgvigy

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 wasdad to reduce contact resistance as required. Data were
collected automatically, using the peet dipoledipole ERT program and the SWIFT Mode software
integral to the MiniSting instrumenData 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
eachmodel, 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 surfagology can be found organized in a tabléppendix

A. Note that the colour scale for the resistivity model figures varies from site to site. Relatively resistive
layers areshown 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 i 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, 19@8. The control well (WTN 77113) is located approximately 120 m southethst of

centre of the spreadHigurel3d). 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 diregtie yellow line in

Figurel3). After this comparison, the Schlumberger array was used for the remaining soundings, as use
of this array is significdly more efficient with no compromise to data quality. An orthogonal
Schlumberger sounding (NBV orientation) was also completed, to test for lateral variations. Finally, a
2D ERT profile was also collected in theS\E directionthe red line inFigurel3). Applying all the

survey methods in the same location allowed a comparison of the advantages and shortcomings of each
approach.

Legend
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Figurel3: Locations ofhe resistivity profiles and the control well (WTN 77113; open circle) near Fanny
Bay Hall. Yellow lines show the 1D sounding profitesed line marks the 2D ERT survey.
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4.1.1 Wenner (NWSE) 1D array

Figurel4 shows the fina{10layer) resistivity model and the observed and predicted apparent resistivity
values for the Wenner (NVBE) array at Fanny Bay Hall. Atiahdefault 12layer 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 asenable amount of detail in the resistivity

model Figureld).
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Figurel4: FinalFanny Bay Hall Wenner (NBE) 1D array resistivity datacahO-layermodel. Left:
measured (black circles) and béisimodelled (red circles) apparent resistivity plotted against electrode
spacinga (as shown in Figure.Blue line shows the resistivity model layer thicknesses and resistivity
values. Right: lagred resistivity model showing RMS value calculated from the variance of the best fit
(red line) and original data.

4.1.2 Schlumberger (NWSE) 1D array

Figurel5shows the fina{9 laye resistivity model and the observed and predicted apparent resistivity
values for the Schlumberger (NBE arrayat Fanny Bay Hall. A similar inversion process afidor

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 Schlumberger8)and Wenner (N\8E) models are
consistently within 1 m of each other, though the layer registivalues vary. The deepest layer in both
models begins at approximately 16.5 m, but the layer resistivity is 57mahor the Wenner array and

266 ohmm for the Schlumberger array. Notably, a comparison of the initida§@r model inversions
(Figurel6) reveals a similar trend for both the Wenner and Schlumberger arrays, with a strong negative
resistivity contrast at ~3 m depth, a positive resisity contrast at ~4.% m depth, and negative

resistivity contrasts at ~12 m and at ~16 m.

Both arrays gavbroadlysimilar results, but the Schlumberger array sampled to a slightly greater depth
for the same array length. Given that surveying with thiel@uberger 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 NEW

To assess heterogeneity in the subsurface, a Schlumbarger was also conducted along the-N%/
direction, perpendicular to the NVBE profile. As seenkigurel6, the initial12-layermodel shows a
geneally similar trend to the NWSE Schlumberger model, but the change to thelesistivity deepest
layer occurs at aignificantly shallower depthimplying that the interface is not laterally homogeneous
Figurel7 shows the fina(7 layer)resistivity model and the observed and predicted apparent resistivity
values curve for the Schlumberger (SB/) array at Fanny Bay Helith the number of layerdeing
reduced to 7, in order to group several layers near the surface that were very close in resistivity.
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Figurel5: Fanny Bay Hall Schlumberger (M8E) 1D array resistivity data atim 9-layermodel. Left:
measured (black circles) and béisimodelled (red circles) apparent resistivity plotted against electrode
spacing. Blue line shows the resistivity model layekmigisses 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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Figurel6: Comparison of the initial 1D 4@8yer modelinversions at Fanny Bay Hall.
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Figurel?7: FinalFanny Bay Hall Schlumberger {8\&) 1D array resistivity data addayermodel. Left:
measured (black circles) and béisimodelled (red circles) apparent resistivity plotted agaielectrode
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 DipoleDipole 2D (NESW)

Collection of an ERT profile provided an additional opportunity to assess lateral variability in the
subsurface at the Fanny Ball Hall skayurel8 shows the D resistivity model based on data collected
using a dipolalipole array and the 2&lectrode 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 5 5.8%.

4.1.5 Interpretation

All final 1D resistivity models from the Fanny Bay Hall site are shokigurel9, 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 andcaahse 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, butthe 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 watbearing coarse gravel. The interface characterized by the decrease in
resistivity in each section is potentially the watebla 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 itpapsurface corresponds reasonably well with the till in the well
lithology, although it is considerably shallower in the 8i& array model. The till appears to have a
resistivity range of 6 to 266 ohim, and extends to at least 28 m, the greatest deptimpked by the
soundings. The bedrock has been attributec depth of greater than 28 mx 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 Schlumbergerays as well as variation between the orthogonal

Schlumberger array surveys can be explained by the lateral variations shown in the 2D (Ségtitmn

18). Since therés only one cross section in the 4S8V direction, it is not possible to tell if the

undulations of the deepest interface are continuous in theIS®/direction, but its depth appears to

range from approximately 9 m to greater than 17 m, which is consigtenti K G KS M5 Y2 RSt 4Q
the depth to the top of the deepest laydrigure20 shows a possible interpretation of the 2D resistivity

model. In both the 1D and 2models, the aquifer appears to be quite thin, ranging from a thickness of

about 2 m to 8 nthick. From the well record, the aquifer thickness is closer to 10 m thick.
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Figurel8: 2D (NESW) resistivity model at Fanny Bay Hall. The red arrow indicates the location of the centre for all 1D soundings
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Figurel9: Lithology from well log (WTN 77113 at right) scaled tohell1D 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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Figure20: Schematic lithological interpretation of th®2Zesistivity model at Fanny Bay Hall.
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4.2 Ships Point Improvement DistridEanny Bay (WTN 95528)

Similar tothe Fanny Bay Hall site, the well and the centre of the spread forttips $oint Improvement
District (#1D/Fanny Bay site are both docated with surficial Salish Sediments (Fyles, 1963). The well is
located approximately 20 m northwest of the centstthe spread Figure21). The static water level was
only 0.6 m below the top of the casing at the time of drilling (November 2001).

Legend
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Figure21l: 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

Figure22 shows the final layered resistivity model and the observed and predicted apparent resistivity
curve for the Schlumberger array at SPID/Fanny Bay. -TdygeBmodel 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 dipdlipole profile was also surveyed at SPID/Fanny Bay, in the
same fashion as at the Fanny Bay Hall site; the resulting ERT profile is stvogure@3. 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 linekigure2l).

4.2.3 Interpretation

The 1D resistivity model for SPID/Fanny Bay follows the lithology from the well log reasonably well
(Figure24). 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 detpid e of
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drilling, andapproximately 2.0n at time of the sounding, according to SPID recéoddVTN 93741,

which is roughly 100 m northwest of the control Welhd could be reflected by the first or second
boundary where there is a reduction in ragigty. 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 oham). The large decrease in resistivity (from 821 to 186 -omna 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 ehmialls within the range seen at Fanny Bay Hall.
Fanny Bay Hall is located$ethan 1 km to the west of thiscation ands also located where Salish
Sediments are mapped at the surface (Fyles, &RG8erlying till (stratigraphically, this is most likely
Vashon Till). The sounding at SPID/Fanny Bay sampled the subsurfaceateadgpth than the well.

The deepest boundary in the resistivity model is at 30 m def2® HASL), where the resistivity

decreases from 186 to 51 okm. This interface is ~6 m below the maximum drilled depth for the

control well. This deepest layerusthin 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 (Caigkford and Hoffmar,998) 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 (BednarskR015). 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 Schlumbergeunding Figure23). 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).
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Figure22: SPID/Fanny Bay Schlumberger 1D array resistivity data and model. Left: measured (black
circles) and bedit modelled (red circles) apparent resistivity plotted against electrode spacing. Blue line
shows the resistivity modklyer 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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Figure23: Scaled comparison of the 1D layered resistivity model and the 2D resistivity model at SPID/Fanny Bay. The red arravaéndicates
centre of the 1D spread. Overlain on the 2D model is a schematic lithological inteqgoretat
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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 tlitch with thick brushThroughout the 2D

section, there is a trend of decreasing resistivity from the southwest to the northEagir€23). There

are a few different factors to consider when interpreting this trend. The tidal flat of Mud Bay lies to the
east Figure2l) 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.
CKSNBE Aad | ONBS] adralletto Qeisuryel idfilg, 330 m ifokhie SE. ThHzygh 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 inflisgndeich seems likelyiven

the low elevation and coastal proximityhe 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 coarsggravel 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 (~20@500hm-m) that appgears to be rising to the northeast at ~14 m depth3(

mMASL); 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 2IB.prbé
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 eastwieeépening to eastwarghallowing.
Bedrock elevation is mapped to be as #halas 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 stivégiat around 9 m depth.
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Although this could be due to lithologpriatong€ GG KSNB A& | Ll2&aairofsS GARLI

host saltwater at high tide that could infiltrate into the shallow aquifer underneath and decrease the
resistivity at thé 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 ab&0im from the control wdlalong 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 BowsEigure25) indicates very high resistivity at the surface, most

likely due to dry conditions on the shoulder of the road. The initidby2r model had a few interfas

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 decregs$ie number of layers to seven for the final model,

the multiple similar layers at the surface were combined, while maintaining the deeper prominent
boundaries.
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Figure25: Layered resistivity model and curve for Bovwsellumberger 1D array resistivity data and
model. Left: measured (black circles) and Higshodelled (red circles) apparent resistivity plotted

against electrode spacing. Blue line shows the resistivity model layer thicknesses and resistivity values.

Ridht: 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, b 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 Quadnadaquifer. The section from approximately 5

m to 17 m depth appears to be thmotential aquifer sediments from both the well log and the

resistivity model, although it extends deeper in the resistivity moBegjure26). The well log indicates
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the presence of sand and grd¥eom approximately 2 m to 17 m depth, and the resistivity model shows
a layer with a relatively low resistivity (compared to its neighbours) of 85%mhfinom 5 m to just

below 20 m. At the time of drilling, the water depth was recorded at 9 m, whi¢chduconfirms the
aquifer location.

There is a significant increase in resistivity from 859 -whno 1,839 ohmm 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 esistivity contrast, is clay. It is very unlikely that theB4D ohmm layer is clay, as this is

far above the typical resistivity range for clays (< 100 -@hyfrigue 6), and surficial clay sampled at the
Buckley Bay siteSéction 4.7) had resistivity of less than 100 chm Stratigraphically, it is possible that

the layer is part of the Cowichan Head formation from a-gtacial interval. This formatiaconsists of

clayey silt and sand as well as an upper member of estuarine and fluvial sandy silt and gravel (Bednarski,
2015). The resistivity value 0f8B9 ohmm appears consistent with fluvial sediments from Cowichan
Head that could form an aquifer (liké 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 fkdaStitae high
resistivity (1839 oham) 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 regstivity (148 ohram). 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 rethie\2@f1

Geological Survey of Canada (GSC) seismic reflection data (L@#&1b00 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 lowerdmaASL (the

deepest penetation of the VES).
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Figure26: 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 of tha@scentre 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 Willowdt Member (CathyBickford and Hoffman, 1998).

4.4.1 Schlumberger 1D array

The final 1D resistivity model at Yake Road is showigure27. The initiall2-layer model was similar

to the 9layer 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 ehmThe final model combines a few intervening

layers with small resistiwitdifferences (within 80 ohmm).
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Figure27:. Yake Road layered resistivity model and curvéhimEchlumberger 1D array resistivity data

and model. Left: measured (black circles) and-bestodelled (red circles) apparentsistivity 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 suda Figure28). 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. The layer below 35 m depth has a resistivity of around 28
ohm-m and is modelled to be at least 45 m thialhich is a strong indication that it is the Willow Point
Member bedrock, although a 35 m depti 7.3 mASL) is significantly shallower than the 5438 (

mMASL) bedrock depth at the control well, where a much thicker unit of till was documented tham is see
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 distingghi, 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.
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Figure28: 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 (WThND7880)

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 kgpae5) 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 Vashoidill (Fyles, 1960). The well was drilled 129 m deep and did not hit bedrock. The deepest
sand layer in this well log consists of Quastad(Bednarski, 2015).

4.5.1 Schlumberger 1D array

The final 1D resistivity model for the Cochrane Road site is shokigure29. The model has a

relatively good fit to the data, with an RMS of ~6%. The initida§@r model had 3 layers within 50
ohm-m of 1,100 ohmm from 16 to56 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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Figure29: Cochrane Road Schlumberger 1D array resistivity data andlmaft: measured (black

circles) and bedfit 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 vatucalculated 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 (Figure30). 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 resistity 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. Tayer with a value of ~106 ohim is most

likely the Vashon Till. The layer that most likely correlates with the Quszairdin the well log begins at

a depth of 10 m with a resistivity of ~736 ohm Below ~20 m, resistivity values 230 ohmm and

1,043 ohmm are also consistent with the Quadsand 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 mappingg bottom of the well was treated as minimum depth to
bedrock, at around 129 m below surfac&g§ 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 haa 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 thesensic 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 arourBlO mASL. The first is probably the base of the Quadra aquifer and the
second could béedrock, just below the deepest penetration of the control well.
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4.6 Macartney Drive (WTN 120708)

The control well aMacartney 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 Sedim@ntes, 1968). The bedrock is

projected to be the Willow Point member (CatiBickford and Hoffman, 1998).

4.6.1 Schlumberger 1D array

The sounding at Mactney Drive was done on the west side of the E&N railway. The surrounding area
on the west side waquite 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 theeties; as a result, it was only
possible to send 2 mA through the electrodes at most positions in the arrayfgendix For the

initial Maartney 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 shéiguie31lis 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 agative resistivity values and high errors were measured when the distance
between electrodes was greatest. As a result, this sounding was unable to reach as dete ashetr
sites.
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Figure31l. Macartney DriveSchlumberger 1D array resistivity data and model. Left: measured (black
circles) and bedfit modelled (red circles) apparent resistivity plotted against electrode spacing. Blue line
shows the resistivity model layer thicknesses and resistivity valubs. IRjgred 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 Matney Road site is shown with the lithology from the control well in
Figure32. As discussed above, the neanface geology beneath the sounding is most likelyrfitler
the railway bed. The layer starting at 5 m with a resistivity of 454-ahmay 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 depo$ggavel 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 olhm The layer beginning at 18 m (0 mASL) with a
value of 19 ohrm is most likely th&Villow Point member bedrock (shale). The boundary between the
sediments and the bedrock in the well lithology is about 7 m lowlemASL) than the interpreted

matching boundary in the resistivity model. This is not unreasonable considering tha dli&ance

between the spread centre and the control well. There may be a doithe-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 VESsurveys are completed near railbégtationsin future, the presence adggregate filshould be
anticipated
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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, 1968). However, the Willow Point member bedrock is very near the surface here (Cathyl
Bickford and Hoffman, 1998), as is evident from nearby road€igsi(e4d).

4.7.1 Schlumberger 1D array

The final 1D resistivity model for the Buckley Bay site is showigure33. The model has a good fit to

the data, likely because of low contact resistance in surficialr@daysediment, enabling the maximum
current of 200 mA to be sent through the electrodes for muchhef$ounding. This sounding was quite
different from the other locations in this study because the modelled resistivity range is very small, from
17.1to 83.4 ohmm (Figure33). This created more of a challenge to determine an appropriate number

of layers in the model. A-ayer model was chosen because it had a lower RMS (6.85%) than a model
with more layers.

WATER SCIENCE SERIES No. 20@2 34



Measured and Modeled Data Layered Resistivity Model

100 T 0
:|44.U
11.58 T” 9
§e LY
g f ot ]551
g I Po—
= 28.21
: Y B
>
& [ 4
= ™o —sle-ls.
2 i | 83.4
< °
= I40.X
o
2
& I23_4
I45_X
74.58
I 17.1
5
l%‘ . : o 100 . Ohm-m
Schlumberger Array, AB/2 (m) Depth (m)

Iteration =8 RMS = 6.85%

Figure33: Buckley Bagchlumberger 1D array resistivity data and model. Left: measured (black circles)
and bestfit modelled (red circles) apparent resistivity plotted against electrode spacing. Blue line shows
the resistivity model layer thicknesses and resistivity valuelst: Rigered 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 comparggaories4.
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 tHBWPoint 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 esion and that the bedrock is laterally continuous). The bedrock in the
offsetting well is at 17 m below surfacé (MASL) and consists of shale (probably Willow Point). The
interpreted bedrock (23 oham) at the VES is at 12 m depth (9 mASL), some 7 m thasercalculated

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 significarftanges below the ~12 m interpreted bedrock depth: at 28 m depth
(from 23 to 46 ohrim) and at 75 m (46 to 17 ohim). The resistivity increase at 28 m could be a
lithological change in the bedrock from predominantly shale to hard grey shaley sandstoepodsd

Ay GKS RNAffSNRa 230 ¢KS 2SN yS3IHiABS NBaradAg
be simply due to noisy data, as seen in the larger electrode spaéiysd33).
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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 abovsea 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 spreadsit@stedon the west side ofhe 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 Tld the private well intersects the deltaic deposits seeMatartney

(Fyles, 1960). The mapped bedrock is the Tsable member which comprises conglomerate, sandstone,
and pebbly siltstone (Cathfdickford and Hoffman, 1998).

4.8.1 Schlumberger 1D array

The final 1D resistivity model for the Union Bay site is showfigare35. The model shows very high
resistivity in the shallow subsurface with a significant reduwctn resistivity starting at around 2 m

depth. Below 2 m, the resistivity variations are within a relatively small rang20@®hmm. The

deeper well log (WTN 8315Bjgure36) indicates variations of till and siltstonghich may have similar
resistivities but are separate units, so the final model comprises 9 layers in order to maintain these small
variations.
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Figure35: Union BaySchlumberger 1D array resistivity data and model. Left: measured (black circles)
and bestfit modelled (red circles) apparent resistivity plotted against electrode spacing. Blue line shows
the resistivity model layer thicknesses and resistivity valuelst: Rigered 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 wElpuire36. 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 layerdllofith 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 Figure36. At this point, the resistivity drops from ;&80 ohm

m to 140 ohmm. 140 ohmm is well within the range documented for till at other locations in this study.
From 2 to 20 m depth (288 m inFigure36), there are small resistivity variations that most likely reflect
changes in the composition of the till. The resistivity drops from 198 to 74mhah20 m below surface

at the \ES (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 26 ahm
approximately 38 m depth18 mASL) in the VES. This interfisdaterpreted 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 (approximatétiy 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 compositiamd pore fluid).
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Figure36: 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 tharhe 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 s@ead w

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 (Cathfflickford and Hoffman, 1998). The sounding was done on the

north shoulder of a driveway.

4.9.1 Schlumberger 1@rray

The final 1D resistivity model for the Royston site shows a good fit to the data, with a relatively low RMS
value Figure37). The initial 1dayer model was r@uced 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 Bitgiie

38. The neassurface resistivity was found to be lower tharostof the other locations (the top layer

had a resistivity of 79 ohmm). One layer at approximately 2 m depth has a modelled resistivity of
3,520 ohmm, significantly higher than the surrounding layers. This could be due to anthropogenic
factors sincehe road is quite high relative tihe 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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Figure37: Royston Schlumberger 1D array resistivity data and model. Left: measured (black circles) and
bestfit modelled (red circles) apparent resistivity plotted against electrode spacing. Blue line shows the
resistivity model layer thicknesses aedistivity 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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Figure38: Scaled comparison of the control well lithology and the 1D layeréstivitg model at
Royston. The control well is 1 m lower in ground elevation than the centre of the VES.

The 924 ohmm 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 ehmiayer 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 ohmat approximately 10 m could represent the toptidf
although this interface is a few metres higher in elevation than in the control well. There is a drop in
resistivity to 27 ohram at approximately 42 m depth3s mASL) that could be attributed to the top of
the Willow Point Member bedrock. The coaltmvell 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 aeddant
here.

4.10Bedrock Elevation

The resistivity sounding results and control well data have enabled the creation of a preliminary bedrock
surface elevation mag{gure39 and Figure40). Mapping the elevation of the bedrock surface

throughout the region is important, asgonstrains the potential extent of aquifers in the overlying
unconsolidated sediments. The maps show the bedrock surface elevation interpreted from the VES (in
NERUOU FyR GKS O2yGNRBf ¢St thabedrdck/surtadebciriatatbwer af € &28YO0
elevation than the base of the control well or resistivity modekSdmaps 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: bedtoelevation of <43 mASL

Tsable WTN 83159: bedrock elevatioh mASL

Holiday Road WTN 96053: bedrock elevatithmASL

Ships Point WTN 12964: bedrock elevation 1 mASL

Stelling Road WTN 77157: bedrock elevaté3imASL

Qualicum Village WTN 12733: bedrat&vation- 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 bedrockg Jergin

7 mASL at thtacartney control well to-38 mASL at the Yake control well. T mASL of the

Qualicum Village control well should be regarded as unreliable, due to poor location confidence. In
parallel to the geologically defined bedrock elevatithe 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 te29 mASL at SPID.

Figure40shows 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 wElble3 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 elematror instance, because of the large

distance between the control wells and the VES locations at Union Bay, Buckley Bay, arddWait is
impossible to draw a direct comparison, as general regional dip or structural displacement make the
difference ggnificant. 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 datatgualgood, this difference is attributed to a
normal, downto-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 boundaryierunconsolidated deposit aquifers
above. Fractured bedrock can also be an aquifer itself, such as Aquifer 411 in the north of the study
area. Figure5; Appendix B
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Table3: Comparison of bedrock elevation interpreted from VES surveys versus control wells.

VES Control | YES / Bedrock
Offset Elevation
Bedrock . Control Bedrock .
VES Name . Distance . Difference Comments
Elevation (m) WTN Elevation (relative to cantrol
(MASL) (MASL)
well, m)
Royston -35 140 103795 |[<-11 - No bedrock (BR) in control we
union Bay | 1 170 |85165 |[<4 - No BR in control well
Kens
Possibility of saline water
Union Bay response. BR drops down to
ENV 18 260 83158 2 20 east.Possilte fault between
control well and VES.
BR drops down to east from
Buckley Bay| 9 250 26165 -8 +17 VES to control well
Possible BR fault, down to Nf
Yake -7 50 87591 -38 2l between control well and VES
Fanny Bay |_ R )
Hall (FBH) <23 130 77113 <-7 No BRn control well
No BR in control well. BR fron
SPID -29 25 95528 <-15 - VES drops down to east from
FBH to SPID
BR drops down to east from
Macartney |0 170 120708 -7 +7 VES to control well
No BR in VES or control well.
Bowser <-4 10 37367 <51 - 2011 2D seismic tie
No BR in VES or control well.
Cochrane |<30 10 107880 <-18 - 2011 2D seismic tie

The existing geological mapping in the area (Cadligkford and Hoffman, 1998) shows that the region
is cut by a series of NW to SE trending normal faults. A dovtime-NE fault that cuts Cowie and Wilfred
Creek could be associated with some of the larger apparent displacements sé&éuosd0.

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 generdiggli(ed41) does highlight the
trends previously noted: decreasing elevation to the NE and the possibility of normattdetive-NE
faults generating steep elevationagtients.A reversal in the structure centred over Ships Point
Peninsula reflects the existing mapping (Catigkford and Hoffman, 1998) that shows antoghe-NE
inferred extensional fault bordering the southwest edge of the peninsula. The lowest beeleation
documented in the Ships Point area48 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 bedrocketion at the Qualicum Village control weB1 mASL)
indicates a potential dowato-the-south fault with an approximate eastest trend. The poor confidence
in the coordinates of this well makes any meaningful interpretation of this fault problematic.
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