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Abstract

The flood dykes surrounding the Bay of Fundy are facing increasing risk from rising
sea levels and extreme tidal events. In light of these risks, this research utilized
Electromagnetic apparent conductivity mapping (EM) and Electrical Resistivity Imaging
(ERI), to characterize the internal structure of the Shepody dykes located in south New
Brunswick, set in the upper Bay of Fundy. The goal was to evaluate the capability and
effectiveness of geoelectrical methods in inferring geotechnical property variability and

potential vulnerabilities within the dyke and its foundation.

The first phase of the study established that an integrated approach of EM and ERI
is effective for identifying electrically conductive anomalies. Soil sampling and laboratory
analysis established that pore water salinity exerts the dominant influence. A prominent
conductive anomaly was interpreted as a zone of increased saline water content and higher

hydraulic conductivity, representing a potential preferential seepage pathway.

The second phase evaluated the influence of extreme tidal fluctuations through time-
lapse 3D ERI. The study measured a maximum 15% resistivity decrease at peak high tide
(~2.25 m below dyke crest), which was concentrated at depths of 7.5 m and greater. In
contrast, resistivities within the upper 5 m, including the 2.5 m high dyke, showed
negligible change. The 3D results robustly corroborated the 2D assessment, confirming
that important spatial variations in conductivity can be captured by more efficient 2D

surveying regardless of the tidal stage.
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1 INTRODUCTION

Flood defense structures, such as earthen dykes, play a critical role in safeguarding
low-lying regions against the catastrophic consequences of flooding events. However, as
these dykes age, concerns grow about their structural integrity and increasing vulnerability
to failure, particularly in the face of escalating threats posed by climate change. These
growing concerns are driving the demand for speedy and effective assessments of these
structures' reliability to function as defense barriers. Non-invasive geophysical methods,
such as geoelectrical imaging techniques, have seen increased adoption for assessing flood
embankments as a complementary tool to conventional assessment and monitoring
methods such as geotechnical drilling and sampling. They offer the advantage of spatially
continuous imaging of the subsurface without disturbing the dyke's structure and

introducing potential stability risks.

This research aims to evaluate the application of geoelectrical imaging methods in
assessing coastal earthen dykes surrounding the upper Bay of Fundy (BoF) in Atlantic

Canada.

1.1 Background of the Study

Earthen dykes are raised structures made of compacted soil, often composed of
materials like clay, silt, sand, and gravel and are widely used along riverbanks, coastal
areas, and flood-prone regions. Many countries, including Canada (Lieske & Bornemann,
2012), the United States of America (Ikard, et al., 2015; Tucker-Kulesza, et al., 2019;
Adams, et al., 2021), England (Sentenac, et al., 2013; Gunn, et al., 2015; Ball, et al., 2023),
and France (Dezert, et al., 2021; Jodry, et al., 2017), rely on these embankments for flood

mitigation. The global application of earthen dykes is primarily due to its cost-effectiveness



and adaptability to various terrain. Thus, the growing concern for their increasing

vulnerability to climate change is a global challenge as well.

As earthen structures age, they become increasingly vulnerable to defects that
compromise their stability and could eventually lead to embankment failure (Foster et al.,
2000; Fauchard and Mériaux, 2007), such as animal burrows (Borgatti et al., 2017), and
fissuring and desiccation (Sentenac et al., 2013). These defects can develop into pathways
of concentrated seepage that lead to internal erosion and piping (Sjodahl et al., 2009;
Sentenac et al.2013; Ikard et al., 2015; Zumr et al.,2018), which is one of the most common
causes of embankment failure (Foster et al., 2000). Therefore, detecting these defects

before they further develop is critical to preventing embankment failure.

The catastrophic 2020 flooding of Italy’s Panaro River is a stark example of this
danger. The levee failure was attributed to pre-existing internal cavities, likely old animal
burrows, which provided a direct hydraulic connection to the river. These internal defects
acted as preferential seepage pathways, initiating a process of concentrated internal erosion

that ultimately led to the levee’s collapse (Ceccato and Simonini, 2023).

Detecting such defects is a challenge for conventional assessment methods (Fauchard
and Meriaux, 2007) because they can develop deep within an embankment and at early
stages show little to no surface evidence; hence, defects are often missed by visual
inspection. When visible signs of internal erosion do appear, it is already indicative of

advanced internal degradation.

Moreover, significant shifts in global climate conditions, such as drier summers,
heavier rainfall, more frequent flooding events, and rising sea levels, are placing additional

stress on these flood embankments, further increasing their risk of failure (Lieske &



Bornemann, 2012; Gunn, et al., 2015). The escalating threats underscore the urgent and
growing need for embankment assessment methods that can rapidly and proactively detect

issues, effectively preventing potential failure.

A dyke failure can have significant socioeconomic impacts as exemplified by the
experience of Abbotsford, British Columbia. In November 2021, Abbotsford experienced
record-breaking rainfall of 541 mm in a single month. Particularly on November 14,
rainfall reached a total of 154 mm over a 24-hour period (Hopes, 2022), which caused the
Sumas River to overtop surrounding dykes triggering a dyke failure that flooded the Sumas
Prairie and surrounding farmlands (Mylleville, 2025). The flood caused approximately
CAS$1 billion in damages (Oatley et al., 2021). According to World Animal Protection
(2023), the flood covered 37,000 acres of farmland, affecting over 1,000 farmers and
approximately 2.5 million livestock. Moreover, the socioeconomic impact extended
beyond the flooded areas, disrupting the supply chain of the region as the flood forced
closure of major highways and transportation infrastructure (Mylleville, 2025). Although
the cause of failure was overtopping, as opposed to internal erosion, this catastrophic event
is a tangible example of the consequences and potentials costs of failing to proactively

monitor flood embankments to ensure their functionality and integrity.

In the Atlantic Canada region, a similar network of agricultural dykes along the coast
of the BoF protects key infrastructure. The failure of the BoF dykes would have significant
socioeconomic impacts on communities in the provinces of New Brunswick (NB) and
Nova Scotia (NS) and could sever the main road and rail links from the major port of
Halifax, NS, to the rest of Canada. A 2012 vulnerability assessment of the BoF dyke system

found that the vast majority (~89%) are at immediate risk of overtopping by coastal



flooding based on projected coastal flood heights in the following decades through 2085

(Lieske & Bornemann, 2012).

The BoF dykes form a network of earthen embankments, including along rivers
entering the bay, like those in Abbotsford, BC. The embankments extend hundreds of
kilometres along the coastline and rivers lining the upper BoF, protecting the region from
the large tides, of up to 16 m. Additionally, these coastlines lie along the track of Atlantic
Ocean hurricanes/tropical storms. When an extreme storm coincides with high tide, the

impact could be disastrous.

The dykes protect economically critical transportation infrastructure, particularly the
Chignecto Isthmus trade corridor, a narrow land bridge connecting the provinces of New
Brunswick and Nova Scotia situated at the head of the upper BoF. This corridor includes
the TransCanada Highway, CN Rail, 138 kV and 345 kV electricity transmission lines,
fiber optical cables, and various other utilities that serve the Atlantic provinces. An
estimated CA$35 billion worth of goods and services are transported through this corridor

annually, highlighting the vital importance of BoF dyke network (Wood, 2022).

1.2 Reengineering Efforts on the Bay of Fundy dykes

Recognizing the risks that the BoF dykes are facing, the governments of New
Brunswick and Nova Scotia jointly commissioned a comprehensive study (Wood, 2022)
with the objective of identifying long-term strategies to protect and sustain critical
infrastructure along the Chignecto Isthmus against the threat of flooding, which is currently
protected by the BoF dykes. The study identified dyke failure as the primary risk (Lieske

& Bornemann, 2012) and, among the contributing factors, dyke overtopping and breaching



ranked highest, followed closely by the lack of information regarding the internal condition

of the dykes.

The oldest dykes in the Maritime provinces were first constructed by Acadian settlers
in the 17th century, while major rehabilitation and new construction occurred under the
federal Maritime Marshland Rehabilitation Act from the late 1940s into the 1950s,
modernizing and extending existing dyke systems (Nova Scotia Department of Agriculture
and Marketing, 1987). Regional dyke vulnerability assessments identify overtopping as the
primary risk for the majority (~89%) of the BoF dyke system which could trigger dyke
breaching. The average BoF dyke crest elevation is found to be 8.6 m relative to the
CGVD2013 datum (Lieske et al., 2012), however coastal flood heights are estimated to
potentially exceed 9.0 m as early as 2025 (Richards and Daigle, 2011) for 1 in 10 year
floods and are estimated to reach up to as 9.9 m by 2085 for 1 in 100 year floods. This
emphasizes the urgency to rehabilitate, fortify, or even reengineer the flood dykes—
interventions that require an accurate assessment of the current dyke conditions. These
flood height projections have informed the dyke rehabilitation plan proposed by Wood

(2022), which specifies a new design elevation of 10.6 m CGVD2013.

To address overtopping and breaching risks, several engineering interventions were
recommended including rehabilitation, realignment, and dyke raising (Wood, 2022).
However, there is no one-size-fits-all solution for the entire BoF dyke system. The study
also acknowledges that evaluating appropriate interventions for each segment of the
network will be essential. A more comprehensive and accurate assessment of dyke
conditions will therefore be needed to guide future decisions. This leads to one of the

study's key recommendations: to collect additional data on the dykes and their foundations



to inform engineering solutions. The application of geophysical methods, particularly
geoelectrical imaging techniques, to assess and characterize these dykes directly aligns

with this recommendation.

1.3 Geophysical Approach to Embankment Assessment

Historically, embankment assessments have relied on visual inspections and
geotechnical methods. While important, these methods can be costly and have well-known
limitations. Visual inspection is a low-cost and readily applicable method but can only
identify degradation visible on the surface. Geotechnical methods, such as drilling and
laboratory testing of samples, can effectively provide subsurface information and
proactively detect degradation at initial stages, but they are expensive and intrusive.
Moreover, the sparse information obtained through drilling is only representative of the
immediate area of investigation and not of the whole embankment. Also, the invasive
nature of this approach makes it less ideal for assessing aging and already at-risk
embankments. These limitations have prompted researchers to explore alternative, non-

mnvasive methods.

Geophysical methods are frequently used to assist with near-surface investigations
including of dykes or levees (Dezert et al., 2021). Geophysical methods that have been
used for dyke assessments include electrical resistivity imaging (ERI) (e.g.,
Niederleithinger et al., 2012; Sentenac et al., 2012; Bievre et al., 2017, 2018; Borgatti et
al, 2017; Zumr et al., 2018; Tucker-Kulesza et al., 2019; Comina et al., 2020; Adams et al.,
2021; Ball et al., 2023), electromagnetic induction (EM) (e.g., Niederleithinger et al., 2012;
Borgatti et al, 2017; Adams et al., 2021; Bertone et al., 2024), self-potential (SP) (e.g.,

Ahmed et al.,, 2019; Adams et al.,, 2021), ground penetrating radar (GPR) (e.g.,



Niederleithinger et al., 2012; Borgatti et al, 2017), and seismic techniques (e.g.,
Niederleithinger et al., 2012; Bievre et al., 2017; Lu et al., 2023). Among these,
geoelectrical investigations by ERI and EM have seen growing adoption among researchers
as they balance sensitivity to moisture content, investigation depth, spatial coverage, and
survey efficiency in diagnosing earthen embankments. Thus, these methods enable
reliable, non-destructive detection of internal heterogeneities and seepage pathways within
an earthen embankment (Niederleithinger et al., 2012; Dezert et al., 2021). Consequently,
geoelectrical methods ERI and EM are increasingly integrated into geotechnical
investigation of embankments to take advantage of the complementary strengths of
geotechnical and geophysical methods (Gunn et al., 2015; Cygal et al., 2016; Bertone et
al., 2024), allowing a more targeted sampling and testing (Adams et al., 2021; Dezert et

al., 2021).

ERI measures variations in subsurface electrical resistivity (the reciprocal of
electrical conductivity) and stands out for its ability to reach significant depths while
maintaining good resolution. One limitation is the requirement for electrodes (typically
metal stakes) to be inserted into the ground— a factor that limits the speed of surveying.
In contrast, one-person portable EM systems, employing non-contacting transmitter and
receiver coils, can be used to survey lines rapidly at walking speed, though the simplest
and least expensive/most widely available variants have limited depth of penetration and
depth resolution compared to ERI. These complementary strengths and limitations have
prompted integrated approaches (Niederleithinger et al., 2012; Sentenac et al., 2013;
Adams et al., 2021; Bertone et al., 2024), providing both rapid reconnaissance assessments

and detailed imaging of flood dykes.



1.4 Thesis Motivation, Goal and Objectives

The goal of this research is to investigate whether geoelectrical imaging methods,
specifically electrical resistivity imaging (ERI) and electromagnetic induction (EM)
apparent conductivity mapping surveys, can be used to infer geotechnical property
variability within the earthen flood dykes and underlying foundation sediments, thereby
informing reengineering efforts on the dykes of the BoF. This effort will include evaluating
an integrated approach of ERI and EM surveying, in assessing the dyke’s potential
vulnerabilities, as well as identifying the challenges of this method. This has been
undertaken using a case study approach, applying the methods to a small (approximately 1
km long) section of the dyke network in a region known as Shepody, NB (location shown

in Figure 1). Specific objectives include:

e to develop a rapid methodology capable of characterizing the internal heterogeneity
of the dyke well enough to target possible subsequent higher resolution investigations
¢ to evaluate the capability of ERI and EM in imaging potential vulnerabilities within
earthen embankments and their foundation

¢ to infer the geotechnical significance of resistivity variations within dykes and their
foundations by evaluating their correlations (if any) with parameters including SPT N-
values, grain size, and pore water conductivity

e to evaluate the effect of varying tide levels adjacent to the dyke on the
conductivity/resistivity measurements and resulting inversion models

e to examine and corroborate the anomalies identified in 2D ERI with 3D ERI results



1.5 Thesis Structure

This thesis follows a collected manuscripts format, consisting of two papers intended

for publication, each addressing separate research objectives.

Chapter 1 provides an overview of the thesis and its fundamental objectives. It
examines the vulnerabilities of earthen embankments in megatidal settings and reviews the
theoretical links between subsurface resistivity and engineering properties. This chapter
establishes the study's scope and outlines the overarching objectives that guide the

subsequent manuscripts.

The first manuscript, Chapter 2, explores how geoelectrical imaging methods can
identify potential vulnerabilities in BoF flood dykes by conducting EM apparent
conductivity mapping and 2D ERI on a segment of the dykes in Shepody. This study
focuses on characterizing the internal heterogeneity of an embankment with geoelectrical
imaging methods and determining the origin of observed resistivity anomalies and trends

with a parallel geotechnical assessment.

The second manuscript, Chapter 3, investigates the extent to which BoF’s megatidal
environment affects dyke-crest ERI surveys. Three-dimensional (3D) ERI measurements,
made during the rise and fall of salt water against the seaward face of the dyke are analysed

to quantify the impact of tides on ERI measurements.

Chapter 4 provides a synthesis of the research, integrating the findings from both
manuscripts to evaluate the overall effectiveness of geoelectrical methods for dyke
assessment. This chapter interprets the results in a broader context, discussing the practical

implications for embankment assessments. References are included at the end of each



chapter. Additionally, three appendices are included at the end of the thesis to provide

supplemental information.

1.6 Definition of Terms

To ensure clarity throughout this thesis, key terms are defined as they are used within

the context of this study:

dyke — this term refers specifically to agricultural earthen dykes (also called levees or
embankments) that function as flood protection barriers. These structures encompass

historically constructed earthworks that served the same function.

conductivity — Refers exclusively to electrical conductivity (the reciprocal of electrical
resistivity), a measure of a material’s ability to conduct electric current, unless specified
otherwise. In particular, the use of this term should not be confused with hydraulic

conductivity, which pertains to fluid flow through porous media.

unit / layer — These terms refer to zones identified based on variations in electrical
conductivity or resistivity, as detected through geophysical imaging. They are not intended
to represent formal geological or stratigraphic units, but rather to highlight subsurface

regions with distinct geophysical properties.

clay content — Denotes the proportion of clay-size sediments, typically associated with
clay minerals, present within a soil or sediment sample. In the context of this study, clay
content (in percent volume) is important because of its strong influence on electrical
conductivity and soil moisture retention, both key factors in assessing embankment

stability.
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2 GEOELECTRICAL IMAGING FOR FLOOD DYKE INSPECTION

ALONG THE UPPER BAY OF FUNDY

2.1 Introduction

A network of earthen flood dykes along the coastline of the Bay of Fundy (BoF)
protects critical infrastructure in the provinces of New Brunswick and Nova Scotia,
Canada. As these earthen embankments age, they face increasing risk of failure which is
further exacerbated by escalating effects of climate change. Mitigating these risks will
necessitate comprehensive engineering interventions that will rely on information on the
internal condition of these flood embankments. Recent dyke vulnerability assessments
ranked overtopping as the primary risk to the BoF dykes, with breaching—triggered by
mechanisms like internal erosion—as a significant secondary risk (Lieske et al., 2012;

Wood, 2022).

Conventional embankment investigations rely heavily on drilling techniques and
laboratory analyses of samples obtained through drilling (Niederleithinger et al., 2012;
Bievre et al., 2017; Dezert et al., 2021; Adams et al., 2021). While precise and effective,
these methods are time-consuming, sample only discrete points, and covering a substantial
length of embankment is costly. Moreover, the invasive nature of drilling is not ideal for

studying already at-risk embankments, prompting researchers to explore other methods.

2.1.1 An Integrated Approach to Embankment Assessment

Over the last few decades, geophysical methods have increasingly been applied

alongside geotechnical assessments as complementary tools in embankment investigations
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(Dezert et al., 2021). Particularly, electrical resistivity imaging (ERI) and electromagnetic
induction (EM) surveying have gained growing adoption for both rapid reconnaissance and
detailed imaging of flood embankments (e.g., Cygal et al., 2016; Dezert et al., 2021,
Bertone et al., 2024). Given their dependence on subsurface resistivity, both methods are
sensitive to moisture content (Sentenac et al., 2013; Gunn, et al., 2015; Ikard et al., 2015;
Zumr et al., 2018) and clay content (Long et al., 2012; Tucker-Kulesza et al., 2019; Dezert

et al., 2021), which are key parameters in embankment assessments.

An integrated approach to investigating embankments takes advantage of the
complementary strengths of geotechnical and geophysical methods. For instance, Cygal et
al. (2016) successfully demonstrated the efficiency and cost-effectiveness of ERI and EM
geophysical methods in holistically characterizing river embankment conditions—
associating high-resistivity anomalies with coarser materials and decreased clay content,
thereby locating potential seepage paths—allowing for a more targeted subsequent
geotechnical investigation. Similarly, Gunn et al. (2015) demonstrated the monitoring
capabilities of ERI for spatial and temporal variations of moisture content of a clay
embankment—useful as an indicator of developing seepage zones, inferred through
decreasing resistivity—paving the way for more proactive maintenance of the embankment
structure. Dezert et al. (2021) combined ERI with cone penetrometer testing (CPT) and
laboratory testing to investigate earthen levees, using 2D ERI to identify anomalous zones

for targeted CPT, and then using the laboratory data to calibrate the 2D resistivity model.

A significant challenge remains in translating geophysical measurements into the
specific geotechnical parameters that engineers traditionally use for embankment

assessments. This gap has prompted several studies aimed at examining the relationship,
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correlation, and connection of these two types of data. For instance, an investigation of
Italian river embankments by Borgatti et al. (2017) found that resistivity models correlated
strongly with borehole and cone penetration test (CPT) data at very shallow depths
(<1.5m), whereas zones of anomalously high resistivity in the ERT model corresponded
directly to the presence of air-filled animal burrows (voids), which were validated by GPR
and excavation. However, the correlation and ability to detect these features significantly
weakened at depth, which was attributed to decreasing resolution of the geophysical data

with depth.

The role of geoelectrical imaging methods in embankment assessment is evolving
from supplementary tools to key reconnaissance tools aimed at more targeted geotechnical
assessments. Adams et al. (2021) substantiate this evolving role, demonstrating the
capability of ERI in identifying anomalies for subsequent geotechnical confirmation,
emphasizing ERI as a primary reconnaissance tool to guide and enable targeted intrusive
investigations and improve cost-effectiveness. Recent efforts have focused on enhancing
this integration through advanced data correlation techniques and predictive modelling,
pointing toward a future where geophysical tools may increasingly substitute or streamline
conventional testing. Dezert et al. (2021) demonstrate advanced correlation techniques that
merge geophysical datasets, such as ERI, with traditional geotechnical parameters to
produce more robust levee assessments. Their paper highlights that this integration allows
for enhanced predictive understanding of internal structure, illustrating a progressive trend
where geophysical observations can reduce dependence on extensive direct sampling. The
growing role of geoelectrical imaging methods underscores their immense potential to offer

a non-invasive and spatially comprehensive tool.
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2.1.2 Electrical Conductivity of Earthen Embankments

Understanding the primary factors controlling the electrical conductivity of earthen
embankments is fundamental to interpreting results of geoelectrical and electromagnetic
surveys of these structures. The electrical conductivity o or resistivity p=1/0, of
soils/sediments making up an embankment are influenced by key material properties:

e porosity @, representing the volume fraction available for water

e water saturation S,, meaning the fraction of pore space filled with water

e water conductivity o,, (=1/ pw), determined by the concentration of dissolved salts or

ions—and to a lesser extent by temperature which controls ion mobility, and
e surface conductivity oy along mineral grains, which is especially strong for clay

minerals.

As the vast majority of soil/sediment/rock particles are insulators when dry, electrical
current is generally conveyed by ions in solution along two parallel paths — one being
through the bulk pore fluid and the other being through the electrical double layer (EDL)
along mineral grain surfaces. The resulting conductivity of the water-bearing soil, sediment

or rock can be modelled well by an equation of the form (Qi and Wu, 2022),

o =%W+as(aw) (1)

where F = a@~™S,," is called the Formation Factor, dependent on soil structure, porosity,
and water saturation. Constants a, m,and n are empirically derived and dependent on
soil/sediment type. For soils with very low clay content, the surface conduction term in
Equation (1) may be neglible, especially if the water is highly conductive (i.e., saline). In

that case, Equation (1) reduces to the familiar form of Archie’s Law where soil conductivity
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increases linearly with water conductivity. On the other hand, in clay-bearing soils,
especially with low water conductivities, the surface conduction term may dominate, and

soil conductivity will be very sensitive to clay content.

Based on equation (1), a conductive anomaly (low resistivity zone) within a dyke
could indicate a zone of vulnerability associated with one or more of the following:

1) an increase in water-bearing porosity,

1) an increase in water saturation potentially indicates active seepage, which increases
pore water pressure and reduces the soil's effective stress and shear strength, and in
turn heightens the risk of slumping or slope failure,

iii) an increase in pore water salinity, expressed as high water conductivity and
potentially indicative of saline water intrusion/seepage,

iv) an increase in clay content which can lead to a decrease in shear strength especially

under saturated conditions.

All of the above may be of concern for an earthen embankment set in a tidal
environment. Although not definitive, the identification of such anomalies can be used to
inform where extra attention is warranted during dyke inspection programs. Conversely,
highly resistive zones may suggest competent material with low porosity, low water

saturation, low clay content and/or the presence of fresh water.

In megatidal environments such as the BoF, pore water salinity can be influenced by
various saltwater intrusion mechanisms. Horizontal intrusion at depth in the form of a
saltwater wedge extending below land is well established in such areas (LeRoux et al.,
2023). Recent research has also highlighted the significance of tidally supported saltwater

intrusions forming an upper saline plume (USP) in surficial aquifers along the shoreline,
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and vertical saltwater intrusions driven by episodic flooding events, particularly as sea
levels rise and storm intensity increases with climate change (Cantelon et al., 2022; LeRoux
et al., 2023). These latter two mechanisms can introduce saline water directly into
embankment material. Additionally, dyke realignments are known to alter interaction
between local groundwater and surface water, thus potentially affecting long-term soil and
groundwater salinity patterns in adjacent areas (Tackley et al., 2023). These processes
emphasize the complex nature of salinity sources in coastal embankments and underscore
the importance of accounting for its influence on pore water conductivity of embankments
in tidal environments. For purposes of interpreting ERI and EM data collected along dykes,
this raises important questions: to what extent are lateral variations in resistivity within
BoF dykes and their foundations driven by lateral variations in saltwater intrusion as
opposed to other soil properties? And what are the implications for the geotechnical

significance of resistivity variations measured using ERI and EM surveys along the dykes?

The relative importance of various material properties influencing electrical
conductivity, as encapsulated by Archie’s Law and equation (1), have been examined
through multiple studies on earthen embankments. While higher water saturation is
typically associated with lower resistivity (Akintorinwa & Oluwole, 2018; Zamanian &
Shahandashti, 2022), studies in marine clays and saline environments demonstrate that bulk
electrical resistivity is often more significantly influenced by water salinity and clay
content than by water saturation (Long et al., 2012; Soares-Gersovich et al., 2023; Sheishah
et al., 2023). Additionally, water salinity’s influence on resistivity has been shown to be
largely dependent on ion concentration, with less variation observed between the more

common salt types found in groundwater (Veillette et. al., 2018; Soares-Gersovich et al.,
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2023). The critical factor is that salts must be dissolved in water and ionized to affect
resistivity. With respect to clay content, Soares-Gersovich et al. (2023) found that clay
content of earthen materials exhibits a direct relationship with electrical resistivity, though
its influence was most pronounced within the 50-80% fines range. Outside this range, the
effect of clay content on soil resistivity became almost negligible compared to water

saturation or water salinity.

2.1.3 The Shepody Dykes

The Shepody dyke segment of interest to this study is located near Riverside-Albert,
on the Shepody Dam Road, north of the Anderson Hollow Lighthouse in Harvey Bank.
The survey site (shown in Figure 1A) was chosen because the New Brunswick Department
of Transportation and Infrastructure (NBDTI) had already included this area in their
investigation of the BoF dykes as part of their ‘Chignecto Isthmus Climate Change
Adaptation Comprehensive Engineering and Feasibility Study’ (Wood, 2022). Initial
geotechnical works included drilling and geotechnical materials testing. NBDTI provided
access to field sites and geotechnical borehole logs to help correlate and verify the results

of this study.
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Figure 1 Overview of the Shepody dykelands field investigation coverage. A) regional
location map showing the study area's location in the Upper BoF, near the Chignecto
Isthmus (adapted from Encyclopaedia Britannica, Inc., 2025). Panels B, C and D show the
extent of each survey phase overlain on a Lidar-derived digital elevation model (DEM)
from Service New Brunswick. B) 2022 EM and ERI surveys; C) 2023 EM and ERI
surveys; and D) 2024 EM survey and SPT sampling. The coordinate system is the New
Brunswick Stereographic Double (NBST) Projection with northings and eastings in m.
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2.1.4 Research Objectives

This research aims to explore how ERI and EM geoelectrical imaging methods can
be best used to identify internal vulnerabilities and geotechnically characterize the Shepody
flood dykes. The research objectives are as follows: 1) to develop a rapid methodology
capable of characterizing the internal heterogeneity of the dyke well enough to target
subsequent higher resolution investigations: ii) to determine the primary factor influencing
resistivity variations, iii) to evaluate the capability of ERI and EM in imaging potential
vulnerabilities within earthen embankments and their foundation, and iv) to infer
geotechnical  variability =~ within the earthen embankments by correlating
resistivities/conductivities with various geotechnical parameters such as SPT N-values,

grain size, and pore water conductivity.

2.2 Field Investigations

The field investigation at the Shepody dykelands was carried out in three phases
between November 2022 and July 2024. Figure 1 shows the coverage of all surveys during
each phase. The initial phase, conducted on November 5, 2022, focused on establishing a
baseline geoelectrical characterization of the area through electromagnetic (EM) apparent
conductivity mapping and electrical resistivity imaging (ERI) surveys. This phase served
as reconnaissance of the study area, which helped build a general understanding of the
Shepody dykes, surrounding farmlands, and general variations in electrical conductivity
both laterally and with depth. Building on the initial results, a second field investigation
was conducted from July 4-7, 2023, with a focus on a more detailed characterization of the
dyke by ERI and expanded EM mapping of the dyke and surrounding farmlands. Having

identified anomalously conductive zones within the dyke, a third and final phase of the
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investigation was conducted from July 15-17, 2024, to collect geotechnical data in the
zones of interest using Standard Penetration Tests (SPT), discussed in Section 2.2.3, and
soil sampling for subsequent laboratory analysis. Additional electromagnetic (EM)
apparent conductivity mapping was also conducted to further expand the EM coverage of

the area.

2.2.1 Electromagnetic (EM) Apparent Conductivity Mapping

The EM surveys utilized Geonics Limited’s EM31 and EM38, both one-person
portable frequency domain (FDEM) ground conductivity meters (McNeil, 1980).
Horizontally separated transmitter-receiver coils induce eddy currents to flow in the
subsurface and measure the resulting secondary EM fields. The two instruments use
different coil separations, providing apparent conductivity measurements at different
effective depths of investigation. In typical near-surface environments, the two instruments
are designed to measure the bulk apparent conductivity of the subsurface to depths of
approximately 1.5 times the coil separation. The EM38 is configured with two coil
separations corresponding to estimated depths of 0.75 m and 1.5 m. The EM31 has an
estimated penetration depth of approximately 6 m. Due to constraints on equipment
availability, EM38 surveys were only performed in 2023, whereas EM31 surveying was

conducted during the 2022, 2023 and 2024 field campaigns.

Initial EM mapping was completed using the deeper penetrating EM31 along five
parallel 300 m lines, including one in the intertidal area seaward of the dyke, one along the
top of the dyke, one along the road at the dyke toe, and two in the adjacent farm field (blue
lines in Figure 1A). The second survey utilized both EM31 and EM38 instruments (blue

lines in Figure 1B). FDEM instruments were used to traverse a portion of the dyke crest
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covering more than 5 km in total. Additionally, the EM31 was used to measure along either
side of the gravel road immediately behind the dyke, and the EM38 was used to survey
surrounding farmlands. The last EM survey used EM31 (blue lines Figure 1D) to expand

the coverage further into the farmlands.

2.2.2 Electrical Resistivity Imaging (ERI)

Four ERI lines were deployed across the study area, covering the dyke structure,
adjacent tidal flats and surrounding farmlands. The different line specifications are
summarized in Table 1, and their locations are shown in Figure 1. ERI Line 1, located on
farm fields, was oriented parallel to the dyke while ERI Line 2 ran perpendicular to it,
extending from the farm fields and across the dyke onto the tidal flats at a time when the
tide was out. About 300 m from lines 1 and 2, ERI Line 3 was laid out near the bridge/dam
in relatively wet and poorly drained pastureland (in contrast to the dry fields hosting Line
1). Lastly, ERI Line 4 was laid out along the crest of the dyke. At 560 m in length, Line 4
is the longest of the study and was acquired using the roll-along method with six colinear
deployments/spreads of 64 electrodes — each new spread overlapping the previous one by

50%.

As shown in Table 1, the median depth of investigation for each ERI line is
calculated based on the survey's electrode configuration. According to Edwards (1977), the
median depth is the depth at which the sub-surface is effectively divided in two, based on
the array's sensitivity to changes in electrical properties. Loke (2001) further elaborates
that this depth represents maximum effective investigation depth given a particular
electrode configuration working under the assumption of a homogenous half-space.

Additionally, these depths are not uniform along the survey line, rather they are greatest
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near the line’s midpoint and gradually declines towards either end. Lines 1 and 3 achieved
the greatest median depths of investigation because they utilized larger electrode spacing,
resulting in longer total line extents. Although Line 4 had the greatest total line length due
to the roll-along method's multiple overlapping arrays, its calculated median depth is based

on an individual array's extent of 157.5 m.

Table 1 Summary table detailing the electrode count, electrode spacing, line length, and
nominal depths of investigation for the multiple 2D ERI Lines used in the Shepody Dykes
investigation.

2D ER I L?ne Line 1 Line 2 Line 3 Line 4
Specifications
November November

Survey Date 2022 2002 July 2023 July 2023

Number of

Electrodes 48 64 43 224

Electrode Spacing 5 25 5 25

(m)

Line Length (m) 235 160 235 560
Multigradient

Electrode Array Schlumberger | Schlumberger | Schlumberger Dipole-Dipole

Medla'n D?pth of 45 30 45 33

Investigation (m)

Additional details on the methodology, instrumentation, field operations and
inverse modelling (inversion) approach used to produce resistivity sections from the field

measurements are given in Appendix A.

2.2.3 Standard Penetration Test (SPT)

SPT is an in-situ geotechnical assessment method used to evaluate the relative
density and strength of soils. It involves driving a split-barrel sampler into the ground by
dropping a hammer of known weight of 63.5 kg (140 Ibs) from a standard height of 0.76
m (2.5 ft). The number of drops (or ‘blows’) required to drive the sampler 15 cm (6 in) into

the ground is recorded as the raw N-value (ASTM International, 2011). To account for the
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effect of overburden pressure, an overburden correction factor was applied for consistent
comparison across varying depths (ASTM International, 2011). The corrected N-values

were used to assess resistance to penetration.

Soil samples retrieved using the split-barrel sampler were transferred to split ABS
pipe segments sealed in vacuum-packed plastic bags to prevent drying and preserve pore
water for subsequent laboratory analysis. Three SPTs ranging in depth from 4 to 5 m were

conducted on the Shepody dykes.

Unlike most commercial SPT and split-barrel sampling programs collected using
drilling rigs, the apparatus employed in this study was manually operated with assistance
from a gasoline-powered motor for raising the weight suspended from a large tripod. This
imposed certain limitations, most notably on the depth of exploration. Some loose,
cohesionless materials were lost from the sampler during retrieval in the upper sections of
all drillholes, especially before a core catcher was employed. Furthermore, logistical
limitations in the field led the survey team to modify the standard methodology, to
maximize data collection while accommodating the manual equipment. Most notably, the
split-barrel sampler was sometimes driven the full 1.52 m (5 ft) length of an extension rod
before extraction. In these instances, the recovered ~0.6 m (2 ft) sample is assumed to
represent compressed material from the full 1.52 m interval. Indeed, even when driven only
0.6 m in soils with good cohesion, we noted that the split-barrel sample lengths ranged
from only 0.3 to 0.5 m in length (leaving the top of the sampler empty), demonstrating that
compression was occurring. However, in the case of stiff or dense soils, this sample could
potentially represent as little as the upper 0.6 m of the interval if minimal compression

occurred within the sampler. This practice also has implications for meaningfulness of the
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SPT blow counts, as we would expect resistance to penetration to be increased once the
sample tube was filled. Additional information on the methodology and instrumentation of

the Standard Penetration Test and Borehole Sampling is provided in Appendix B.

2.3 Laboratory Analysis
2.3.1 Laboratory Resistivity Measurement

Core resistivity measurements were conducted using a custom laboratory setup
shown in Figure 2. A pair of 3D-printed plastic end caps fitted with copper plates were
clamped to the ends of each sample enclosed in its ABS pipe, to serve as current electrodes.
Then, a series of 3.5 mm diameter holes at 25 mm spacing were drilled through the upper
half-shell of the pipe to allow the insertion of stainless-steel pins as potential electrodes.

All electrodes were connected to a Lippmann 4point Light 10W resistivity meter.

Figure 2 Core resistivity laboratory apparatus.
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While passing a 1 mA, 5 Hz square wave current through the core sample between end
caps, voltage drops were measured across pairs of potential electrodes set 25 mm apart all
along the length of the core. Under the assumption that resistivity varies only with distance
along the core (i.e. there is negligible variability over the width of the core), Ohm’s law

gives us the expected voltage drop AV between two potential electrodes:

o
AV =25 )

where / is the current, 4 is the cross-sectional area that the current passes through, and p
is resistivity, and the electrode spacing is represented by AL = 2.5 cm. Rearranging allows

us to calculate the resistivity along each core sample using the following equation:

AV A
T 1AL

3)

2.3.2 Pore Water Electrical Conductivity

Following resistivity lab measurements, the cores were sub-sampled for the
destructive testing procedures required to determine pore water conductivities and grain
size distributions. Pore water was extracted from the sub-samples by centrifugation.
Cylindrical sub-samples measuring 2.5 cm in length by 2.25 cm in diameter were cut to
ensure uniform sample volume prior to centrifugation. The sub-samples were then
transferred into 50 mL centrifuge tubes, while the excess portions of the core segments
were reserved for later grain size analysis. Pore water was extracted from the core samples
using a Beckman Coulter Allegra X-15R centrifuge at 4,750 revolutions per minute, set at
20 °C constant temperature, for the duration of 1 hour. After centrifugation, the sequestered
water— typically 1 to 3 mL — was pipetted from the top of the centrifuge tube and diluted

to 10 mL using distilled water. The electrical conductivity of the diluted pore water was
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then measured using a Thermo Scientific Orion Star A222 portable water conductivity
meter attached to a 4-electrode probe previously calibrated with 1413 microSiemens/cm

and 12.9 milliSiemens/cm standards, then corrected (linearly) for the dilution factor.

2.3.3 Grain Size Analysis

We conducted grain size analysis through laser diffraction. Approximately 1 g of
material from each core segment was mixed with distilled water, and analyzed using the
Malvern Mastersizer Hydro 2000S, which measures particle sizes ranging from 0.02 to
2000 um. The Mastersizer provided results in terms of the percent volume occupied by
each grain size. These values were then collated and classified according to the Udden-

Wentworth grain size scale (i.e., clay< 2 pum; 2 um <silt< 63 pum; 63 pm <sand< 2 mm).

The technique determines particle size, meaning the measured ‘clay-sized’ fraction
is not necessarily composed exclusively of clay minerals. However, given that samples
were subjected to sonication (ultrasound) and high level stirring (4000 rpm) to disaggregate
clumps into their primary particles prior to obtaining grain size measurements, it is assumed
that the percentage of clay-sized sediments serves as a reliable proxy for the relative clay

mineral content in these samples.

2.4 Results and Discussion
2.4.1 Geoelectrical Model of the Shepody Dykes

Results of EM apparent conductivity mapping, as shown in Figure 3, provide an
overview of the conductivity profile of the surficial sediments of the area. Beginning with
the deeper penetrating EM31 apparent conductivity data, which was acquired on both sides
of the dyke (unlike with the EM38 surveys), there is a clear demarcation between the

farmlands and the tidal flats. The farm-side consists mostly of moderately resistive (low to
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moderate conductivity) sediments that underlie most of the farmlands surrounding the

dyke.

However, it also contains some distinct zones of elevated conductivity along
topographic lows. In comparison to the EM38 map, the EM31 apparent conductivities are
higher, indicating that the near surface sediments become more conductive with depth.
(Further interpretations of conductivity variations in the farm fields are presented in

Appendix C.)
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Figure 3 EM Apparent Conductivity Maps of Shepody Dykelands highlighting notable
features at different investigation depths. TOP: At 1.5 m depth measured by EM38 in 2023,
BOTTOM: at 6.0 m depth measured by EM31 in three phases from 2022 — 2023. Dashed
light blue line illustrates how the central conductive anomaly (near S1 and S2) found within
the dyke seem to be right next to or nearby a tributary connected to the main channel of
water.
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In stark contrast, the seaward side of the dyke consists of uniformly highly
conductive (low resistivity) tidal flat sediments. In areas of very high conductivity, such as
tidal flats in this study area, where apparent conductivity values exceed 100 mS/m, the
EM31 instrument response enters a non-linear range where the true subsurface conductivity
is underestimated (McNeil, 1980). The reported values should therefore be regarded as

minimum estimates.

The contrast is further elaborated by the resistivity section of ERI Line 2 which starts
on the tidal flats just seaward of an older Acadian dyke (no longer maintained) and runs
across the higher main dyke as shown in Figure 4. Similar to the EM maps (Figure 3), the
seaward side of the main dyke in Line 2 is highly conductive. Demonstrating minimal
variability, both laterally and with depth, the seaward side of the dyke shows uniformly
low resistivities (high conductivities) that lie within a narrow range of 1.3 — 2.4 Oh-m.
These conductive sediments extend through the whole depth of investigation of Line 2,
estimated as up to 30 m below the middle of the line. We attribute the elevated conductivity
to saline water intrusion, both horizontal and vertical, likely caused by constant exposure
of the tidal flats to the saline water during high tide. Subsurface resistivities landward of
the dyke are markedly higher and more variable. Right in the middle of Line 2 is the dyke,
shown as a topographic high, which appears covered with highly resistive surface
sediments (>40 Ohm-m). This resistive feature is approximately 1.5 m thick, covering most
of the dyke and extends landward across the adjacent gravel road and over a gravel access
path to the farm fields. Beneath this feature, and further into the farm fields, is an
intermediate layer of moderate but highly variable resistivity values (4 —45 Ohm-m). The

variability in this layer is more evident in the resistivity section for ERI Line 1 (also shown
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in Figure 4) which runs parallel to the dyke approximately 50 m inland of the dyke crest.
The layer extends from surface to its contact with the highly conductive layer that rises
from ~11 m depth in the southwest to ~8 m in the northeast. Two anomalously conductive
zones in the moderately resistive layer correlate with apparent conductivity highs in the
EM maps. The fact that those zones extend through the entire thickness of the moderately
resistive layer and have only very minor topographic expression suggests that their elevated
conductivities may be related to sediment type and/or water salinity moreso than

topography alone.
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Figure 4 Resistivity models of ERI lines 1 (top) and 2 (bottom) with interpretations of
resistivity units based on borehole geological logs and field observations. BH9 is 20 m
away from the L1 and its lithology log was projected onto the profile. Refer to Figure 3 for
the location of lines 1 and 2.

The geometry of the highly conductive layer is resolved with greater clarity in Line 1
as it provided greater depth of penetration than Line 2 (again greatest near the line
midpoint, declining towards either end). The section suggests that the full thickness of this

layer is approximately 30 m overlying a more resistive layer about 40 m below surface
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inferred to be glacial till or bedrock. The nearest bedrock exposure is sandstone found

under a few metres of overburden at the bridge, approximately 600 m to the southwest.

The abrupt change from moderately resistive to highly conductive layers underlying
the farm fields in both Lines 1 and 2, was initially speculatively interpreted to be a
consequence of an increase in clay content. This was supported by the 30 m deep
geotechnical log for borehole #13 (Wood, 2022), located in the southern part of the survey
area, about 300 m distant from Line 1(Figure 1). However, this hypothesis was later
contradicted by evidence from the resistivity section for ERI Line 3 (Appendix C) which
indicated near-uniform low resistivity with depth through interbedded layers of clay, silt,
and sand. No direct or consistent correlation could be established between resistivity units
and lithologic units. Instead, it was inferred that the variability and increase in conductivity
with depth might be more heavily influenced by pore water salinity. This is likely a
consequence of seawater intrusion which could be a consequence of sediments coarsening

with depth—the general trend observed in most boreholes on site.

Figure 5 shows a comparison of EM apparent conductivity profiles to the 560 m long
resistivity section for ERI line 4, acquired along the crest of the dyke using six overlapping
electrode spreads. Line 4 intersects the cross-dyke Line 2 near the ~195 m mark as labelled.
As in the cross-dyke ERI section, the uppermost material, corresponding to the body of the
dyke, is highly resistive. However, the resistive layer near their intersection point appears
slightly thicker (~2.5 m vs 1.5 m) in this line. The discrepancy may be due to an inversion
artefact caused by omitting the cross-crest geometry of the dyke when inverting the 2D
dyke-crest line (e.g., White et al., 2024). With the dyke being higher than its surrounding,

shallow currents are constrained to flow within its limited width. This geometry would

35



cause increased voltage drops and apparent resistivities as compared to the case for a
homogeneous half space. Therefore, the application of 2D inversion on Line 4 may have
artificially elevated the imaged resistivities and consequently made the resistive feature
appear thicker. Despite the discrepancy in its thickness, the persistence of this resistive
layer in both dyke-crest and cross-dyke sections establishes that the dyke itself, which is

expected to be about 2.5 m thick, is generally resistive.

Examining Line 4, shown in Figure 5, we see similar resistivity units as observed in
Line 2. The topmost unit is the generally resistive dyke (>40 Ohm-'m) overlying the
moderately resistive intermediate layer (4— 45 Ohm-m), and the highly conductive layer
found below that (1.35-3 Ohm-'m). Further inspection shows noticeable lateral
heterogeneity within the resistive dyke. In particular, four well-defined electrically
conductive segments are found within the dyke, aligning with apparent conductivity peaks
measured by EM31 and EM38 (Figure 5). Some conductivity peaks observed in the EM38
data are not expressed in the EM31 dataset, which may be attributed to their differing
depths of investigation. Because both instruments measure volume-averaged apparent
conductivity, shallow anomalies detected by EM38 may be reduced in the EM31 response

due to the inclusion of measurements from deeper materials.

The most significant of these conductive anomalies within the dyke, appearing
prominently in both the resistivity section and in all three apparent conductivity profiles
(with effective depths of exploration varying from 0.75 to 1.5 to 6 m) is located at the
270 m mark along Line 4. Furthermore, the resistivity section shows that the anomalously
high conductivity extends into the foundation sediments—appearing as a shallow region

of the highly conductive foundation that nearly reaches the bottom of the dyke, below the
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270 m mark. The vertical alignment of these anomalies, both in the dyke and the
foundation, raises interest in what they may represent in the subsurface. Looking back at
the apparent conductivity maps overlain on a Lidar-derived DEM, the central conductive
anomaly appears to align closely with the path of an old stream outlet or tributary (Figure
3). Hypothetically, this prominent conductive anomaly may owe its existence to a former
tributary that was cut off by the construction of the dyke. One would expect a stream
channel to be composed of coarser sediments relative to the surrounding foundation
materials. And given that dykes are commonly constructed from the most proximal
materials, those coarser soils would likely be used in construction of the overlying dyke
segment. Such zones would possess higher permeability, creating potential preferential
pathways for saline water intrusion and thereby explaining the elevated conductivity values

observed.

Another prominent feature in the resistivity model section for Line 4 is the rise in the
top of the highly conductive formation layer in a northeasterly direction along the line. This
rise in the conductive foundation layer was previously noted, more subtly, in the resistivity
section for Line 1. It also explains the coincident rise in the EM31 apparent conductivity
profile plotted above the section in Figure 5, and offers an explanation for the high apparent
conductivity noted in the northern part of the EM31 map presented in Figure 3. The much
weaker increases in the two EM38 profiles — particularly the shallower-penetrating (green)
one, are to be expected because their effective depths of exploration are only 0.75 m and
1.5 m — good for sensitivity within the body of the ~2.5 m high dyke, but relatively

insensitive to variations in its foundation.
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As noted above, one hypothesis is that electrically conductive anomalies are generated
where soils are more hydraulically conductive, allowing more saline water intrusion. This
hypothesis would appear to be consistent with the near-surface apparent conductivity highs
evident in the EM apparent conductivity maps of the adjacent farmlands that correlate with
topographic lows, interpreted as surface water flow paths. This naturally leads us to ask if
electrically conductive anomalies found along the dyke are also representing zones of
higher permeability due to being composed of coarser sediments, thus allowing the seepage
of saline water, with potential for internal erosion vulnerability. If not permeability, it is
still pertinent to find out what is the primary cause for the anomalies and to verify if they

are indeed zones of vulnerability in the dyke.

Overall, the geoelectrical methods (ERI and EM) for apparent conductivity mapping
have successfully characterized the Shepody dykes and surrounding farmlands. It is worth
noting that EM apparent conductivity mapping, with its rapid data acquisition, was able to
detect the key anomalies from the outset. A single person carrying an EM ground
conductivity meter (in this case EM31 or EM38) was able to cover the 560 m length of the
longest ERI line in Shepody within 10 minutes or less. In contrast, it took a team of four
people roughly 1.5 survey days to cover the line with ERI using the relatively fine (2.5 m)
electrode spacing needed for moderately high-resolution imaging. This time could
conceivably be reduced by a factor of two to three by using a faster (multi-channel)
resistivity instrument with more electrodes but would still be slow compared to apparent

conductivity mapping.

Despite the difference in acquisition efficiency, both methods consistently in

agreement with each other in terms of characterizing the lateral and vertical resistivity
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variation in the study area. Results depict the dyke as a generally resistive structure.
However, a number of isolated conductive anomalies appear within the dyke in both ERI
and EM datasets. The following sections detail the geotechnical program that was designed

to determine the cause of these anomalies.
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2.4.2 In-Situ Geotechnical Assessment

Guided by the geoelectrical model of the study area, our geotechnical investigation
of the Shepody dykes focused on determining what causes variation in resistivity values,
particularly focusing on the primary cause of the central conductive anomaly observed
along the dyke crest. A targeted campaign of Standard Penetration Test (SPT) and
associated split-barrel soil sampling was conducted at three key locations, as shown in

Figure 5:

e S1 is in a moderately resistive section of the dyke and primarily targeted a shallow
region of the conductive foundation that came closest to the base of the dyke,

e S2 was placed just 10 m east of S1 and targeted the most conductive part of the dyke
which corresponds to the central and biggest peak found by in the EM plots,

e S3 was positioned in a highly resistive segment, intended to sample the material more

representative of the generally resistive dyke.

The downhole plots of corrected SPT N-values reveal notable trends (Figure 6).
Across all plots we observe a gradual decrease in N-values down to the expected base of
the dyke. Based on topography we know that the bottom of the dyke lies at approximately
2.5m depth (~5 m elevation). S1 and S2 then show a sharp increase in N-values that is
immediately followed by a decrease, creating a ‘bump’ in the downhole plots. This
anomalous feature appears in both S1 and S2, but not in S3. The cause of these N-value
'bumps' is unverified but field observations— made during the conduct of SPT—provide
insight. SPT S2 was driven in a notable surface depression (approximately 100 cm in
length, 75 cm in width, and 25c¢m in depth) shown in Figure 7. Deeper into S2, at 3.35 — 4

m elevation, the sound of flowing water was heard coming from within the hole after the
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retrieval of the split-barrel. Additionally, a sample from S1 from about 4.1 m elevation

contained wood fragments.
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Figure 6 Logs of N-values, with applied overburden correction, of the three SPTs (S1, S2,
and S3) driven into the dyke, highlighting field observations alongside corresponding N-
value anomalies.

Moreover, these anomalous bumps appear at similar depths as the conductive
anomaly found in ERI. Looking back at the resistivity section of ERI Line 4 (Figure 5), the
depth of the anomalous bump appears to coincide with the expected depth S1 likely
encountered the shallowest region of the conductive foundation—which aligns with the
biggest EM ‘peak’ and the largest conductive segment within the dyke. Although the
resistivity profile show that S2 is outside the shallow region of the conductive foundation,
its proximity may still be a factor on S2’s N-value bump. The N-values in S1 and S2 are

generally lower in foundation sediments below the bumps than they are in the dyke
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materials above the bump. This decrease of N-values with depth may potentially be due to
the contrast between the engineered fill of the dyke and the underlying natural foundation.
The dyke materials are mechanically compacted to meet specific strength requirements
(Government of Canada, 2026), which could result in higher N-values. In contrast, the
foundation may consist mostly of less compacted sediments that is also likely water-
saturated, typical of a megatidal environment, which leads to the significantly lower

strength thus lower N-values.
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Figure 7 Left: Surface depression observed at SPT site S2 prior to the test. Right:
photograph of the SPT apparatus with hammer weight resting on rods in the hole. The
motorized winch used to raise the hammer is attached to rear leg of the tripod.
2.4.3 Laboratory Analysis
2.4.3.1 Core Resistivity

Measurements of core resistivity vs depth for each SPT core are first compared to

resistivity-depth profiles extracted from the Line 4 resistivity model/section (Figure 8).

Considering that the cores were compressed, and that field measurements sample much
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larger volumes with much lower resolution, the laboratory-measured core resistivities align
reasonably well with the trends observed in the geoelectrical models, showing decreasing
resistivity with depth across all three boreholes as shown in Figure 8. Similar to the ERI
sections, near-surface measurements in S1 and S2 exhibit moderate resistivity values (30
to 120 Q-m), while S3 shows significantly higher resistivity (120 to 780 Q-m) near the
surface. The most conductive measurements were recovered from the bottom of S1,
followed by S2. This finding is significant as it validates the geoelectrical model. S1 was
positioned to target the shallowest part of the highly conductive foundation; hence S1 was
expected to intersect both the resistive dyke material and the conductive foundation. S2
was placed at a location where we expected lower resistivities in the shallow dyke material,
but it was also close to shallowest part of the highly conductive foundation and may also
have intersected it. Thus, the high conductivity values measured at the bottom segments of

these holes are consistent with what the resistivity sections have shown.

While the lab and field-derived resistivity-depth profiles in Figure 8 show good
general agreement, it was noted that the uppermost resistivity values extracted from the
ERI section at each borehole were systematically lower than the core resistivities from
these same shallow depths. Several factors could contribute to this difference. First, the
ERI survey measured in-situ conditions, which were sensitive to recent weather and its
effect on soil saturation. Historical weather data indicates that the ERI survey (July 6, 2023)
was conducted the day after a rainfall event. In contrast, the cores were sampled (July 15-
17, 2024) during a period of dry weather. The higher soil moisture from the recent rain
likely increased the near-surface water saturation during the ERI survey, leading to the

lower resistivity values observed in the model compared to those measured on the drier
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core samples. A second plausible explanation for this observation is water loss. Although
core samples were stored in vacuum-sealed plastic bags to preserve pore water, some water
may have still been lost, either during the extraction of the split-barrel sampler from the
drillhole, or while transferring the core from the split-barrel to the ABS pipe. The resulting
reduction in water saturation would increase resistivity. Finally, the discrepancy may also
be caused by a geophysical inversion artifact. Resistivity inversion tends to smoothen sharp
boundaries in the subsurface model and could be artificially lowering the calculated
resistivity of the overlying resistive layer to create a smoother transition between it and the
more conductive units below. Regardless of the cause, both datasets confirm that the near-
surface sediments comprising the dyke are significantly more resistive than the underlying
units.
31 52 53
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Figure 8 Comparison of laboratory core resistivity measurements to those extracted from
2D ERI model sections showing consistent trend of decreasing resistivity with depth. Note
the logarithmic resistivity scale.
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As an aside, we acknowledge that temperature effects may also contribute to
differences in the resistivity-depth profiles inferred from the cores vs the ERI survey. Core
temperatures were 12 — 18 °C during the lab measurements whereas in-situ temperatures
during the July ERI surveys were likely up to 10 °C cooler at the depths of 5 — 6 m reached
by split-barrel sampling (see temperature-depth data in O’Neill (2023) and Williams &
Gold (1976)). In that case core resistivities at depth may have underestimated in-situ
resistivities by up to ~30% (Hayley et al., 2007). This is a relatively minor effect

considering the logarithmic resistivity scale in Figure 8.

2.4.3.2 Pore Water Conductivity

The geoelectrical model revealed a strong contrast between the highly conductive
tidal flats and moderately resistive farmlands, as delineated by the generally resistive dyke.
This contrast leads us to hypothesize that the elevated conductivity is caused by saline
water infiltration, and that pore water salinity is the primary driver of conductivity
variations in sediments at this site. The laboratory analysis of pore water conductivity was

conducted primarily to test this hypothesis.

Pore water conductivity measurements vs depth at sites S1 — S3 exhibited trends
consistent with those observed in core and field resistivity data. Notably, pore water
conductivities were lowest near surface, increasing with depth (Figure 9). And pore waters
from S3 were the least conductive (most resistive), while S1 and S2 contained more
conductive water. The most conductive water was extracted from the bottom segment of
S1 (approx. 3500 mS/m), followed closely by water extracted near the bottom of S2
(approx. 3000 mS/m), while the water extracted from the bottom of S3 only reached

moderate values (approx. 2200 mS/m) in congruence with core and field resistivity data.
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Comparing water conductivities at a common elevation of 4 m, immediately below the
dyke again shows water conductivities higher in S1 and S2 (~1000 and 1250 mS/m)
compared in S3 (~500 mS/m). Higher up, within the body of the dyke at 5 — 6 m elevation,
water conductivity was found to be markedly higher in S2 (1100 — 1500 mS/m) compared
to S1 and S3, in agreement with the fact that S2 penetrated the most conductive part of the
dyke. For reference, typical seawater with oceanic salinity has an electrical conductivity of
approximately 2500-4500 mS/m depending on location (Tyler et al., 2017), whereas the
maximum pore water conductivities measured in this study (~2000 mS/m) and the highest

bulk soil conductivities imaged at depth (<1000 mS/m) remain lower.

Quantifying the relationship between the pore water conductivity and the bulk
conductivity of the soil involved converting the core resistivity measurements to
conductivities and conducting a linear regression analysis of the two independent datasets.
The linear regression analysis reveals a remarkably strong correlation between the two,
with R? values of 0.94, 0.73, and 0.97 for sites S1, S2, and S3 respectively (Figure 9).
Considering equation (1), the slopes of these best fit lines — 5.0166, 3.9815 and 5.2217 for
S1, S2, and S3 respectively — may be taken as estimates of the Formation Factor F for the
disturbed/compressed soils sampled at the three sites, under the assumption that the surface
conductivity term is relatively unimportant. The fact that two of the best fit lines, for S1
and S3, come very close to predicting that core conductivity o= 0 when ow =0 (i.e., those
best fit lines nearly pass through the origin) suggests that surface conductivity is indeed
insignificant. The larger offset for S2 could be indicative of stronger surface conductivity
but may alternatively be a consequence of greater heterogeneity in the sediments below

that site, also evident in its lower ovs ow correlation coefficient. Regardless of those
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details, the strong linear relationships evident in Figure 9 indicate that the pore water
conductivity is a dominant influence and likely the primary factor controlling the bulk

electrical conductivity of the soil.
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logarithmic scale) highlighting their strong alignment. Right: scatter plots showing the
linear correlation between the two datasets, with high R? values indicating strong
correlation.
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While the regression analysis confirms pore water conductivity is the dominant
driver, Archie’s Law also identifies porosity and water saturation as additional factors
influencing bulk resistivity. To test their potential influence, we examined the volumetric
water content (VWC), estimated from the centrifuged water volume. This VWC value is
expected to rise with both porosity and water saturation, as VWC is the product of porosity
and water saturation. We can therefore use VWC as a proxy to test their combined influence

on bulk conductivity.

We acknowledge that centrifugation did not extract all pore water from the samples;
therefore, the measured VWC represents a lower-limit estimate for water content in the
compressed core. Still, this analysis is valid for evaluating trends. We compared this lower-
limit VWC with the core's bulk conductivity to determine if they correlate. Linear
regression analysis, presented in Figure 10, revealed low correlation. The wide scatter in
the cross-plots does not strongly support a power law relationship either. This result
indicates that bulk core conductivity is much more strongly controlled by pore water
conductivity than by volumetric water content (and by extension, the combined effects of

porosity and water saturation).
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Figure 10 Top: plots of volumetric water content (VWC) and electrical conductivity
measured on the compressed/disturbed soils samples as a function of depth. Bottom: scatter
plots showing the correlation between the two datasets.

2.4.3.3 Grain Size

The previous section established the significant influence of pore water salinity on the
bulk conductivity of the soil samples. However, the potential contribution from clay
minerals, which are also well-known drivers of elevated conductivity in earthen
embankments (Soares-Gersovich et al., 2023), must also be evaluated. Therefore, a grain

size analysis was performed to quantify the clay content of the samples. As detailed in the
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methodology (section 2.3.3 Grain Size Analysis), the measured clay-sized fraction is used

throughout this discussion as a proxy for the true clay mineral content.

Results of the grain size analysis show that samples from all three drillholes are
predominantly composed, in terms of percent volume, of silt (averaging 75-78%), with
smaller fractions of clay (9-10%) and sand (13—-15%) as show in Figure 11. Cross-plots of
grain size percentages against core sample conductivity, also shown in Figure 11, show no
strong statistical correlations. The clay-sized fraction is relatively constant (with a narrow
range of 7-10% composition) with depth and does not change abruptly with the large
variations seen in the conductivity data. This indicates that clay content is not a primary

driver of bulk conductivity variations in the dyke or its foundation.

However, a more detailed examination of grain size vs core conductivity reveals a
subtle but significant trend in the deeper portions of S2 and S3. Below 5.5 m elevation, a
rapid rise in core conductivity corresponds to a slight increase in sand content, and a
corresponding decrease in silt. As discussed further below, we hypothesize that the
coarsening grain size could allow more saltwater intrusion into the dyke and its foundation,

thereby raising the soil conductivity.

It is important to acknowledge a limitation of this method is the difficulty in obtaining
a representative sample, given that the instrument accepts only about 1 g of core material—
raising concerns about reproducibility. To address this, a retest of 18 randomly selected
samples was conducted. The analysis yielded low standard deviations for all grain size
fractions, ranging from 0.89% to 2.2%, which supports the reliability of grain size analysis

results.
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2.5 Dyke Integrity Assessment

This section synthesizes findings from the geoelectrical, geotechnical, and laboratory

investigations to form an integrated assessment of the dyke in the study area.

Geoelectrical modelling revealed that the dyke and surrounding farmlands are
generally resistive, clearly distinguished from the highly conductive tidal flats on the
seaward side of the dyke. The elevated conductivity in the tidal flats is attributed to saline
water infiltration caused by recurring exposure to seawater during high tides. Given the
prominent effect of saline water on the conductivity of the tidal flats, the sharp contrast
delineated by the dyke suggests that it generally remains effective in preventing saline
water from overtopping or infiltrating through the dyke onto adjacent farmlands. However,
in the north of the survey area, the dyke-crest ERI section and EM31 apparent conductivity
mapping (both along the dyke and behind it — see Figure 3) show evidence of saline water
at very shallow depths immediately below the dyke, and the farm fields proximal to it. The

same may also be true near borehole BH3 in the south.

Details of the geoelectrical model reveal that the dyke is not uniformly resistive and
contains multiple isolated conductive segments or anomalies including two prominent ones
in the 560 m long dyke-crest ERI section Line 4, and a third substantial one to the south of
that line, identified on the EM38 apparent conductivity map in Figure 3. These anomalies
appear as conductive segments in an otherwise resistive dyke. The prominent central
anomaly evident in the dyke crest ERI section (Figure 5) is approximately 30 m long and
also correlates with other notable observations: a) anomalous peaks in the EM apparent
conductivity profiles across all investigation depths; b) anomalous ‘bumps’ in SPT N-value

logs; and c) notable field observations during SPT sampling including wood fragments in

54



a core sample and the sound of running water at ~ 3.0 m depth in the hole, d) a visible
depression on the crest of the dyke, and e) evidence that a stream probably flowed through
the area prior to dyke construction. The presence of these anomalies from many sources

points towards the significance of the central anomaly.

The laboratory analysis showed excellent correlation between the core's bulk
conductivity and the pore water conductivity validating the primary hypothesis that saline
water is the primary influence elevating conductivity in the region. Furthermore, results of
the grain size analysis show that clay content was relatively uniform and did not correlate
well with the conductivity variations. Instead, this analysis revealed that an increase in
coarser sediments (sand) better correlated with higher conductivity suggesting that the
increased grain size, and in turn increased permeability of these zones, could be what

allows the infiltration of conductive saline water.

The integration of the field and lab data leads to the definitive conclusion that the
primary driver of elevated conductivity in the dykes is the conductivity and hence salinity
of pore water. Thus, it is reasonable to associate conductive anomalies in the dyke to zones
of elevated saline water content, potentially indicative of saline water intrusion through the

dykes coming from the BoF.

Predicted tide data for Grindstone Island, approximately 7 km from the Shepody area,
indicate that early morning high tides during July 5-7, 2023 were approximately 0.5 m
higher than the afternoon high tides encountered during ERI survey work on the dyke crest
(Fisheries and Oceans Canada, n.d.). These predicted early morning tides would have

placed the water surface approximately 2 m below the dyke crest elevation, and the
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predicted “Higher High Water Large Tide” for this station is approximately an additional
0.5 m higher. These values represent the maximum expected water levels in the area under
typical weather conditions. Although still below the dyke crest, these levels indicate that
salt water could have reached nearly 1 m above the base of the dyke. Additional processes
such as wave action, salt spray, storm surge, and capillary rise in between the fine-grained
sediments of the dyke may allow saline water to move slightly higher than the predicted

tide level and introduce salinity into the remaining upper portion of the dyke.

In the case of the central anomaly, covering a 30 m long segment of the Shepody dyke,
the presence of higher permeability sediments admitting more saline water intrusion could
be related to subtly coarser sediment size associated with an old streambed that passed
through the segment prior to the construction of the dyke, which is estimated to be five to
six decades ago. The recovery of wood fragments, and the clearly audible sound of running
water at ~3 m depth further raises the possibility that this segment of the dyke might overlie
an old wooden aboiteaux structure (a one-way wooden drainage sluice of the type built by
early Acadian settlers), though this is admittedly speculative. While the presence of the
aboiteaux may contribute to elevated hydraulic conductivity within the most conductive
segment of the dyke and partially explain the central anomaly, it cannot readily account for
the broader extent of conductive regions or the shallow conductive portion of the
underlying foundation layer, indicating that additional controls on resistivity variation must

be considered.

Beyond the geotechnical implications, the integrated approach of this study also
highlights an efficient workflow for dyke screening. Given the data acquisition efficiency

of EM apparent conductivity mapping, it is reasonable to propose that EM surveying can
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be used as an efficient rapid assessment tool for identifying potential vulnerabilities along
earthen embankments. ERI could be used more selectively to provide information on how
resistivity varies with depth, and to distinguish whether anomalies lie within the dyke or
within the underlying foundation sediments (including at depths beyond the range of
simple one-person portable EM systems). More detailed and costly methods, such as
targeted geotechnical drilling, can then be efficiently deployed only at these pre-identified
locations of concern, leading to a more cost-effective and efficient process for ensuring the
long-term integrity of critical infrastructure. Similar to what this study has shown, the use
of FDEM apparent conductivity surveying for rapid screening has also been validated by
the experience of Bertone et al. (2024) on the assessment of river levees of the Panaro River

in Italy.

2.6 Conclusions and Recommendations

This study successfully achieved its primary objectives. Firstly, it developed a rapid
methodology for characterizing the dyke's heterogeneity with integrated EM and ERI
surveys. Secondly, it examined the primary factors influencing resistivity, concluding
decisively that pore water salinity, not clay content, was the dominant influence on
resistivity/conductivity variations. Finally, this integrated approach confirmed the
capability of these methods to effectively infer geotechnical variability using geoelectrical
modelling and successfully identify and image potential vulnerabilities within the Shepody

dykes.

The conclusive results of the integrated approach of EM and ERI validate these
methodologies as efficient and non-destructive approaches to assess long stretches of

earthen flood embankments and target other types of investigation and/or monitoring,
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including invasive investigations that may be needed to confirm vulnerabilities and
remediate them. This study confirmed that the dyke generally functions as an effective
barrier against saline water from the high tides. However, the study also revealed notable
conductive anomalies within the dykes. Through targeted geotechnical and laboratory
testing, these anomalies were identified as zones of increased saline water content,

suggestive of preferential seepage pathways with increased hydraulic conductivity.

The results of this study also yielded valuable lessons that form the basis for the
following recommendations regarding field surveying, soil sampling, and geophysical

modelling.

Firstly, this study recommends the use of EM apparent conductivity mapping as a rapid
screening tool for identifying potentially vulnerable segments along earthen embankments.
Informed by the results of EM, ERI surveying can be applied more selectively to provide
depth resolution on pre-identified anomalies within the dyke or the underlying foundation.
This integrated approach allows a more streamlined workflow that guides subsequent
investigations, including targeted geotechnical drilling, to be focused only on pre-identified

locations of concern.

Secondly, while this study utilized relatively simple and widely available EM apparent
conductivity mapping instruments, other electromagnetic induction survey techniques may
offer additional capabilities for subsurface characterization. The limited scope of this study
meant we were unable to evaluate other EM devices that may also accomplish the targeting
objectives. Future studies could consider a broader range of instrumentation to enhance
sensitivity and spatial coverage. More updated configurations include time domain EM

systems capable of collecting data while being dragged or carried over the ground. Those
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should be tested in this application to see if they can yield imaging depths and
vertical/lateral resolution comparable to ERI systems, while maintaining the benefit of
significantly faster data acquisition offered by EM methods which do not require insertion

of electrodes.

To address the limits of SPT sampling, another recommendation would be to adopt
alternative sampling methods with less compression/disturbance, such as the use of Shelby
tubes which are hydraulically pushed into the ground. Addressing the compression
introduced by SPT would allow lab measurements that are more reflective of in-situ
conditions. Alternatively, collecting cone penetrometer data including a resistivity probe
(as in Adams et al., 2021) would allow in-situ measurements of resistivity for comparison

to the geotechnical properties of samples collected at the same locations.

Lastly, to address the inversion artefacts caused by the 3D geometry of the dyke not
accounted for in the 2D inversion, 3D resistivity inversions should be performed as these
would account for the topography of the dyke. Furthermore, smoothing-based artifacts
could be ameliorated by altering the regularization used in the inversion. Both approaches
should better image and characterize the details of the dyke and avoid artificial elevation

of the recovered resistivity values within the dyke.
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3 SENSITIVITY OF GEOELECTRICAL IMAGING OF A FLOOD

DYKE TO TIDES ALONG THE MEGATIDAL BAY OF FUNDY

3.1 Introduction

In chapter 2, we established a 2D geoelectrical model of the Shepody Dykes verified
by geotechnical and laboratory analysis. The 2D model revealed that while the dyke is
generally resistive, it is not laterally homogeneous. Zones of high conductivity were
identified and linked to elevated pore water conductivity/salinity hypothesized to indicate

vulnerable zones of geotechnical interest within the dyke.

While the 2D model sufficiently characterized the dyke and identified zones of
concern, it also exhibited discrepancies attributed to 3D effect caused by the geometry of
the dyke. Additionally, the static nature of the 2D model prevents it from resolving
potential 3D effects or transient signatures driven by the megatidal cycle of the Bay of

Fundy. This chapter aims to capture these 4D effects via time-lapse 3D modelling.

3.1.1 Geoelectrical Modelling Challenge: Resolving ‘3D effects’

The megatidal environment of the Bay of Fundy (BoF) presents challenges for
conducting geoelectrical surveys on the dykes, particularly 2D ERI surveys. While ERI
data are commonly acquired using 2D electrode arrays for faster acquisition and
processing, 2D models are sensitive to anomalous features to the side of the survey line.
These off-line features can distort the resulting inversion model by creating spurious
details, often called ‘inversion artifacts,” which add uncertainty to the interpretation. This

phenomenon is commonly referred to as the ‘3D effect’.
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The 3D effect is a problem because 2D cannot resolve prominent 3D features
accurately. This difficulty stems from the fundamental ‘2D assumption’ that resistivity
does not vary in the direction perpendicular to the survey line (Cho et al., 2014; Ball et al.,
2023). This assumption is particularly problematic when investigating the BoF dykes, as
several of their key features directly violate it (Sjodahl et al., 2006; Fargier et al., 2014;

Cho et al. 2014):

1) the geometry of the dyke topography.

i1) the adjacent body of water (tides), which acts as a highly conductive body next to
the survey line,

ii1) the temporally variable water level, with tidal variations as large as 16 m (Canadian

Hydrographic Service, 2006),

Beyond the adjacent water, the geometry of the dyke topography also presents
significant source of 3D effects. The influence of the topography on 2D ERI surveys over
embankments was systematically investigated by White et al. (2024). These authors
demonstrated that off-line topographic variations can introduce significant artifacts into 2D
resistivity models. They established that the magnitude of these artifacts is primarily
governed by the dyke's height-to-width (H/W) ratio. As this ratio increases—indicating a
narrower, higher-relief structure—the physical structure of the dyke increasingly confines
electrical current flow. This confinement artificially inflates the measured resistance, which
2D inversion algorithms often misinterpret as an overestimation of the subsurface
resistivity. This effect is further amplified by a high resistivity contrast between the dyke
material and its foundation. Given that the Shepody Dykes possess a confining geometry

and sit atop highly conductive tidal sediments, the 3D topographic effects modeled by
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White et al. (2024) likely explain the 'thickened' resistive layers observed in our previous

2D profiles.

According to the criteria established by White et al. (2024), the Shepody dykes
possess a geometry that is particularly prone to these artifacts. With a height of
approximately 2.5 m and a crest width of approximately 4 m, the structure’s cross-sectional
area is approximately 10 m2. This area falls below the threshold 442, which for this study’s
3 m electrode spacing (a), is calculated at 36 m?. This 'confining geometry,' coupled with
the high resistivity contrast against the underlying conductive tidal sediments, creates a
significant 'bottleneck' for electrical current. These geometric factors likely explain why
our 2D profiles exhibited inconsistent thickness measurements for the highly resistive
surface layer, as the 2D assumption cannot account for the current confinement inherent to

a structure of these dimensions.

Indeed, the 2D geoelectrical model of the Shepody dykes (discussed in Chapter 2)
has shown direct evidence of model distortions from topographic effects. While the 2D
model successfully characterized the dyke's main features, it also revealed slight
discrepancies between different survey lines (Lines 2 and 4). The most prominent of these
was a variation in the apparent thickness of the highly resistive sediments covering the
dyke. For instance, the profile running parallel to the dyke (Line 4) showed this layer
having a consistent thickness of approximately 2.5 m. In contrast, the profile running
perpendicular to the dyke depicted the same layer as being thinner, closer to 1.5 m. This
discrepancy in layer thickness is consistent with the findings of White et al. (2024), who
demonstrated the 'topographic artifact' common in 2D inversions of raised embankments,

wherein inversion tends to overestimate the thickness and resistivity of the crest material.
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This effect is particularly pronounced when a resistive structure sits atop a highly
conductive foundation—a characterization that perfectly fits the Shepody dykes. Although
this discrepancy did not influence the main conclusions of the 2D study, it clearly illustrates

the presence of 3D effects at a tidal flood dyke in the BoF.

To address and resolve these 3D effects, a 3D modelling of the dyke is recommended
(Chambers et al., 2014; Jodry et al., 2017). The key advantage of 3D inversion is its ability
to account for off-line resistivity features, thereby minimizing 3D effects and producing a
more accurate subsurface model. However, conducting a 3D survey typically requires
laying out two or more electrode profiles, which is time-consuming and more costly,
making the method less suitable for rapid investigations. Moreover, 3D inversion demands

significant computational resources (Jodry et al., 2017).

While these practical and computational challenges explain why 3D ERI is not the
default, they have also prompted researchers to develop innovations to overcome these
obstacles. For instance, Robbins et al. (2018) proposed the use of an ‘offset electrode array’
(also called a zigzag array), in which electrodes are laterally displaced from the center line
in an alternating fashion. This layout resembles a 2D survey by using a single line of
electrodes, yet it allows inversion of the data to capture some 3D character, while
significantly reducing the field time and costs typically required for more thorough 3D
surveys. Another improvement is the integration of a priori information—such as a
topography-integrated mesh or known conductivity values from adjacent bodies of water—
to constrain the resulting models (Fargier, et al., 2014; Jodry et al., 2017). Strategies like
these have made 3D resistivity modelling a more accessible and feasible option for complex

site investigations.
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However, static ERI surveys can only provide a snapshot of a dyke's condition,
fundamentally limiting their ability to characterize the structure’s response to dynamic
forces. This may be especially important in coastal environments like the Bay of Fundy,
where tide level fluctuation imposes a periodic hydraulic load (temporal increase in
hydraulic pressure) that drives changes in pore pressure and induces saline water
infiltration (Leroux et. al, 2023). To overcome this, more dyke assessments have included
temporal monitoring through time-lapse ERI (TL-ERI) (Arosio et. al, 2017; Norooz et. al,
2021; Ball et. al, 2023). By collecting repeated ERI measurements over time, this method
can image temporal changes in subsurface resistivity, offering the potential to directly

observe the dyke's hydrogeological response to tidal fluctuations.

Therefore, a comprehensive investigation of the Shepody dykes requires a
methodology capable of overcoming the limitations of static 2D surveys—an approach that
can accurately resolve 3D effects that are expected from the BoF’s megatidal environment.
This chapter presents such an investigation, utilizing an innovative time-lapse 3D ERI

survey to meet these challenges.

3.1.2 The Hydrogeological Model of a Bay of Fundy (BoF) Dyke

Successfully interpreting the time-lapse 3D inversion model of the Shepody dykes
would require a clear understanding of the underlying hydrogeological system. The BoF
dykelands are shaped by some of the highest tides on Earth where the boundary between
land and sea constantly shifts. These repeated tidal cycles control how seawater,
freshwater, and soil layers interact. In the BoF’s megatidal environment, the tidal flats can

extend for several kilometers at low tide, meaning that during the period of low tide, there
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is effectively no saline water right up against the dyke thus reducing the hydraulic pressure

head to a minimum.

Studies such as Leroux et al. (2023) have described a typical hydrogeological model
for a BoF dyke and identified two saline zones: one deeper and another shallower. At
greater depths, beneath the dyke, sediments saturated with denser saltwater form a wedge-
shaped zone that extends farther inland with depth, aptly called the ‘saltwater wedge’. The
transition from saline to fresh groundwater occurs over a mixing zone where there is a
salinity gradient. Above this wedge there may also be a shallower saline zone called ‘upper

saline plume’ (USP), a brackish layer wherein tidal water mixes with fresher groundwater.

This hydrogeologic system is highly dynamic. During high tide, the rising seawater
increases pressure onto the dyke’s seaward slope. This causes an upward and landward
shift of the transitional boundary between the saline water and fresh groundwater. This
movement of the boundary may cause an increase in porewater salinity or electrical
conductivity in the shallower parts of the subsurface. When the tide recedes, so does the
hydraulic pressure, the hydraulic gradient is restored allowing the boundary to move back

seaward to its original location.

While Leroux et. al (2023) describes the USP as stable, they also noted that it does
not necessarily form in all beaches. The research of Evans & Wilson (2016) has highlighted
that the most significant controls on the development of the USP are hydraulic
conductivity, the slope of the intertidal zone, and fresh groundwater inflow. They
underscore the major influence of hydraulic conductivity of the near-surface sediments on
whether a USP can develop, attributing higher hydraulic conductivity to greater tidal

pumping and circulation, leading to a more developed and persistent USP.
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In the context of geophysical monitoring, this hydrogeological model and the
processes that govern it are especially important. The movement of the upper saline plume
and/or the underlying saltwater wedge along with their associated transition zones of
salinity gradient can produce measurable resistivity changes over periods of 3-6 hours, in
step with tidal shifts. A timelapse ERI allows us to capture these changes as they occur
over just a few hours between low tide (minimum pressure) and high tide (maximum
pressure) which can guide our understanding of how the Shepody Dykes respond to the

extreme tides of the BoF.

3.1.3 Motivation, Research Question and Objectives of the Study

The primary motivation for this study stems directly from the findings of the 2D
investigation (Chapter 2), showing evidence of 3D effects. In particular, we wished to
determine how the incoming tide would affect resistivity sections/models generated from
surveys acquired along the crest of the dyke in this megatidal environment. To answer this

question, the objectives of this study are:

1. To evaluate and quantify the effect of varying tide levels on dyke crest resistivity
measurements and resulting inversion models.
2. To examine and corroborate anomalies identified by the 2D dyke crest ERI surveying

(at varying tide levels) with 3D ERI results.

In terms of practical outcomes, the results will be used to assess whether it is
necessary to consider the tidal level when interpreting dyke crest ERI surveys, or if the
important features suggestive of potential vulnerabilities in the dyke or its foundation are

largely independent of the tide.
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3.2 Methodology
3.2.1 Field Survey

The 3D ERI survey focused on the same dyke segment investigated in Chapter 2,
specifically overlapping with 2D ERI Line 4. This section of the dyke was chosen to target
the central anomaly previously detected by both the 2D ERI and EM surveys, with the aim

of validating features which were fundamental to the conclusions made in Chapter 2.

The tall vegetation on the landward slope of the dyke was challenging to remove, or
to move electrical cables through, making it unsuitable for electrode placement. The rise
of the saline water on the seaward slope of the dyke made electrode placement there
impossible. Furthermore, the road running along the landward toe of the dyke was too
compacted and contained too much coarse gravel to effectively place electrodes. This left
the narrow flat portion of the dyke crest, which was approximately 4 m wide. These
constraints on the area available for electrode placement made a traditional multi-line 3D
survey unfeasible. Therefore, to maximize the available width and capture potential
resistivity differences across the crest, an offset-electrode (zigzag) array was employed

along the dyke crest, following the recommendations of Robbins et al. (2018).

The array consisted of 48 electrodes with an in-line spacing of 3 m, covering a total
straight-line distance of 141 m along the crest of the dyke. The electrodes — stainless steel
rods penetrating ~25 cm into the dyke—were laterally displaced 1.5 m from the centre line
in an alternating fashion. The 3D ERI survey layout is illustrated in Figure 12. The
measurement sequence, designed for relatively rapid repetition, included 456 dipole-dipole
measurements, employing nominal (inline) dipole lengths or a-values of 3, 6, 9 and 12 m,

and separation factors of n = 1, 2, 3. Owing to the Zig-Zag arrangement of electrodes (see
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Figure 12D), actual dipole lengths were 4.24, 6, 9.49, and 12 m (i.e., a combination of

diagonal and in-line distances).

To capture the effect of the rising tide, a time-lapse survey was conducted. The
process began with an initial baseline survey (dipole-dipole, both normal and reciprocal)
at low tide when the influence of the tidal water was effectively absent. Subsequently,
repeated sets of measurements were collected as the tide rose, resulting in a total of nine
datasets (five normal and four reciprocal), with the last measurements taken just as the tide
started to wane. The measurements were collected in an alternating pattern, with each
normal dataset (Norm) immediately followed by its reciprocal (Recip), resulting in the
sequence Norml, Recipl, Norm2, ... and so forth. Acquisition of each measurement set
took approximately 20 minutes, and acquiring all nine datasets took a total of almost 4
hours. A short setup period was required between subsequent measurements, averaging
about 3 minutes. However, there was a longer setup gap of approximately 30 minutes
between the R1 and N2 datasets caused by field logistical adjustments. Concurrent with
the ERI data acquisition, the tide level was also monitored and measured every five minutes

using RTK GPS. Further details regarding the field setup are discussed in Appendix A.
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Figure 12 Site location and 3D ERI survey layout. (A) Regional map showing the study
area's location in the Upper Bay of Fundy (BoF) (adapted from Encyclopaedia Britannica,
Inc., 2025). (B) Overview Lidar-derived elevation map of the Shepody study area. (C)
Enlarged map of the dyke segment showing the 3D ERI survey coverage. (D) Illustrates
the offset electrode (zigzag) array used.

3.2.2 Mesh Creation

A 3D tetrahedral mesh with variable resolution was created for the inversion process
as shown in Figure 13. To focus the inversion on the area of interest the mesh was
structured into four nested volumes of progressively decreasing resolution (i.e., increasing

tetrahedron volume):

1. Electrode: A high-resolution region (maximum 3 m? tetrahedral volume) covering the
volume directly beneath the electrode array to a depth of 2.5 m. The bottom of each

survey electrode was used to pre-define tetrahedron nodes in this region.

2. Embankment: A medium-resolution zone (maximum 10 m® tetrahedral volume)

representing the dyke body.

3. Foundation: A lower-resolution zone (maximum 100 m*® tetrahedral volume) for the

surrounding Shepody area.
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4. Padding: A coarse background region (maximum 2000 m® tetrahedral volume)

extending to the model boundaries.

This complex mesh was constructed using a variety of software including Surfer
(Golden Software, 2025) for the elevation data, Triangle (Shewchuk, 2005) for 2D
triangular meshing, TetGen (Si, 2020) for 3D tetrahedral meshing, Paraview (Kitware,
2025) for visualization, and the FacetModeller (Lelievre et al., 2018) for integration and
finalization of each 2D and 3D mesh. All 3D inversions utilized the same mesh. Further

details on mesh creation are discussed in Appendix A.
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Figure 13 Tetrahedral mesh made for the Shepody 3D ERI model, consisted of 4 nested
regions (the electrode, embankment, foundation, padding), which had progressively
decreasing resolution with increasing distance from the center. Generated using
FacetModeller (Leliévre et al., 2018).

3.2.3 Data Quality

A rigorous, two-step filtering process was applied to the raw data to ensure a high-

quality, consistent dataset for the time-lapse 3D inversion.

The first step was reciprocal data filtering, wherein transfer resistance measurements

of subsequent timeframes were compared to each other. The raw data from all sequential
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pairs— (Norm1, Recipl), (Recipl, Norm2), (Norm2, Recip2), and so on—were compared
on a point-by-point basis. For each measurement point, a 'reciprocal error' was calculated
as the difference in transfer resistance between the two timeframes, divided by their
average transfer resistance. A change greater than 10% was considered anomalously high
and the corresponding data points were filtered out. This initial filtering removed a total of
90 data points (i.e., an average of 11 measurements for each of the 8 sequential survey
pairings), which represents just 2.5% of the total collected data. A reciprocal error plot is

shown in Figure 14.
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Figure 14 The scatter plot of dipole-dipole reciprocal errors as a function of average
resistance illustrates that most data points exhibit errors below the 10%. This distribution
served as the basis for setting filtering threshold, where measurements exceeding 10%
reciprocal error were classified as noisy data and removed to ensure data quality for the
time-lapse inversion.

The reciprocal filtering resulted in datasets of uneven sizes, which meant certain
timeframes had more data points than others. This posed a problem as R3t (Binley, 2024)

time-lapse inversion required datasets with consistent measurements. Hence, a second
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filtering step was performed to limit the datasets to only contain measurements that existed

across all timeframes.

This two-step process ensured that a consistent, high-quality set of measurements was
used for the final time-lapse inversion. Further details regarding data quality controls are

discussed in Appendix A.

3.2.4 Resistivity Inversion

3D inversion was carried out using the R3t software (Binley, 2024), employing an L;
norm (least-squares smoothness-constrained) model regularization criterion. The L2 norm
‘model-constrained’ approach favors smooth spatial variations in resistivity. While useful
for general imaging, it can struggle to resolve sharp boundaries compared to L; (blocky)
regularization. Although both Res2DInv (Loke, 2024) and R3t (Binley, 2024) support both
L; and L, norms, the L> model is better suited for modelling the resistivity gradients
expected in this area. It provides greater computational stability for the complex tetrahedral
meshes required in R3t (Binley, 2024), and as demonstrated by Ball et al. (2023) it more
effectively resolves the smooth resistivity transitions typically observed in coastal

groundwater environments.

The timelapse inversion of R3t (Binley, 2024) performs a ‘difference regularisation’
based on the ‘difference approach’ of LaBrecque and Yang (2001). Instead of inverting
each dataset independently, this method seeks to minimize the objective function relative

to a reference state, exemplified by equation (4).
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where:

Jis the Jacobian,

d is the data vector,

m; is the parameter vector at iteration 7,

W is the data weight matrix,

a is the regularisation (or smoothing) parameter,

R is the roughness matrix, which describes the connectivity of parameter blocks,
Am is the update in parameter values at each iteration,

f(m) is the forward model for parameters m (i.e. the predicted apparent

resistivities for subsurface resistivity model m).

The “difference’ aspect of this regularization is primarily implemented through the
data misfit term, associated with the first term on the right-hand-side of equation (4). A
standard inversion considers the residual misfit vector ¥(m;) = (d — f(m;)), which
calculates the difference between observed data, d, and the predicted response for the
current model, f(m;). In contrast, the difference approach expands the misfit term to
incorporate the reference data, d,, and the reference predicted data, f(m,), as follows:

¥(m;) = (d — do) — (f(my) — f(m,)) (5)

By calculating data differences (between current and reference times) , the inversion

focuses on the changes in physical property distributions over time, essentially solving for

resistivity variations away from the reference model, m,,.

3.2.5 Resistivity Difference Calculation
To isolate the dynamic changes driven by the tidal cycle from the static geological

background, resistivity difference models were generated. These were calculated by
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subtracting the baseline resistivity values (N1) from each subsequent timeframe (R1
through N5), then generating profiles displaying the percentage change of each timeframe
relative to N1. The use of percentage difference follows established practice for time-lapse

assessments of river embankments (e.g., Ball et al., 2023).

3.3 Results and Discussion
3.3.1 Comparison of the 3D model vs the 2D model

The 3D model of the Shepody Dykes validates key features of the 2D model.
Comparison between the 3D reference model (for data set N1) and the overlapping portion

of 2D ERI Line 4, as shown in Figure 15, shows familiar features:

1. the highly resistive materials that constitute most of the dyke;

2. the moderately resistive intermediate layer beneath the dyke;

3. the deep highly conductive layer; and

4. anomalously shallow region of the highly conductive foundation, the most prominent

of which is referred to as the ‘central anomaly’.

The shallow sediments that make up the bulk of the dyke generally exhibit high
resistivity, ranging from 10 Q-m to over 85 Q-m. The thickness of this highly resistive
layer displays greater variability in the 3D model. It reaches a maximum thickness of
approximately 2.5 m on the southwestern portion (left) of the profile and thins to

approximately 2 m towards the northeastern portion (right) of the profile.

Beneath the dyke, the deeper resistivity units also show strong agreement between
the two models. Consistent with the 2D model, the units underlying the resistive dyke body

exhibit a progressive decrease in resistivity. A moderately resistive intermediate layer,
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situated directly beneath the dyke, displays values between 4-10 Q-m. This unit is
underlain by a highly conductive layer characterized by consistently low resistivity values

of less than 3 Q-m.
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Figure 15 A segment of the 2D model of ERI Line 4 compared to the 3D model. Black
contour lines are shown at resistivities of 3.65 and 13.5 Ohm-m. The shaded regions at the
northeastern and southwestern extents of the 3D profile indicate areas of low model

sensitivity due to reduced electrode coverage at the array boundaries.

The two main shallow regions of the conductive layer found beneath this segment,
also referred to as conductive anomalies in Chapter 2, are present in the 3D model. The
first corresponds to the more prominent central anomaly beneath SPT boreholes S1 and

S2, and the second is located near the northeastern end of the section.
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While the fundamental features remain consistent across both models, minor visual
discrepancies are present and expected. These differences arise because the 2D and 3D
inversions were generated using different software packages and mathematical constraints.
While Res2DInv (Loke, 2024) was utilized for its efficiency in processing 2D lines with
robust L; norm, the transition to R3t was necessary to accommodate the complex 3D
tetrahedral mesh required for the offset-electrode geometry and time-lapse difference
regularization. Consequently, the 3D model utilizes an L, smoothness-constrained norm,

whereas the 2D model in Chapter 2 utilized an L; blocky norm.

The 3D model shows a generally less resistive dyke than suggested by previous 2D
modeling. Also, the depth to the 13.65 Q2-m. contour, previously utilized as an estimate for
the dyke’s base, is significantly shallower in the 3D survey, particularly to the right of the
central anomaly. While these discrepancies may be partially attributed to the different
model norms employed during inversion, they are also consistent with the expectation that
2D inversions tend to overestimate resistivity within such structures due to 3D geometry

effects.

Ultimately, the repetition of key features in the 3D model, despite differences in
inversion software and norm constraints between the two methods, lends significant

credibility to the initial 2D results and their interpretations.

3.3.2 Geoelectrical response of the Shepody dykes to rising tides

The time-lapse 3D inversion captured measurable effects of increasing tidal levels
on subsurface resistivity images, as displayed in Figure 16. While the individual resistivity
models for each timeframe show only minimal, almost imperceptible changes (Figure 17;

Appendix A), the resistivity difference models in Figure 16 more clearly illustrate the
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impact of the rising tide. The baseline resistivity model (N1), obtained from data measured
~2.5 hours before high tide is shown at the top of the figure while the sections below are
resistivity difference images for each timeframe. The tide level (elevation) and lateral
distance from the edge of the electrode array to the tide are indicated. The elevation of the
top of the dyke is 7.35 m, thus at peak tidal level of 4.78 m elevation (N4) the saline water

was 2.52 m below the dyke crest and 5.3 m laterally distant from the electrode array.

The resistivity difference profiles clearly highlight that the maximum change in
resistivity was detected during the highest tide level, when the tide was closest to the
electrode array (N4). When the tide was more than 10 m away from the electrode array,
the initial three timeframes after N1 (R1, N2, and R2) show almost imperceptible change
(approximately +/- 2%) from surface to 15 m depth of investigation. A significant change
is first detected in N3, when the water was approximately 8.2 m from the array. At this
point, the 3D inversion detects a resistivity decrease of approximately 5% at roughly 7.5 m
depth, shown as light blue regions in Figure 16. This resistivity decrease intensifies, shown
as progressively darker blue regions, in subsequent timeframes, reaching a maximum
decrease of 15% in the N4 model which corresponds to the highest tide level (4.78 m) when

the tide was also closest to the array (5.3 m lateral distance).

After reaching maximum resistivity change at N4, resistivity values gradually return
close to baseline values as the tide recedes—suggesting that these fluctuations are temporal
3D effects driven by the rising tide and the proximity of the saline water body. These
findings validate the modelling work of Ball et al. (2023), who noted that for dyke

investigations 3D effects from adjacent saline water are highly dependent on proximity.
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While these findings broadly support the proximity-dependent trends identified by
Ball et al. (2023), the Shepody dyke also presents site-specific conditions that deviate from
their generalized models. Ball et al. (2023) established that significant 3D effects emerge
when a conductive body is within a relative distance of 4.5a (where a is the electrode
spacing). For this survey a = 3 m, which corresponds to a 4.5 = 13.5 m. However,
detectable resistivity changes at the Shepody dyke were only observed once the tide
reached approximately 8.2 m (~2.7a) from the array. The observed 'delayed' effect suggests
that the resistivity contrast between the oncoming tide and embankment material is lower
than in the model by Ball et al. (2023). This is consistent with the presence of the highly
conductive materials identified at depth (observed in both the 2D and 3D models) and
conductive saline-saturated sediments of tidal flats (including the tidal flats-facing slope of
the dyke) established by the geoelectrical model discussed in Chapter 2. It is inferred that
these established conductive features of the Shepody area effectively reduced the resistivity
contrast between the embankment and the oncoming tide, essentially reducing the effective
distance of a nearby conductor until the water body reached a much closer proximity to the

array.

While depths of 7.5 m and greater show a progressive resistivity decrease as the tide
level increases, the shallow zones (<5 m depth) exhibit the opposite response with
progressive resistivity increase (highlighted in Figure 17). This response is most
pronounced in N4 where an increase of up to 8% (but mostly less than 5%) is observed in
the shallow regions whereas resistivities decrease up to 15% at depth. There is no physical
reason to expect an increase in resistivity at shallow depths, suggesting that it is instead a

numerical compensation arising from the imposed L, model norm that biases the solution
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towards smoothly varying resistivity structure, possibly compensating for the effect of the
growing volume and geometric influence of saline water body beside the dyke that is not

fully accounted for by the static mesh.

Further examination of the region experiencing the maximum decrease in resistivity
reveals a distinct ‘zone of minimal change’ (<5% resistivity difference). This zone is
visible in R3, N4, R4, and N5 profiles, where it appears as a gap located just beneath
borehole S2, separating two zones of decreasing resistivity (green zone in between blue
regions in Figure 16). Interestingly, this area of minimal change spatially coincides with
the central anomaly. Comparing N4’s difference section with its inversion model and the

N1 reference model, as shown in Figure 17, best illustrates this spatial alignment.

As established in Chapter 2, the central anomaly is identified as a region of elevated
saline water content, hypothesized to be caused by locally higher hydraulic conductivity.
This hypothesis implies that hydraulic conductivity varies considerably along the length of
the Shepody dyke, which likely results in the uneven development of the Upper Saline
Plume (USP) beneath the structure. According to the hydrogeological framework
established by Evans & Wilson (2016) and Leroux et al. (2023), while tidal pressure
generally forces the saline-freshwater interface landward, the magnitude and reach of this
migration are highly dependent on local hydraulic conductivity. In this context, the ‘gap’
of minimal change beneath S2 likely indicates a zone where the USP is more mature and
better developed due to the higher hydraulic conductivity in this specific area. Therefore,
the saline-freshwater interface of this zone has already migrated well landward of the
dyke's centerline. Hence, when the additional pressure from the rising tide forces the saline-

fresh water interface further landward, the change is not detected beneath the dyke because
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the boundary is already situated further inland. In contrast, the adjacent regions of lower
hydraulic conductivity represent areas where the USP is less developed, and the interface
remains proximal to the dyke. . Due to the proximity of this interface, its landward shift
caused by the rising tide is detected by ERI and manifests as the zones of decreasing
resistivity seen in Figure 16. By that mechanism, the observed changes in resistivity do not
require the encroachment of new saline water into a fresh zone, but rather are explained as

a tidally-driven oscillation of a pre-existing interface/mixing zone.
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Figure 17 Comparison of the 3D inversion models of time frames N1 (low tide reference)
sand N4 (high tide). While the two resistivity models look nearly the same, the difference
section (lower panel) reveals laterally varying resistivity decreases of up to 15% at depths
below 7.5 m.

Essentially, this interpretation suggests that the variability in the foundation’s
hydraulic conductivity, that is indirectly mapped out by resistivity modelling, dictates the
inconsistent development of the USP. Consequently, this variability creates an irregular
saline-fresh water interface which significantly influences the resistivity signature of the

dyke’s foundation and its dynamic response with changing tide levels.
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Overall, the time-lapse 3D ERI successfully captured the influence of the rising tide
on the resistivity signature of the dyke and its foundation. While the resistivity difference
sections (Figure 16) clearly illustrated the effects of variable hydraulic conductivity
beneath the dyke, the maximum resistivity change of 15% remains relatively minor in the
context of the absolute models. A comparison of the absolute resistivity models in Figure
17 shows that the bulk features remain largely unchanged between N1 (lowest tide) and
N4 (highest tide). The primary features of the model established in Chapter 2 and verified
in section 3.1.1 remain consistent throughout the tidal cycle. Moreover, it is important to
contextualize that these tidally induced fluctuations are detected mostly at depths of 7.5 m
or greater, well below the actual dyke. For the purposes of dyke assessments, the tidal
influence is confined to the dyke foundation and does not encroach upon or alter the
resistive core of the dyke. Ultimately, while the time-lapse 3D inversion provided the
sensitivity required to detect subtle tidal effects, these fluctuations did not alter the
fundamental geoelectrical model of the dyke foundation previously established in the 2D

investigation.

3.4 Limitations and Recommendations

A primary limitation of this study was the use of a static finite-element mesh. The
mesh utilized for this inversion was developed through a multi-software workflow over
several months to adequately account for impact of the dyke geometry during modelling.
Given the technical difficulty and the computational intensity involved in generating a
stable, high-resolution mesh, it was a deliberate methodological choice to utilize a singular

mesh for all timeframes. The manual and computational effort required to generate multiple
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meshes for each specific tide level would have introduced prohibitive complexity that was

beyond the practical scope of this research.

However, a singular static mesh cannot account for the changing volume and
geometry that the rising tide presents. The observed resistivity increase of up to 8% in the
shallow zones (<5 m) is inferred to be an inversion artifact arising from the model’s attempt
to compensate for the expanding volume of the conductive saline water body nearby. While
this limitation does not alter the primary interpretations, there is clear merit in future studies

to explore and adapt a "dynamic" mesh to fully account for the changing water volume.

It is also important to note the depth sensitivity limits of the chosen array as a
potential limitation. For a dipole-dipole configuration with a maximum a = 12 m and n =
3, the median depth of investigation—defined as the depth at which the upper and lower
sections of the earth have equal influence on the measured potential (Loke, 2001)—is
approximately 11.5 m. The most significant resistivity changes were detected between the
depths of 7.5 - 15 m. The proximity of this feature to the median depth signals caution in

interpreting at these depths.

Another limitation of this study is its electrode configuration, which employed a single
Zig-Zag electrode line along the dyke crest. The choice to employ this specific array was
primarily driven by logistical constraints. The Zig-Zag configuration allowed for a
significantly faster deployment, which was essential for capturing the narrow temporal
window of the rising tide. Furthermore, this array permitted a 3D assessment of a longer
dyke segment despite a limited number of electrodes. While this provided a practical and
efficient 3D characterization of the foundation at depth, it inevitably constrained the lateral

resolution toward seaward slopes of the dyke. Because the observed hydrological changes
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are primarily driven by lateral tidal encroachment, the lack of electrodes on the slopes
likely limited the model’s ability to map the seaward edge of the saline interface with high
precision. To address this in future investigations, it would be beneficial to employ
configurations with multiple parallel electrode lines situated on both the crest and the
slopes. Such an approach would significantly improve the model’s sensitivity to lateral
interface movement and provide a more comprehensive mapping of the tidal encroachment

process as the water level nears the structure.

3.5 Conclusions

This research demonstrated that 3D time-lapse ERI effectively captured and
quantified the effect of varying tide levels on the resistivity modelling of the Shepody

dykes. The study has three primary conclusions discussed below.

First, the implementation of offset-electrode ‘Zig-Zag’ configuration proved to be a
practical and resource-efficient alternative to traditional multi-line 3D ERI survey arrays.
While its cross-line coverage is very limited, this configuration still allowed for effective
3D characterization under the logistical, spatial and temporal constraints of assessing a
narrow dyke in a megatidal setting, providing a viable methodology for future surveys with

limited equipment or temporal constraints.

Second, the geoelectrical influence of the rising tide was mostly confined at depth (>
7.5 m and is relatively low (maximum of 15%) and almost undetectable in absolute
inversion models. With appropriate data filtering and error analysis, the geoelectrical
model of the dyke and its foundation remain stable. For practical purposes, this implies that
dyke crest ERI surveys can be interpreted reliably regardless of the tidal level at the time

of acquisition.
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Last, and most importantly, the 3D results robustly validate the 2D assessment
conducted in Chapter 2. The consistency of key features across both models confirms that
3D surveying, while more precise, does not fundamentally alter the characterization of the
dyke’s primary vulnerabilities. This result lends credibility to the 2D model of the Shepody
dykes and prove that 2D geoelectrical methods are efficient and effective for assessing

embankment.
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4 CONCLUDING REMARKS

This thesis effectively demonstrated that an integrated geoelectrical approach,
utilizing Electromagnetic Induction (EM) and Electrical Resistivity Imaging (ERI), can
characterize geotechnical variability within the Shepody flood dykes. Through two
complementary sub-studies, this work established that these non-invasive techniques
provide a reliable method for identifying suspected vulnerabilities within an earthen flood

embankment in a megatidal environment.

EM apparent conductivity mapping provides a rapid reconnaissance method for
identifying conductive anomalies within the dyke, while ERI resolves the depth extent of
conductive zones and whether they extend into the foundation. Geotechnical sampling of
soils within one such prominent anomaly, has revealed that the elevated conductivities are
a consequence of locally elevated pore water conductivity/salinity that is in turn indicative
of increased salt water intrusion in the dyke foundation and increased seepage into the dyke
itself during high tides which may impact dyke stability through its effect on water
saturation and internal erosion. While geotechnical investigations are still needed to
confirm dyke vulnerability, the geoelectric approach offers complementary screening
and/or monitoring capability to help rapidly and non-invasively target more detailed and
costly methods, such as drilling/sampling and the installation of geotechnical

instrumentation at pre-determined locations of concern.

The initial 2D geoelectrical assessment in conjunction with laboratory analysis
concluded decisively that pore water salinity, not clay content, is the dominant influence

on resistivity variations. The 2D model identified conductive anomalies as zones of
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increased saline water content, likely caused by elevated hydraulic conductivity. The 3D
ERI results strongly corroborated these findings, where the central anomaly persisted as a
dominant feature in the 3D models. The high degree of correlation between the 2D and 3D
absolute models lends significant credibility to the use of 2D ERI as a reliable primary tool

for identifying potential vulnerabilities in coastal embankments.

The study successfully quantified the influence of varying tide levels on dyke crest
resistivity measurements, capturing a maximum resistivity decrease of 15% at peak high
tide. These changes were concentrated at depths of 7.5 m and greater and are interpreted
as movement of the saline/fresh water mixing zone landward during the rising tide. Results
also demonstrated that tidal influence is highly proximity dependent with measurable
effects only detected once the tidal water is within 8.2 m (lateral distance) of the
embankment. Furthermore, the tidal effect does not encroach into the upper 5 m (i.e. the
dyke body and uppermost foundation) except for the appearance of slight resistivity
increases of up to ~5% which are inferred to be artifacts of the time-lapse inversion process
given that there is no reason to expect them. This indicates that the embankment itself
remained relatively stable throughout the tidal cycle, allowing for reliable interpretation

regardless of the tidal stage.

For survey operators, the primary lesson from this research is the validation of a
tiered, integrated geophysical approach as an efficient and cost-effective method for
embankment assessments. EM apparent conductivity mapping has been proven as a highly
efficient rapid-reconnaissance tool capable of detecting internal anomalies—such as the
central anomaly of the Shepody dykes—in a fraction of the time of all the other methods

used in this study. ERI, on the other hand, can provide the necessary depth resolution to
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further characterize these potential vulnerabilities. EM results can rapidly and strategically
identify zones that require further investigation with ERI or other geotechnical methods.
Beyond efficiency, this hierarchy of methods minimizes structural risk by ensuring that
invasive surveying is only employed when data confirms its necessity, thereby preserving

the integrity of the embankment while facilitating informed remediation decisions.

Regarding surveying challenges in megatidal environments such the BoF, the time-
lapse 3D ERI study successfully demonstrated that the influence of varying tide levels on
subsurface modelling is manageable through rigorous data filtering, such as the reciprocal
error filtering used for the Shepody dykes. Results indicate that geoelectrical models of the
dyke and its foundation remain remarkably stable throughout the tidal cycle with tidal
influence primarily confined beneath the dyke and representing a relatively low change in
resistivity. For survey operators, this implies that ERI data collected along the dyke crest
can be interpreted reliably regardless of the tidal stage at the time of acquisition, provided

that data quality control measures are implemented.

Additionally, the resource-efficient ‘Zig-Zag’ 3D configuration offers a practical
alternative for achieving 3D characterization under the strict logistical and temporal

constraints characteristic of narrow embankments.

Collectively, these findings validate the use of integrated geoelectrical imaging as a
non-invasive, efficient, and reliable approach for assessing flood protection infrastructure.
The methodologies developed here provide a foundation for further refinement. Beyond
the Shepody case study, this research contributes to the growing field of climate resiliency

by bridging the gap between geotechnical understanding and hydrogeophysical behavior.
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APPENDIX A: Supplemental Data and Methods for Geoelectrical

Imaging

A.1 Electromagnetic (EM) Apparent Conductivity Mapping

EM surveys obtained apparent conductivity measurements using Geonics Limited’s

EM31 and EM38 conductivity meters, shown in Figure A.1.

= e o g 2 e

Figure A.1 Geonics Limited EM38 (left) and EM31 (right) were used for the apparent
conductivity mapping in Shepody study areas

Both the EM31 and EM38 detect lateral variations in weighted-average electrical
conductivity, with the depth of investigation controlled by the coil separation of each
instrument (shown in Figure A.1). EM38 is a smaller, higher-resolution instrument with
two coil separations (0.5 m and 1.0 m), providing effective investigation depths of

approximately 0.75 m and 1.5 m. In contrast, EM31 is a larger instrument with a fixed coil
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separation of 3.66 m, providing a deeper effective depth of investigation of approximately

6 m.

Apparent Conductivity Map at 0.75 m Depth

The two EM instruments provided data for three effective investigation depths. The
shallowest of these, the 0.75 m apparent conductivity map, is presented below in Figure
A.2. This map was omitted from the main thesis because its features are broadly similar to
the 1.5 m map, which was used to illustrate near-surface anomalies. It is included in this
appendix, however, as it offers unique insight into the electrical properties of the immediate

surface sediments.

1} OQutline of

-

Moderately resistive
sediments of the
S farmlands

7417400

7417200

iConductive gaps along )
the resistive dyke

‘ l :
_a™

.W‘ “- :

2640200 2640400 2640600 2640800

7417000

7416800

2641000
Apparent Conductivity (mS/m) ELEVATION (meters)
B

© 25 S0 75 100 125 150 175 200 225 280 5 4 3 2 1 0 3 2 3 4 S5 6

Figure A.2 EM Apparent Conductivity Map of Shepody Dykelands at 0.75 m depth
measured by EM38 in 2023
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A key observation is that the 0.75 m map is considerably more resistive overall than
the deeper maps. For example, the conductive anomalies identified in the farmlands on the
1.5 m map appear more muted (less conductive) at this shallower depth. Despite the higher
background resistivity (lower conductivity), conductive anomalies within the dyke are

clearly resolved across the EM and ERI datasets.

A.2 Electrical Resistivity Imaging (ERI) Surveying

Instrumentation and Field Procedures

The ERI data presented in this report were acquired using a Lippman 4point light
10W resistivity meter connected to two 24-electrode or two 32-electrode switchboxes that
were in turn connected to cables having either 24 takeouts at 5 m intervals or 32 takeouts
at 2.5 m intervals. The resistivity meter was controlled by the ERI acquisition software
program Geotest, running on a Panasonic CF28 Toughbook computer. The field setup is

shown in Figure A.3.
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Figure A.3 Setup of field equipment for ERI data acquisition with two 32-electrode
switchboxes.

Electrode Configuration and Geospatial Data Processing

The ERI survey was conducted using a combination of electrode arrays: a) Wenner,
b) Schlumberger, ¢) Dipole-Dipole (with full reciprocals) and d) Multigradient Dipole-
Dipole. Prior to acquiring resistivity measurements, electrode contact resistances were
measured and ensured to be of good value (low resistance) to ensure high quality data. For

all 2D ERI lines, electrodes were laid out along a straight line with uniform spacing.

For the topographic model of each line, GPS measurements were taken on electrode
locations (as they were installed, prior to ERI measurement). These measurements of
ellipsoidal height were acquired using a Septentrio GNSS receiver incorporating real-time

network (RTN) differential corrections received from the Brandtnet positioning network.
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Afterwards the ellipsoidal heights were converted to geodetic elevations (CGVD2013
datum) using the online tool GPS-H  (https://webapp.csrs-scrs.nrcan-
rncan.gc.ca/geod/tools-outils/gpsh.php) provided by the Geodetic Survey of Canada (a
division of NRCAN). The coordinate data were subsequently projected from WGS84 to
the New Brunswick Double Stereographic projection (NBST) for final integration into the

resistivity models.

A.3 Resistivity Data Inversion
A.3.1 Two-Dimensional (2D) Inversion

Following data acquisition, the apparent resistivity datasets underwent an inversion
process to create a model of true subsurface resistivity variations. The term ‘inversion’
refers to a mathematical approach used to convert the apparent resistivity measurements
made along the surface into a spatially resolved subsurface model. This process is
inherently non-unique, as multiple models can provide an acceptable fit to the data. A
common approach is to find the 'simplest model capable of reproducing the
measurements—one in which resistivity varies spatially (and for time-lapse surveys,
temporally) as smoothly as possible while still adequately fitting the apparent resistivity
measurements. This is commonly done by algorithms seeking to minimize the roughness
of a resistivity model as measured using either (i) a least-squares L2 norm (based the
squares of differences between resistivities in neighbouring cells, or (ii) the L1 norm,
sometimes called the ‘robust’ norm as it is based on absolute differences between

resistivities in neighbouring model cells, making it less sensitive to large outliers.

For the 2D inversion, the data were inverted using the Res2D Inv software (Loke,

2024). A robust (L; norm) inversion was chosen, which tends to produce blockier models
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with sharper boundaries that can be more geologically realistic than the default 'least
squares' (L> norm) method. Since the data were collected along single lines, a standard 2D
assumption was made, where model resistivity varies with depth and distance along the
line but not in the third dimension (perpendicular to the line). The final models for each

ERI line are presented below in a standard three-part figure:

1) The measured apparent resistivity pseudo-section (the raw data).
2) The calculated apparent resistivity pseudo-section (the data that the model predicts).

3) The resulting 2D true resistivity model.

Inversion of Shepody ERI Line 1

Line 1 was located on farm fields, about 40 m inland from the dyke and ran parallel
to the dyke. It utilized 48 electrodes at 5 m electrode spacing covering a total length of
235m. The survey utilized a Schlumberger electrode array with parameters of a =1 to 7
and n =1 to 6. Using Res2DInv (Loke, 2024), robust inversion on a general array format
was employed using L; norms for both data misfit and model roughness. Topography was
incorporated using electrode coordinates and elevation values obtained thru on-site GPS
readings. Model discretization used a fixed block width of 5.0 m. No reciprocal data were
included, and no data points were excluded. The inversion converged after four iterations,

yielding a final absolute error of 1.67%, as shown in Figure A 4.
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Figure A.4 The measured Schlumberger array apparent resistivity pseudo-section (top) and
2D resistivity model/section obtained by inversion (bottom) of Shepody ERI Line 1.
Middle plot is the pseudo-section that would be expected if the subsurface was exactly as
represented by the model.
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Inversion of Shepody ERI Line 2

Shepody ERI Line 2 ran perpendicular to Line 1 and across the dyke with a total of
64 electrodes at 2.5 m spacing covering a length of 157.5 metres. Line 2 is centered on the
crest of the dyke. The survey utilized a Schlumberger electrode array acquired using a unit
spacing of 1.25 m with parameters of a = 1to 7 and n =1 to 6. Using Res2DInv (Loke,
2024), robust inversion on a general array format was employed using L; norms for both
data misfit and model roughness. Topography was incorporated using electrode
coordinates and elevation values based on on-site GPS readings. Model discretization used
a fixed block width of 5.0 m. No reciprocal data were included, and no data points were

excluded. The inversion converged after seven iterations, yielding a final absolute error of

1.24% as shown in Figure A.5.

Unit electrode spacing 1.25 .

Figure A.5 The measured Schlumberger array apparent resistivity pseudo-section (top) and
2D resistivity model/section obtained by inversion (bottom). Middle plot is the pseudo-
section that would be expected if the subsurface was exactly as represented by the model
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Inversion of Shepody ERI Line 3
Shepody ERI Line 3 was situated near the bridge and dam in the southeast portion of

the study area, running NNW-SSE almost parallel to the bridge. It deployed 48 electrodes
at 5 m spacing covering a length of 235 m and ran adjacent to borehole BH13 (lateral offset
of ~15 m, located on top of the dyke) which penetrated 31 m— the deepest of the Wood
boreholes (Wood, 2022). Although multiple electrode arrays were acquired, only the
Schlumberger array, with unit spacing of 2.5 m, was selected for inversion. The array
parameters were a = 1 to 7 and n = 1 to 6. Using Res2DInv (Loke, 2024), robust inversion
on a general array format was employed using L; norms for both data misfit and model
roughness. Topography was incorporated using electrode coordinates and elevation from
on-site GPS measurements. The initial layer thickness equal to 0.25 times the electrode
spacing, with layer thickness increasing proportionally with depth. No reciprocal data were

included, and no data points were excluded. The inversion converged after five iterations,

yielding a final absolute error of 1.27% for the resulting model shown in Figure A.6.

Figure A.6 The measured Schlumberger array apparent resistivity pseudo-section (top) and
2D resistivity model/section obtained by inversion (bottom) of Shepody ERI Line 3.
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Middle plot is the pseudo-section that would be expected if the subsurface was exactly as
represented by the model.

Shepody ERI Line 4

Shepody ERI Line 4 is the longest ERI line deployed in the study area. It ran along
the crest of the dyke (nominally along the centre of the crest) and employed the roll-along
method with an active electrode array of 64 electrodes at 2.5 m spacing totalling 160 m.
By deploying 6 spreads with 32 electrodes or 80 m overlap between adjacent spreads, it
covered a total line distance of 560 m. The electrode array type was multi-gradient, with
parameters a =1 to 5 s = 13 to 14, n = 1 to 3 using the terminology of Dahlin and Zhou

(2004).

The survey utilized a multi-gradient electrode array acquired using a roll-along
configuration, with six individual spreads combined into a single dataset prior to inversion.
Data inversion employed a smoothness-constrained least-squares algorithm in Res2DInv
(Loke, 2024). A general array inversion was applied with robust inversion using L; norms
for both data misfit and model roughness. Topography was incorporated using electrode
coordinates and elevation obtained thru on-site GPS readings. Model discretization used a
fixed block width of 1.25 m. No reciprocal data were used, and no data points were
excluded. The inversion converged after six iterations, yielding a final absolute error of

1.67% for the resulting model shown in Figure A.7.
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Figure A.7 The measured multi-gradient array apparent resistivity pseudo-section (top) and
2D resistivity model/section obtained by inversion (bottom) of Shepody ERI Line 4.
Middle plot is the pseudo-section that would be expected if the subsurface was exactly as
represented by the model

A.3.2 Three-Dimensional (3D) Inversion

Time-lapse Measurements

A series of nine repeated dipole-dipole surveys (5 normal and 4 reciprocal) were
taken with a single 48-electrode ‘Zig-Zag’ spread on the Shepody dyke to investigate how
the rising tide would affect the results. Table A.1 documents the time, along with the height

of the water and its distance from the centreline of the electrode array during each survey.

Table A.1 Field details for every timeframe/dataset of the time-lapse 3D ERI survey
conducted on July 7, 2023.

Tide Elevation Distance Of Electrode
Measurement Time CGVD2013 Array From The Tide
(RTN GPS (calculated with GPS
measurements) measurements)
Norm 1 1:40 — 1:55 pm | No measurements n/a
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measurement at 4:35
pm)

Reciprocal 1 2:03 -2:19 pm | No measurements n/a
Norm 2 2:57-3:12pm |3.85m—-429m 1227m—-10.43 m
Reciprocal 2 3:13-329pm | 441 m-4.76m 1043 m—-8.53m
Norm 3 3:31-3:46pm |4.76 m—4.95m 8.53 m—-6.99 m
Reciprocal 3 3:447-4:03pm |495m-531m 6.99 m—5.58 m
Norm 4 4:05-420pm | 531 m—-35.20 5.58m—-5.97m
Reciprocal 4 4:21—-4:37pm | 520 m - 5.16 m (last | 597 m—6.20 m
measurement at 4:35
pm)
Norm 5 4:38-4:53pm | 5.16 m (last | 6.20 m

Mesh Creation

The mesh was constructed using a variety of software tools, each serving a specific

role in the workflow (detailed below).

1. Zonation: Concentric zones centered on the 3D ERI electrode array were first delineated

using Surfer and the 2D mode of FacetModeller (Lelievre et al., 2018). Each successive

zone had a lower resolution as distance from the array center increased.

2. Surface meshing: With the zones established, a 2D triangular surface mesh was

generated using Triangle software (Shewchuk, 2005), where triangle sizes increased

progressively outward to reflect decreasing resolution.

3. Topographic adjustment: The elevation of each node from the Triangle (Shewchuk,
2005) mesh was extracted from Surfer, producing a surface mesh that accurately

represented the study area’s topography. At this stage, the mesh was three-dimensional

in geometry but did not yet represent volumes.
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4. Volume meshing: To form 3D volumes, each surface zone was assigned depth extents.
With these dimensions defined, the mesh was processed using TetGen (Si, 2020) to fill

the volumes with tetrahedra that increased in size with distance from the array center.

3D Resistivity Inversion

Shepody 3D ERI line utilized a total of 48 electrodes at 3 m in-line spacing and 1.5
m lateral deviation from the medial line. The 3D inversion parameters used in R3t (Binley,

2024) are detailed in Table A.2.

Table A.2 3D Inversion parameters used in R3t software (Binley, 2024)

Parameter Value

Res_matrix 1 (normal mode)

Data type 1 (log-transformed data)

For N1 - 0 (normal regularization)

Regularization mode For R1 to N5 — 2 ( difference regularization)

Tolerance (desired misfit) 1.0
Error_mod 2.0 (updating data weights)
Anisotropy 1

A wgt (Offset error in the same units

as the resistance data) 0.0001 Ohms (calculated using field data)

B_wgt (relative error) 0.005 (= 0.5%, calculated using field data)

Min 1s -10000000000.0 and
Max is 10000000000.0

rho_min and rho_max

Each dataset was inverted iteratively by R3t (Binley, 2024) separately using
parameters above. The resulting inversion model of each timeframe is shown in Figure

A.8.
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Figure A.8 Vertical slices or below the centreline of the electrode array, extracted from 3D
resistivity models of each timeframe (N1 to N5), inverted using R3t (Binley, 2024). Total
length of each image is 145 m, and the tick marks on the depth scale are 5 m apart.
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Cumulative Sensitivity Matrix

The cumulative sensitivity matrix (S) is used as a computationally efficient
alternative to the model resolution matrix for assessing the reliability of 2D and 3D inverse
models (Binley and Slater, 2020). It is defined as:

S = JTWiW,],

(equation A.1, Binley & Slater, 2020)

wherein:

S is the cumulative sensitivity matrix and provides a qualitative guide for model

appraisal,

J is the Jacobian matrix and represents the sensitivity of the measurements to changes

in the model parameters (resistivity),

W, is the Data Weighting Matrix and represents the data error or weighting scheme

used in the inversion.

The term W3W, effectively scales the sensitivities based on the

quality/certainty of the individual data points.

By calculating the diagonal elements of J J, the process effectively determines the sum
of squares of each column of the Jacobian. Because each column corresponds to a specific
mesh cell and each row to a measurement, the resulting values provide a "cumulative"

measure of how much each individual mesh cell influences the total dataset.

As noted by Binley and Slater (2020), a sensitivity map is effective at highlighting
regions of uncertainty through an opaqueness filter. Following the recommendation of

Kemna (2000), a value of S equal to 10~ of the maximum diagonal value of S is used as a
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guide for the demarcation of sensitivity. The cumulative sensitivity profiles of the 3D

inversion of the Shepody dyke are shown below:
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Figure A.9 The cumulative sensitivity profiles (logl0 scale) with values above the
threshold of approximately -3.0 (light orange to red) indicate regions of high sensitivity
and reliable model resolution while areas with values ranging below -3.0 (white to blue)
indicate low sensitivity.
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APPENDIX B: Supplemental Data and Methods for SPT and

Laboratory

This appendix provides supplemental details on the methodology and
instrumentation for the following procedures:
e Standard Penetration Test (SPT) and borehole sampling,
e Laboratory Resistivity Testing,

¢ Grain Size Analysis, and

e Pore water conductivity testing.

B.1 Standard Penetration Test (SPT) and Borehole Sampling

The SPT is a test performed during boring to obtain a measure of soil resistance to
penetration. The main advantages of the standard penetration test are that it is relatively
simple to perform and inexpensive. A reference diagram and actual photo of the field setup

is shown in Figure B.1.

Field Setup and Procedures

The SPT procedure involves driving a standard split-barrel sampler into the soil at
the bottom of a borehole by repeatedly dropping a 63.5 kg (140 1b) donut hammer from a
height of 0.76 m (30 in). The sampler is driven into the ground, and the number of hammer
blows required for each 15 cm (6 in) depth increment is recorded. The raw SPT N-value is
the sum of the blow counts for the second and third increments (i.e., the penetration from
15 cm to 45 cm). The blow count for the first 15 cm is considered a seating drive and is

discarded from the calculation.
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Although the split-barrel sampler is 0.61 m (2 ft) long, soil samples were typically
collected over depth intervals of 0.6 to 1.5 m (2 to 5 ft). If the sampler was driven beyond
its standard length, we assumed it recovered a uniformly compressed sample from the
entire depth interval. We acknowledge this assumption may be less valid in dense or stiff
soils where minimal compression occurs. However, for the purposes of this study, we
proceed with the assumption that the whole soil column was sampled in this way over the

full depth of each SPT hole.

Crown Sheave(s)
or Pulley(s)

Typically 1-in. (25-mm)
Diameter Manila Rope

Rotating N

Pipe

Anvil —> e

Drill Rod ——

Ground Surface

i, 1= Bore Hole
i~ N

I |

S -

iy ¢ ___18in. (457mm)

Figure B.1 A) Textbook setup of SPT using a donut hammer (Coduto, 2001), and B) The
field setup during the conduct of SPT at Shepody site.

SPT N-value Corrections

The raw N-values measured in the field are influenced by the effective overburden

pressure at the test depth. To allow for a consistent comparison of soil resistance across
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different depths, a correction factor for overburden pressure was applied, as recommended

by ASTM D1586. The corrected N-value, N1, was calculated using equation B.1.

(equation B.1, from Das & Sobhan, 2022)

where:

N is the raw N-value measured in the field (blows/30 cm),

N_ is the corrected N-value,

P, is the atmospheric pressure, assumed to be 100 kPa,

o, is the effective overburden stress at the test depth, calculated as 0, =y - z,

y is the unit weight of the soil, assumed to be 18 kN/m?,

z 1is the depth.

SPT N-Value Trend

Across all boreholes, corrected N-values consistently decreased with depth. Visually,
the general decline in N-values appears to correspond well with the general decrease in

electrical resistivity observed in both 2D and 3D ERI sections as shown in Figure B.2.
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Figure B.2 Comparison of corrected N-values with soil resistivity values extracted from
2D and ERI inversion results.

B.3 Grain Size Analysis

Instrumentation and Procedure

Grain Size Analysis utilized laser diffraction instrument Malvern Mastersizer Hydro
2000s (shown in Figure B.3). Each core segment was subjected to one analysis. For each
analysis, approximately 1 g of soil was mixed with 25 mL of distilled water to create a
slurry. This mixture was agitated thoroughly to break down soil clumps and ensure
adequate dispersion. About 1 mL of the slurry was then extracted and introduced into the

Mastersizer instrument.
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Figure B.3 A & B) Malvern Mastersizer Hydro 2000s was used for grain size analysis C)
A slurry is created with 1 g of soil sample and about 25 ml distilled water

Before initiating the measurement, the sample was subjected to ultrasonic sonication
within the instrument for approximately three minutes. This step was performed to further
disaggregate any remaining clumps, particularly those of clay-sized sediments, ensuring

an accurate particle size measurement.

Organization of Results

The instrument outputs the results as a volumetric percentage across a continuous

spectrum of grain sizes. These data were exported into a spreadsheet, where the grain sizes
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were then classified into clay, silt, and sand categories according to the Udden-Wentworth

scale (Figure B.4) for final analysis.

Clast name Diameter Range
Boulder Larger than 256 mm
Coarse-grained|Cobble 64 mm - 256 mm
Pebble 2 mm -64 mm
Sand 63 um -2 mm
Medium- coarse 500 pm -2 mm
grained medium 250 um - 500 um
fine 63 um - 250 um
Fine-grained 2liE 2 =63 um
Clay Smaller than 2 pm

Figure B.4 Grain Size classification based on the Udden-Wentworth Scale (Panchuk, 2018)

Reproducibility of Results

An acknowledged limitation of this method is the difficulty in obtaining a
representative sample, given that the equipment requires only about 1 g of core material—
raising concerns about reproducibility. To address this concern, a retest of randomly
selected samples was conducted to quantify the standard deviation of the grain size fraction
measurements. As shown in Figure B.5, the standard deviation is 0.89% for clay-sized
sediments, 0.91% for sand-sized sediments, and 2.2% for silt-sized sediments. These
variations are minimal and within acceptable range. Furthermore, the comparison between
original and retest values reveals consistent trends, supporting the reliability of the

interpretations and increasing confidence in the results of the grain size analysis.
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Reproducibility Test
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Figure B.5 Results of reproducibility test done for grain size analysis showing the standard
deviation values for each grain size—clay, silt, and sand—demonstrating the consistency
of repeat measurements.

B.2 Laboratory Resistivity Testing

After retrieval in the field, each 35 mm (1.375 inch) diameter split-barrel soil core
was transferred onto a half-shell of black ABS pipe of matching diameter that had
previously been sawn in half lengthwise (shown in Figure B.3 A). The top half of the pipe
was then placed over the sample, and the entire assembly was tightly sealed in plastic wrap

to preserve moisture. Samples were stored in a refrigerated room at 5 °C until testing.
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Figure B.6 A) An example of an ABS pipe containing the core sample retrieved from the
field encased in vacuum-sealed plastic wrap with proper labeling. B) A look inside the
ABS pipe and the core inside, after the laboratory resistivity measurements were taken.

To prepare a core for resistivity measurements, two 3D-printed endcaps were fitted
to the ends of the ABS pipe. The inner face of each endcap was fitted with a copper plate
to serve as a current electrode. Holes for the potential electrodes were pre-drilled along the
length of the pipe at 2.5 cm intervals. The hole locations were carefully marked to ensure
that the first and last potential electrode positions were a minimum of 3.0 cm from the
current electrodes at the ends. The electrode holes were sequentially numbered, with 'l
representing the hole nearest the top of the core (shallowest depth). The setup is shown in

Figures B.6B and B.7.
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Resistivity Measurement Procedure

The two current electrodes (copper endcaps) and two stainless steel potential
electrodes were connected to a Lippmann 4-point Light 10W resistivity meter. Current
electrodes remain at either end, while the potential electrode pair were consistently 2.5 cm
apart and were marched down the core 2.5 cm at a time. At each location, three
measurements were collected and averaged to ensure data quality. The meter was
configured to inject sufficient current to achieve a minimum voltage of 10 mV, ensuring a

stable reading.

Measurements were taken progressively along the core by moving the pair of
potential electrodes from one set of holes to the next. For instance, the first reading was
taken with the potential electrodes in holes 1 and 2, the second in holes 2 and 3, and so on
down the length of the core. Each measurement is considered representative of the core

material located between the two potential electrodes.
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Figure B.7 Custom Laboratory Resistivity Measurement setup
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Sampling & Segmentation

Following the resistivity measurements, the core was prepared for subsequent pore
water conductivity and grain size analyses. The core was systematically divided into 2.5 cm
long segments using a wire saw (shown in Figure B.5 A). This interval was chosen to
correspond directly with the spacing of the resistivity measurements, ensuring that each
electrical measurement had a corresponding physical sample. This sampling strategy
allows for the direct comparison and correlation of the bulk resistivity data with the
measured physical properties of the soil. To preserve a portion of the core for archival
purposes, alternating 2.5 cm segments were selected for analysis, while the remaining

segments were stored.

A custom, 3D-printed ‘core cutter’ (shown in Figure B.8B and C) was used to extract
a uniform cylindrical (3.5 cm diameter, 2.5 cm length) sub-sample from the center of each
segment. This precisely measured sub-sample was reserved for pore water analysis. The
remaining material from the segment was then used for grain size analysis. This is shown

in more detail in Figure B.8.
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3D printed 3D printed
‘core cutter’ ‘core cutter’
Figure B.8 A) Wire saw was used to divide the core into 2.5 cm segments; B, C, and D)

Core sample segments assigned for laboratory analysis are subdivided using a 3D-printed
core cutter.

B.4 Pore Water Conductivity Testing

Segments assigned for pore water analysis were stored in 50 mL tubes. These
samples were subjected to centrifugation to separate the pore water from the solids. The
centrifuge used was the Beckman Coulter Allegra X-15R Centrifuge (shown in Figure B.9

A and B).

Following centrifugation, the separated pore water that collected at the top of the
sample (as shown in Figure B.9C) was extracted using a pipette. The recovered volume,
typically ranging from 0.5 to 3 mL, was transferred to a 10 mL vial and diluted with

distilled water to a final volume of 10 mL.
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Figure B.9 Allegra X-15R centrifuge used to separate the pore water from the soil material.
A) Settings used for the centrifugation was 4750 revolutions per minute, at 20 Celsius, for
a total run time of 60 minutes. B) The instrument was able to accommodate up to 16 tubes
every run. C) Pore water rise and collect at the top of the sample after centrifugation.

While this method does not achieve complete pore water extraction (as the remaining
soil was still moist), it yielded a sufficient fluid volume for analysis. The conductivity of
the diluted solution was measured using a Thermo Scientific Orion A222 portable
conductivity meter equipped with a 4-electrode conductivity probe. This measured value
was then corrected to give pore water conductivity at 25 °C, assuming the conductivity of

the pore water had been reduced by the dilution factor.
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APPENDIX C: Exploratory Hypotheses of the Geoelectrical Imaging

Model

This appendix presents several exploratory hypotheses derived from geoelectrical
modelling results that were not included in the main body of this thesis. These propositions
are considered secondary to the primary research objectives. They are included to
document these supplementary findings and suggest potential directions for future

investigation.

C.1 Mapping Surficial Materials for Dyke Raising

An initial objective of this study was to use EM mapping to assess the viability of
mapping surficial materials suitable for dyke raising. However, this objective was removed
from the main thesis as the research scope was refined, and other core objectives were
prioritized. Consequently, the resulting hypothesis was never formally tested or verified
and must be considered preliminary. It is included in this appendix because the findings

are nonetheless considered interesting and potentially useful for guiding future studies.

Overall, EM results have successfully shown the variation in resistivity of surficial
sediments, potentially identifying material sources for dyke rehabilitation. Apparent
conductivity maps established that the farm fields consistently exhibit low to moderate
apparent conductivity at shallow depths, with distinct zones of elevated conductivity. These
conductive zones notably appear along topographic lows, and at greater depths appear to
expand and increase in conductivity. The most striking of these zones appears channel-like
in the southwest portion of the farm fields, near where the dyke bends from a N-S to a SW-

NE trend.
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Two hypotheses were developed to explain these conductive zones:

Lithological Heterogeneity: This hypothesis infers that the variation in resistivity is
due to changes in soil type. In this scenario, the conductive zones would indicate
elevated clay content, while the more resistive bands would be dominated by sand
or silt. Alternatively, the conductive zones could represent coarser-grained
sediments, deposited in present and former stream beds, which have allowed greater
inland migration of saline water — similar to the hypothesis we have developed for
the origin of the central conductive anomaly within the dyke and its foundation.
Collection of shallow soil samples and measurement of their clay content and pore
water conductivity (as was done for the central anomaly on the dyke) would be a

good way to distinguish between these two scenarios.

Topography influencing surface runoff and/or proximity to the water table: Because
these conductive features tend to align with topographic lows, it's possible that the
elevated conductivity is influenced by higher water saturation close to surface and
by rainwater containing dissolved agricultural fertilizers draining into the regions.
Depth to the water table will tend to be reduced in zones of lower elevation, which

would tend to increase measurements of apparent conductivity.

Field evidence lends more weight to the second hypothesis. During the 2023 and

2024 surveys, the area over the channel-like conductive feature was inundated. Field

measurements of this water showed a conductivity values ranging from 6—7 mS/m, which

is significantly higher than the conductivity measured in water from the dam which was

0.5-1 mS/m. However, it is important to highlight that this is a preliminary check, and

neither hypothesis was properly tested or verified in the course of this study. Another good
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way to investigate the dependence on topography would be to generate a cross-plot of
apparent conductivity vs ground surface elevation (from the Lidar-derived DEM) for areas

on the farm fields surveyed using the EM31 and EM38 instruments.

C.2 Correlating Resistivity with Borehole Lithology

An initial hypothesis was that the wide variability in the geoelectrical model,
particularly in the intermediate layer, reflected lithological heterogeneity. This hypothesis
was tested by attempting to correlate the model's resistivity units with geological logs from
nearby boreholes drilled by the consulting firm Wood for NB DTI (2022). Of the four ERI

Lines in the model, three (Lines 1, 3, and 4) had nearby boreholes available for comparison.

Line 1 initially appears to confirm this hypothesis with its correlation to nearest
borehole BH9. The lithological log of BH9 shows a wide-ranging resistivity values of the
top layer were due to its heterogeneous composition. However, no nearby borehole was
deep enough to provide lithological information for the underlying, more conductive

layers.

To address this, Line 3 (shown in Figure C.1) was positioned to correlate with BH13,
the deepest borehole in the area (31 m). BH13 revealed a distinct stratigraphic break: below
the road gravels and a package of interbedded sands and silts, a contact at 17 m depth
(approximately 14.5 m below the farm field level) marks the beginning of a thick,

underlying silty clay unit.

The resistivity section of Line 3 contradicts the previous hypothesis. Despite the

varied lithology observed in BH13, the geoelectrical model for Line 3 shows a uniformly
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conductive layer across the entire interval. This discrepancy between the varied lithology

and uniform conductivity directly contradicts the correlation suggested by Line 1.

This discrepancy was further highlighted by Line 4. A total of three boreholes (BH-
6, BH-7, and BH-8) intersected Line 4, but a comparison revealed no clear, direct
correlation between the resistivity units and the borehole lithologies. Similar to Line 3,
lithological heterogeneity did not appear to align with resistivity variations. The only
potential connection observed was a general coarsening with depth in the boreholes
(increasing sand content), which might be associated with the model's general decrease in

resistivity with depth.

Shepody 2D ERI Line 3 L3
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Figure C.1 Resistivity section of ERI Line 3 along with interpretation of resistivity units
and comparison with the geological log BH13 (Wood, 2022).

The initial hypothesis—that resistivity variability reflects lithological
heterogeneity—appears to hold true only for the shallow portion of Line 1 and is
contradicted by the data from Lines 3 and 4. It's crucial to acknowledge the limitations of

this analysis. The correlation attempts for Lines 1 and 3 relied on a single borehole each,
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and the researchers did not have the opportunity to physically verify the lithological

descriptions in the geological logs.
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