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Abstract 

The Mactaquac Generating Station is a large (660 MW) hydroelectric facility on the Saint 

John River, approximately 19 km upstream from Fredericton, New Brunswick. An alkali-

aggregate reaction within the dam’s concrete structures is causing their differential 

expansion. This has prompted the dam’s operator, NB Power, to be proactive in 

monitoring for any signs of concentrated seepage that could arise where the dam’s clay 

till core abuts a concrete diversion sluiceway. Seepage is a leading cause of dam failures. 

An emerging method to non-invasively investigate an embankment’s interior is Electrical 

Resistivity Imaging (ERI). ERI is sensitive to changes in water saturation, temperature 

and ionic content, all of which can be indicators for localized seepage. In this work, a 100 

electrode areal array was installed to focus on the interface between the embankment and 

its concrete abutment. 

Numerous hurdles and challenges were solved throughout this work. The installation of a 

durable and effective array was achieved by drilling into the slope and injecting bentonite 

into the drill holes before driving in long (0.91 m) electrodes to keep contact resistances 

low. Limitations posed by the relatively short survey line lengths on the back of the dam 

were mitigated by implementing a pole-dipole survey geometry which yields relatively 

large depths of exploration and maintained sensitivity near the ends of the lines. An 

enigmatic current regulation issue, which affected repeatability, was solved by 

customization of measurement array geometries and by averaging many surveys over 

time with a smart-averaging processing routine designed to reject outlier measurements. 
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Many necessary changes were made to electrode array configuration over the course of 

the study and data quality has steadily improved.  

Early results are encouraging, yielding repeatable resistivity models for the embankment 

that are consistent with its internal structure. Time lapse surveys were successful in 

observing localized resistivity changes in the embankment, interpreted as seasonal 

temperature change. Also observed were small resistivity change anomalies within and 

just outside the core of the embankment, which are inferred to be consequences of 

changes in saturation and water temperature as well as road salt presence in the winter. 

Localized seasonal resistivity anomalies have been identified that are suggestive of two 

paths for elevated seepage: i) water passing through the concrete abutment and entering 

the rockfill on the downstream side of the core, and ii) a possibility of elevated seepage 

though the core adjacent to the abutment. Further seasonal monitoring as well as 

incorporating data from electrodes installed across the dam crest will be needed to 

confidently assess whether seepage through the core is anomalous next to the abutment. 
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1.0  Introduction 
 

Canada has more than 15000 dams, with 1157 considered large dams by 

International Commission On Large Dams (ICOLD) standards (Tournier et al, 2019). 

Embankment dams have a multitude of uses, ranging from storing water for irrigation 

and/or power generation purposes to containing water in tailings/storage ponds at mining 

sites. It is common for a reservoir to contain as much as 1 million cubic metres of water 

(Johansson, 1997). As dams age, ways to monitor deterioration they sustain over time is 

imperative to the safety of surrounding ecosystems and communities (Foster, 2000).  

Concentrated seepage is of particular concern because when left unchecked, it can 

lead to more serious complications and undermine an embankment dam’s integrity from 

the interior. Internal erosion: the washing out of fines from an embankment’s 

impermeable core, may occur without any outer indication (Narita, 2000). Once water 

flow establishes a pathway through the core (piping) this can lead to catastrophic failure 

of an embankment. It is impossible to physically check for signs of internal erosion 

without: (i) excavating into the embankment (very difficult in most cases, the reservoir 

must be lowered below the proposed depth of exploration) or (ii) drilling into the 

embankment (which could create more pathways for water to enter and may cause more 

issues than it solves). This creates a need for methods which can image an embankment’s 

interior non-invasively.  

Time-lapse electrical resistivity imaging (ERI) of embankments is emerging as a leading 

non-invasive geophysical method for monitoring changes in the interior of dams. ERI is 

sensitive to temperature, water saturation and ionic content in the pore fluid, all of which 
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may vary seasonally in areas with anomalous seepage. On embankments, such surveys 

have generally been applied in a 2D sense along a dam’s crest to image the interior of the 

core. In this study, the focus is on advancing this approach by designing, commissioning 

and testing an ERI system for monitoring seepage conditions in three-dimensions at the 

abutment of a large embankment dam at the Mactaquac Generating Station, located on 

the Saint John River, approximately 20 km upriver of Fredericton, New Brunswick, 

Canada.  

1.1 Embankment Dams and Seepage Hazards 

There exist two types of embankment dams categorized by the materials from 

which they are constructed: earth fill and rock fill dams. In the former, the entire dam 

body provides both structural integrity and seepage resistance with aid from drains. Rock 

fill dams are broken down into three categories: those with centrally located cores, 

inclined cores and upstream facing cores (Figure 1.1). The main body of rockfill dams 

consists of a rockfill shell comprised of assorted rock fragments and boulders to maintain 

structural resistance to failure, and a core constructed of materials with very low 

hydraulic conductivity to minimize leakage through the embankment. They are separated 

by a transition zone, or filter, which is permeable to allow drainage of fluid but has a low 

porosity to abate the washing out of fines from the core (Fell and Fry, 2007; Narita, 

2000). Various factors are considered when deciding on a dam type, including: 

topography and geology of the dam site, quality and quantity of nearby construction 

materials and condition of the foundation of the embankment (Narita, 2000). Cross 

sections detailing the makeup of the four types of embankments described above are 

shown in Figure 1.1. 
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Figure 1.1: Cross sections of various embankment dam types (Narita, 2000). 

Dams can fail for a variety of reasons during and after construction. According to 

Foster et al. (2000), roughly half of all dam failures before 1999 were caused by 

overtopping (48.4%), and half by internal erosion (46.1%) with a small fraction of dam 

failures (4.5%) occurring due to structural failure. Embankment dams are not designed to 

withstand erosion caused by water flowing over the crest. Lack of capacity of a spillway 

in the event of an unprecedented flood can cause the water level to exceed that of the dam 

crest, leading to overtopping and potential catastrophic failure of the embankment. 
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Defects within the core, foundation seepage, seepage along sub-vertical structures 

abutting the embankment and differential compaction of embankment materials leading 

to concentrated seepage can all be factors which increase likelihood of dam failure (Fell 

and Fry, 2007). 

 All embankments are designed for seepage to occur, but at a very slow rate 

(Narita, 2000). Seepage only becomes an issue when internal erosion begins to take 

effect. Internal erosion can be broken down into four distinct stages of progression: 

initiation, continuation, progression and breach/failure (Fell and Fry, 2007). Initiation can 

occur in three ways: backward erosion, concentrated seepage, and suffusion. Initiation 

can occur in the embankment itself, or the foundation. Backward erosion occurs when 

seepage exits the core of the embankment to a free unfiltered surface and particles from 

the core from the downstream side are washed away (Fell and Fry, 2007). This process 

works its way backward until a pipe, defined as a continuous channel from the upstream 

to the downstream side of the embankment for water to flow, has formed. Concentrated 

seepage occurs along a crack in an embankment, its foundation or along the boundary 

with its abutment and can be caused by annual freeze thaw, differential compaction of 

materials or hydraulic fracture which create a network of voids for water to pass through 

(Fell and Fry, 2007). Leakage along this path will erode away the sides of the crack, 

eventually leading to piping. Suffusion is the selective erosion of fine particles from a 

coarser matrix. The fine particles are removed, leaving pore space in the coarse matrix for 

water to flow. The continuation phase of internal erosion is where the particle size 

distribution between the core materials and filter controls whether or not internal erosion 

will continue (Fell and Fry, 2007). The progression of internal erosion is dependent on 
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the hydraulic gradient, the ability for seepage flow to carry eroded material, an 

unprotected exit for eroded material to escape, and the ability of materials to support the 

“roof” of the pipe (Mattson, 2008). Finally, breach is categorized by: enlargement of the 

pipe, slope instability of the downstream slope, unravelling of the downstream face and 

overtopping due to the settlement of the crest from suffusion or formation of a sinkhole 

from a pipe (Fell et al., 2003). 

Indications of overtopping and structural modes of failure can be obvious 

(external erosion, small slumps or displacement of the surface of dam) or difficult to 

predict (extreme flooding leading to overtopping, shear weaknesses changing within 

embankment leading to structural failure) (Narita, 2000). Regardless, there is often some 

external warning sign for these modes of failure. Seepage is more challenging to detect 

and needs to be monitored carefully, as it can accelerate quickly (Johansson and Sjodahl, 

2004).  This presents a challenge, as the interior of an embankment dam is difficult to 

monitor, and physically drilling for indications of concentrated seepage may introduce 

new pathways for water to flow and internal erosion to occur. Waiting for outward signs 

to occur however may not leave enough time to remedy the situation before a 

catastrophic failure of the embankment. 

The Mactaquac Generating Station, constructed in 1968, is a large (670 MW) 

hydroelectric facility located approximately 19 km upstream from Fredericton, New 

Brunswick. It contains a zoned earthen embankment with a centrally located core (Figure 

1.1b). The concrete structures comprising the dam’s main powerhouse and spillways are 

expanding and cracking due to an alkali-aggregate reaction (AAR) between the cement 

and the locally sourced greywacke that was used as the main aggregate (Gilks et al., 
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2001). This has led the dam’s operator, NB Power, to be proactive in monitoring for any 

signs of concentrated seepage. An area of concern is the interface where the dam’s clay 

till core abuts a concrete diversion sluiceway. Past research investigating seepage 

conditions at the Mactaquac dam includes a three-year monitoring study of electrical self-

potential (SP) (Ringeri et al., 2016) and two years of borehole temperature monitoring as 

summarized in the MSc thesis of Yun (2018) and a related conference paper (Yun et al., 

2018). The findings of these works are elaborated on in Chapter 2. 

1.2 Seepage Monitoring Methods 

Besides visual inspection, there are different monitoring methods which have 

been explored to detect seepage within embankments. Borehole temperature monitoring 

is a successful method and works through detecting temperature variations caused by 

anomalous seepage (Johansson, 1997; Johansson and Sjodahl, 2004; Yun et al., 2018). 

Boreholes can be outfitted with piezometers to measure seasonal pore water pressure 

variations and to infer variations in seepage (Ridley et al., 2003). These two methods 

have the benefit of being autonomous and can passively monitor embankments for signs 

of seepage, however both methods are invasive (requiring boreholes) and are confined to 

the area where boreholes are located. Geophysical methods have been employed to 

monitor seepage, including: ground penetrating radar (GPR) (Di Prinzio et al., 2010), 

Self-Potential (SP) (Panthulu et al., 2001), seismic refraction (Oladapo et al., 2013), 

electromagnetic (EM) methods (Al-Fares, 2011) and recently magnetometric resistivity 

(MMR) (Jessop et al., 2018). In recent years, long term monitoring or repeated 

application of ERI has arguably emerged as the leading non-invasive geophysical 

approach. 
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      In sediments, electricity flow is facilitated by ion movement in the bulk pore fluid 

and along surfaces of minerals having high surface charge density (notably clays). The 

factors which affect resistivity of a sediment include its clay content, porosity, water 

saturation, the concentration and mobility of ions present in the water, and temperature 

(Johansson and Dahlin, 1996). In the absence of internal erosion, clay content and 

porosity are generally assumed to remain constant over time within an embankment 

(Sjödahl et al., 2008). Temporal resistivity variations can then be explained by changes in 

water saturation, temperature or ionic content. In the presence of elevated seepage, 

seasonal temperature variations and/or ion content variations in the reservoir are 

conveyed by advection more rapidly and through the embankment (Johansson and 

Dahlin, 1996). This leads to the expectation that fast, localized seasonal changes in 

subsurface resistivity within an embankment are associated with higher likelihood of 

increased seepage in that area.  

In a climate like Canada’s, temperature gradients within an earthen embankment 

are relatively large and change dramatically with the seasons. The largest influence on 

temperature deep within in the embankment is the reservoir water temperature 

(Johansson and Dahlin, 1996). The resistivity of water-saturated sediments increases by 

~2.5% per °C between 0-25°C and increases exponentially below the freezing point 

(Hayley et al., 2007). As an example, Johansson and Sjödahl (2004) found that the 

absolute resistivity of fresh water in a reservoir varied seasonally by as much as 350 Ωm 

as a consequence of temperature fluctuations between 0-18°C, together with changes in 

total dissolved solids (ionic content) which had a more minor effect. 
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There are four thermal processes which occur within embankments: conduction, 

radiation, convection and advection (Sjödahl et al., 2009). Conduction occurs on the 

dam’s surface due to differences in temperature between the interior of the dam and the 

air (on the downstream side) and water (where it contacts the reservoir). Heat from solar 

radiation is absorbed by the embankment. The effects of radiation are dominantly diurnal 

in nature and are restricted to the very surface of the dam. The influence from air 

temperature at the surface (convection) decreases exponentially with depth, and the 

influence is less than 1-2 ºC at 10 m depth and less than 0.1 ºC at 20 m depth (Johansson 

and Dahlin, 1996). If there is no seepage occurring, then heat is transported between the 

reservoir and the embankment through conduction. Johansson and Dahlin (1996) describe 

the transport of heat from the reservoir to the embankment as a thermal wave traveling 

through the embankment. If seepage is occurring, then temperatures from the reservoir 

will highly influence the temperature field within the embankment, as heat transport is 

enhanced by advection through the embankment with the seepage flow.  

      ERI is commonly carried out along a line of electrodes, and yields a vertical two-

dimensional estimate of apparent resistivity distribution in the subsurface under the 

assumption that it does not vary perpendicular to the survey line. These apparent 

resistivities are subsequently inverted using mathematical techniques to obtain true 

subsurface resistivity distributions. The ability of 2-D ERI to monitor seepage or estimate 

moisture in embankments has been explored by others, e.g. Johansson and Dahlin (1996), 

Binley et al. (1999), Sjödahl et al. (2008), Lin et al. (2013), Chambers et al. (2014). 

Electrode placement on embankment dams depends on where the seepage is expected to 

be localized. Generally, to cover the entire structure electrodes are placed in a line along 
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the crest of the dam centered on the core. Naturally, this violates the 2D assumption 

mentioned above. Sjödahl et al. (2006) showed that monitoring along the crest of a dam 

distorts model resistivities as a function of depth, but argued that it was still the most 

efficient approach for detecting resistivity changes inside the core of the embankment. 

Drilling within the embankment should be avoided as it may compromise its structural 

integrity (Johannson and Dahlin, 1996). However, if there are already standpipes in the 

dam, borehole resistivity can provide excellent resolution of the precise boundary across 

which seepage occurs (Sjödahl et al., 2009).  

Early adopters of ERI as an embankment monitoring tool took repeated 2-D 

resistivity “snapshots” of the embankment in the same location and looked for areas of 

low resistivity (Johansson and Dahlin, 1996; Binley et al., 1999). A more sensitive 

approach is to employ permanent installations to measure seasonal variability more 

frequently. Hällby dam in Sweden, appears to have been the first embankment to be 

successfully monitored for seepage using ERI. ERI has been used there since 1996 with 

several papers published about the data gathered (Johansson and Dahlin, 1998; Johansson 

et al., 2000; Sjödahl et al., 2003; Sjödahl et al., 2004; Sjödahl et al., 2008). Temporary 

arrays were used for several years before a permanent system was installed in 1999. 

Seepage flow estimates were extracted from repeated resistivity measurements through 

two methods: (i) analysis of the time delay (lag time) between the resistivity cycle in the 

reservoir and the embankment and (ii) from variations in resistivity in the dam 

normalized by variations of resistivity in the reservoir (Johansson and Dahlin, 1998). 

Sjödahl et al. (2008) used seasonal variations in median-normalized resistivity to locate 

zones of seepage. Johansson and Dahlin (1996), using repeated survey measurements at a 
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second Swedish dam, the Lövön dam, compared the results between seepage estimates 

based on temperature methods and resistivity measurements and found comparisons 

between the two methods to be in agreement. A section showing normalized seasonal 

resistivity variations below the crest of the dam is shown in Figure 1.2, with the large red 

zone at depth representing high variability in resistivity over the course of a year, a 

probable location for anomalous seepage. Similar permanent installations have been used 

at other hydroelectric dams in Sweden, the Moforsen dam (Johansson and Dahlin, 1996) 

and the Sävda dam (Dahlin et al., 2001; Sjodahl et al., 2008).  

 
Figure 1.2: Normalized resistivity variation along crest of Lövön embankment dam over the course of one 
year (Johannson, 1997). 

 

ERI monitoring has been successfully employed to create a 4D model exploring 

the moisture dynamics within an aging railway embankment, as preferential erosion due 

to rainfall can cause heterogeneous subsurface conditions leading to embankment failure 

(Chambers et al., 2014). This was done by using tightly spaced electrode lines on both 

slopes of the embankment as well as on the crest, running parallel to the tracks. Recently, 

resistivity tomography was used to monitor suffusion processes within an embankment 

(Masi et al., 2020). Resistivity data were used to calculate porosity changes using an 
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empirical relationship between fundamental material properties (porosity, water 

saturation, pore water conductivity) and measured resistivity known as Archie’s law. 

Zones of higher erosion than the background were detected and confirmed through the 

method.  

Limitations of the resistivity method for seepage investigations include reduction 

in resolution with increasing depth of investigation, and the inability to separate 

differences in effects from water temperature, total dissolved solid (TDS) concentrations 

and changes in saturation. Also, if internal erosion has occurred, the washing out of clays 

will increase resistivity, while increased porosity and saturation will decrease resistivity 

so the net effect of internal erosion on resistivity is hard to predict (Johansson and Dahlin, 

1996). Certain electrode arrays are designed to provide better resolution with depth, but 

what is required in this case is high signal to noise ratio for a relatively shallow depth. 

Experimentation and optimization of electrode array measurement sequences by 

modelling is necessary to determine what works best in a survey to image necessary 

features (e.g. Uhlemann et al., 2018). Estimation and assignment of measurement 

uncertainties/errors is also critical to obtaining sensible results (e.g. Zhou and Dahlin, 

2003), especially in time-lapse surveys.  

 Three-dimensional resistivity surveys are carried out with a grid of electrodes, 

utilizing measurements along lines and across lines to provide adequate lateral coverage 

of resistivity imaging which 2-D surveys do not provide (Loke and Barker, 1996). This is 

especially important in a zoned embankment where strong 3D effects result from extreme 

resistivity differences between the conductive clay-till core and resistive rockfill 

materials. Resistivity monitoring using a three-dimensional areal array is very uncommon 
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in embankments but is necessary to localize concentrated seepage along a slanted 

boundary such as the abutment of interest in this study. 

To view changes with time, it is necessary to take ratios of resistivities from 

surveys at different time periods. However, taking ratios between independently inverted 

surveys is susceptible to the production of artifacts because surveys are not biased 

towards being similar to one another (Miller et al., 2008). Time-lapse inversion is a 

method which inverts multiple datasets together to minimize artifacts and gives a more 

reliable image of change between models. The largest limitation with 4-D resistivity 

tomography in the past was the inversion process (Johansson, 1997; Loke, 2018), but in 

the past decades, with increasing computing power, the advent of new sophisticated 

inversion techniques has made incorporating temporal information into inversions 

possible (e.g. Hayley et al., 2011). An explanation of inverting field data to infer true 

resistivity variations in the subsurface is reviewed in section 3.31. 

1.3 Research Goal and Objectives 

In this study, a 3D resistivity array has been employed on the downstream side of 

the Mactaquac Generating Station’s earthen embankment, at the boundary with its 

concrete abutment. A data collection and processing flow has been developed in order to 

observe seasonal changes in resistivity, in particular areas of concentrated resistivity 

change that may correspond to areas with anomalous seepage. The main goal of this 

research is to create a stable, semi-automated monitoring system with sufficient 

sensitivity to provide early detection of localized water seepage pathways. The specific 

objectives of this research are to: 1) design and commission a 3D electrical resistivity 

monitoring system with high resolution, depth of investigation and signal-to-noise ratio, 

focused on the embankment-abutment interface; 2) develop a reliable processing flow to 
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ensure repeatability and quality control of data; 3) compare survey results from different 

times of the year to identify localized seasonal variations in resistivity; 4) interpret the likely 

origins of resistivity anomalies and assess whether any can be explained by concentrated 

seepage particularly through the core in the abutment region. 

The thesis is divided into five chapters. Chapter 1 serves as an overview and 

introduction. Chapter 2 outlines the research site and past abutment seepage research 

conducted at Mactaquac. Chapter 3 serves to explain the methodology, including what 

has been learned regarding best practices for acquiring and inverting ERI long-term 

monitoring data from the dam. Chapter 4 presents results of the 3D ERI “snapshots” and 

time-lapse resistivity image ratios, along with interpretations of the probable causes of 

resistivity variations over time in the system’s first year of operation. Results and 

recommendations are summarized in Chapter 5. Several appendices are also included to 

present details which do not fit within the confines of the main body of the document. 

Given the many gradual improvements to the system made over this time period, it is too 

soon to make conclusions on whether concentrated seepage has been identified, but 

encouraging results are presented, providing impetus for ongoing monitoring and 

research using the system.  
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2.0  Site Description and Background 
 

2.1 Study Area: Mactaquac Generating Station 

 The Mactaquac Generating Station (Figure 2.1), commissioned in 1968, 

comprises several structures. Four mainly concrete structures exist: the powerhouse, 

intake structure, main spillway and diversion sluiceway. The embankment is roughly 

500 m long and its height above its toe is ~32 m, with a maximum height of 58 m above 

its foundation (NB Power, 1987). It is composed of a locally sourced clay till core and 

rock-fill coarsening outward (explained further in section 2.2). The station has the 

capacity to generate 670 MW of renewable energy, and it supplies roughly 12% of New 

Brunswick’s power demand (NB Power, 2014). In the decades following its opening, an 

issue with the aggregate used for the concrete structures was discovered. Alkali-

Aggregate Reactivity (AAR) is causing expansion of the concrete which can undermine a 

structure’s integrity. 

 The following description of AAR is adapted from Fournier and Bérubé’s (2000) 

review on alkali-aggregate reactions in concrete where they focus on Canadian examples 

of the phenomenon. AAR is a deleterious process which occurs within concretes with 

microcrystalline silica or carbonate present in the aggregate. The type of AAR which is 

found at Mactaquac is ASR, an Alkali-Silica Reaction. The pore solution of the concrete 

is filled with highly basic fluid containing dissolved alkali hydroxides, KOH and NaOH. 

The principle aggregate used for the concrete structures at Mactaquac was locally sourced 

greywacke, which has a high silica content in the form of microcrystalline quartz. The 

reaction between the microcrystalline quartz and this alkali solution forms an alkali-silica 

gel. This hydrophilic gel then accepts more pore water and gradually expands, cracking 
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the surrounding concrete as pressures exceed its tensile strength. This in turn provides the 

reaction with more fluid and allows the gel to spread through crack networks. Eventually 

the entire structure experiences significant expansion.   

The Diversion Sluiceway (Figure 2.1) is the concrete structure of concern in this 

study; the upper part of this structure includes five metal sluice gates, while the lower 

part is entirely concrete. This causes the upper part to expand less than the lower part 

(NB Power, personal communication). The effects of the differential expansion on the 

seal between the abutment and the adjacent embankment are unknown at this time, but it 

is possible that seepage paths could develop along the interface if the clay till core does 

not entirely conform to the deforming concrete face. The electrode array, deployed for 

resistivity monitoring, was situated as close as possible to this boundary overlapping with 

SP electrodes from a previous study to attempt to locate any areas of concentrated 

seepage.   

 
Figure 2.1: Overview of main structures at the Mactaquac Generating Station and location of survey area. 

Main Spillway 

Intake Structure

Powerhouse
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Rock Island 



 

16 

2.2 Structure of Embankment and SEP Boundary  

The earthen embankment at the Mactaquac Generating Station includes a clay-till 

core (Figure 2.2). According to as-built drawings obtained from NB Power (Appendix 

A), the core thickens at its northern end to wrap around the inclined concrete “nose” of 

the SEP (South End Pier) of the Diversion Sluiceway. According to Keenan (1969), the 

well-graded till used for the core was excavated from a pit located about 1.4 km 

northwest of the dam. It consisted of 24% gravel, 27% sand, 31% silt and 18% clay. The 

rock fill materials were obtained by excavations of the immediate surrounding 

metamorphosed Silurian bedrock to make space for the concrete structures of the 

Generating Station. The rock consists mainly of greywacke and slate (Conlon and 

Ganong, 1966). The rockfill shell is divided into subtypes based on gradation of the rock. 

The transition zone, acting as a filter around the core, is made up of very fine rockfill. 

Following requests by NB Power to raise the maximum headpond (reservoir of water 

held back by the embankment) level from 130 ft (39.6 m) elevation to 133 ft (40.5 m) 

elevation in order to decrease the likelihood of air being pulled into the turbine system of 

the generating system and causing damage (which could occur below 128 ft (39 m), (NB 

Power, 1983)), the core was raised in 1983 from an elevation of roughly 135 ft (41.1 m) 

to 138 ft (42.1 m). The headpond level typically varies annually in a narrow range, from 

132-133 ft (40.2-40.5 m) elevation. Note that these are all geodetic elevations.   
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Figure 2.2: Cross section of the upper part of the embankment dam 100 ft (30.5 m) from its interface (at the 
crest) with the South End Pier (SEP) of the diversion sluiceway. This section, which pre-dates the core-
raising of 1983, extends from 70 ft (21.3 m) to 138 ft (42.1 m) elevation. Note that the toe of the dam is 
considerably lower at an elevation of 32 ft. (9.8 m) (NB Power, 1967) 

 
The position and shape of the abutment in relation to the Diversion Sluiceway are 

shown by Figure 2.3. The main features of interest are the hoist shaft, as well as the SEP 

and wingwall, both of which dip below the embankment. These concrete structures 

contain an unknown amount of rebar which may locally elevate their electrical 

conductivity where present. The nose of the SEP dips at a 56.8ᵒ angle underneath the 

electrode array on the embankment, and the effects of the conductive concrete can be 

seen at large depths below electrode lines closest to the SEP. 

The main concrete faces are defined as planes in Figure 2.4. The inferred location 

of the outer core boundary as inferred from embankment cross-sections in Appendix A 

(pre and post core-raising) is also shown in this image.  
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Figure 2.3: CAD model showing overview of concrete structures including the SEP, Wingwall, Hoist Shaft, 
Diversion Sluiceway and Bridge. 

 
Figure 2.4: 3D view of the important concrete structures and downstream face of the clay-till core, 
represented as planes in the Paraview visualization software package. 

2.3 Past Seepage-related Research  

Prior seepage-related research at the Mactaquac dam includes investigation of the 

SEP concrete and its interface with its embankment by drilling/coring, borehole GPR and 

Hoist  
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borehole seismic methods (Giroux et al., 2011, Butler et al., 2019), a three year self-

potential (SP) study (Ringeri et al., 2016) and a temperature monitoring study (Yun, 2018; 

Yun et al., 2018). SP is a passive geophysical technique which measures electric potential 

at the surface without injecting current into the earth. Natural current flows are created 

within the earth by fluid flow due to advection of positive charges in the outer (mobile) 

portion of the electrical bubble layer or along the walls in pore spaces or the electrokinetic 

effect (Bearnish and Pert, 1998), and these are measured at surface using non-polarizing 

electrodes. Fluid flows associated with concentrated seepage would produce SP anomalies 

within the embankment which may be detected as anomalous voltage drops across 

electrodes at surface provided that the measurements are sufficiently sensitive. Thirty (30) 

Pb/PbCl2 electrodes were installed on the downstream slope of the dam. Field data showed 

a toe-to-crest SP pattern (higher potential at the toe than at the crest of the dam) on the 

downstream face of the dam, which suggested the presence of seepage through the 

foundation underlying the dam. Finite element modeling confirmed that this was the likely 

source of these anomalies (Ringeri et al., 2016). This crest to toe anomaly varied somewhat 

with distance from the concrete abutment, and varied seasonally. It was unclear whether or 

not this could be explained by seepage along the embankment-concrete interface.  

An example of the SP data is shown in Figure 2.5. September to November was 

chosen as a stable period for averaging the SP field as rainfall, spring freshet and ground 

freezing can cause large SP anomalies at other times of the year. Ringeri et al. (2016) noted 

that the strong positive toe to crest SP field can be explained by bulk seepage through the 

dam’s foundation.  
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In the temperature monitoring study (Yun, 2018; Yun et al., 2018), a fibre optic 

distributed temperature sensing (DTS) system was installed in an inclined borehole in the 

concrete SEP, offset approximately 50 cm from the interface with the earthen embankment 

dam. Temperature profiles were averaged over 10 minutes, at 30 minute intervals. 

Temperature monitoring relies on the expectation that increased seepage will locally 

disrupt natural temperature fields and seasonal temperature change within dams. Temporal 

variations in temperature were modeled using a 3D finite element model (Trefry and 

Muffels, 2007). 

 
Figure 2.5: Comparisons of Sept-Nov averaged SP profiles in a) 2013 and b) 2014 and c) 2015 showing 
strong repeatable toe to crest anomaly (from Ringeri et al., 2016). 

 

Yun et al. (2018) simulated temperature variations at the sluiceway-embankment 

boundary for several different seepage scenarios, including (i) bulk seepage through the 

embankment, (ii) concentrated seepage through horizontal cracks in the concrete and, (iii) 

concentrated seepage confined to the embankment-concrete boundary. These estimates 
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were compared to measured temperature profiles to investigate how observed changes 

could be explained. Figure 2.6 shows simulated temperatures at the embankment-concrete 

boundary for the case of bulk seepage through the embankment at two different times of 

the year (July 1 and Dec 1, 2016). Such plots are of interest for estimating anticipated 

temperature-related resistivity variations in the embankment in the absence of concentrated 

seepage.  

 

 
Figure 2.6: Simulated temperature variation at the boundary between the sluiceway and the embankment 
dam in the case of bulk seepage on July 1 and Dec 1, 2016 (Yun, 2018). 

 

Through the temperature monitoring, two seepage related anomalies were 

discovered (Figure 2.7). The deeper anomaly, centered at an elevation of 95 ft., was 

determined through modeling to be caused by seepage through the concrete and was 

subsequently targeted and greatly reduced by focused grouting. The shallow anomaly, 

between approximately 116 and 120 ft elevation could not be explained by modeling 

horizontal fractures through the concrete. It might have been explained by steeply 
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dipping fractures near the borehole which were not considered in this study but it was not 

possible to rule out the possibility of a contribution from concentrated seepage occurring 

along the adjacent interface with the clay-till core. The resistivity monitoring program 

presented in this thesis, was largely motivated by an interest in determining whether this 

shallow seepage zone extended into the clay till core or was confined to cracks in the 

concrete.    

 
Figure 2.7: Daily average borehole DTS temperature profile in mid-February, 2017 (red) and mid February, 
2018 (blue). Grouting of concrete during the summer of 2017 eliminated the deeper anomaly indicated by 
the red arrow, and reduced but did not eliminate the shallower anomaly attributed to seepage between the 
two dashed orange lines. (Figure from Yun (2018)) 
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3.0  Methodology 

3.1  Electrical Resistivity Measurements 

Electrical resistivity is a material’s resistance to current flow per unit area. It is 

the reciprocal of electrical conductivity, which is a material’s ability to transport 

electrical charge. Resistivity ρ is a material property, meaning that it remains constant 

when the dimensions of the material are changed. For example, a wide rectangular prism 

of specific composition will have the same resistivity as a narrow cylinder composed of 

the same material. The resistance of these two objects will differ as one has a greater 

cross-sectional area than the other, meaning more area for charged particles to move 

through.  

      Field measurements for resistivity are traditionally carried out with a 4-electrode 

array such as those shown in Figure 3.1. Two electrodes are designated as current 

electrodes, used as source and sink for a controlled steady (or low frequency, e.g. 1 Hz) 

current I. The other two are the potential electrodes, between which the voltage (potential 

difference) is measured. If the subsurface is homogeneous and isotropic, and the current 

electrodes are treated as points at surface, the resistivity of the subsurface can be 

calculated using principles of current flow symmetry and a variation of Ohm’s law (Loke, 

2018), shown by equation 3.1.  
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where 

ρa is the apparent resistivity  

ΔV is the potential difference 

I is the current, and  

k is a geometric factor which depends on relative electrode locations ( with rcmpn 

representing the distance from current electrode m to potential electrode n). 

 

This equation gives the true resistivity in the ideal case of a homogeneous 

subsurface only. In reality, the subsurface is never perfectly homogeneous, so we denote 

the value calculated as an apparent resistivity. The measured apparent resistivity is a 

complex averaged measurement of a volume of subsurface depending on electrode 

positions and resistivity structure in the region of sensitivity. Electrical Resistivity 

Imaging (ERI) surveys make use of many measurements which have sensitivity to 

overlapping areas in the subsurface and “invert” them together to build an estimate of the 

true subsurface resistivity distribution. A discussion of geophysical inversion is provided 

in Section 3.1.  

In linear electrode arrays, the base spacing between each subsequent electrode is 

denoted as the unit electrode spacing s. For ERI surveys, it is common to begin with the 

active electrodes closely spaced and make all available measurements along the line with 

that spacing before increasing the spacing to 2s, 3s and so on to increase effective depth 

of exploration. This is the sequence of acquisition for the Wenner array (Figure 3.1(a)) 

where the spacing a between active electrodes is increased from s to 2s, 3s, etc. For the 

dipole-dipole and pole-dipole array types (Figures 3.1(b) and (c)) it is also common to 
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increase depth of exploration (and vary lateral sensitivity) by using different integer 

values of n to increase the distance na between where current is injected and voltage 

difference is measured without changing the dipole length a. At Mactaquac, for each a 

spacing we use values of n ranging from 1 to 6, subject to limitations imposed by array 

line length. As we increase both a and n, we increase sensitivity to depth in the 

subsurface.  

For four-electrode arrays, reciprocal measurements can be used. The reciprocity 

principle states that when interchanging current and potential electrodes in an array type, 

the voltage drop should remain the same (Zhou et al., 2003). This provides an 

independent check on a measured apparent resistivity and can reveal if there are 

systematic sources of noise associated with the instrumentation or wiring, which is 

impossible to assess through repeatability of measurements. However, arrays employing 

very large separations between current electrodes (such as the pole-dipole array) do not 

lend themselves to reciprocal measurements because of the large ambient 

(environmental) noise expected when the potential electrodes are located very far apart.  

Different electrode array types possess differing strengths and weaknesses. For 

this work, Wenner, dipole-dipole and pole-dipole arrays were employed as illustrated in 

Figure 3.1. Wenner and dipole-dipole array types have all four electrodes within the 

survey area, whereas the pole-dipole array makes use of a remote electrode for the return 

current. The Wenner array type has relatively good vertical resolution below the centre of 

the array, good signal to noise ratios and can make use of reciprocal measurements for 

error estimates, but does not have much lateral sensitivity and median depth of 

exploration (Herman, 2001). The dipole-dipole array type is highly sensitive to lateral 
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changes in resistivity, but has relatively poor signal to noise ratios at large n-values and 

poor vertical resolution. Depth of exploration is shallower than the Wenner array (Loke, 

2018). Pole-dipole electrode arrays use two potential electrodes and one current electrode 

within the survey area and one current electrode placed at a great distance from the 

others: at least 5-10x the maximum a-spacing (Razafindratsmia and Lataste, 2014). 

Advantages of this array type include good lateral coverage, high sensitivity at the end of 

lines, increased depth of investigation compared to the Wenner and dipole-dipole arrays, 

and a significantly higher signal strength compared to the dipole-dipole array (Loke, 

2018). Also, because the remote electrode is so distant, it can be driven more deeply, 

and/or composed of multiple electrodes connected in parallel, thereby greatly reducing its 

contact resistance and allowing larger currents to be injected into the ground which in 

turn improves the signal strength of ΔV. However, as explained above, the pole-dipole 

array is not well-suited to perform reciprocal measurements and must rely on other 

estimates of measurement error.  

 

Figure 3.1: Electrode array types used in this study, C1 and C2: current electrodes, P1 and P2: potential 
electrodes. 
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3.2 Field Methods 

Most core components of the resistivity array at the Mactaquac Generating 

Station were installed between June and December, 2018. However, frequent visits to the 

site followed for testing, troubleshooting and improving the system and retrieving data. 

The following subsections 3.21-3.27 deal with the specifics of preparation and 

installation of the array and its subsequent expansion beneath the roadway, as well as the 

diagnosis and mitigation of noise issues pertaining to data collection. Note that the steel 

rods purchased to construct electrodes were dimensioned in imperial units, being 5/8” 

(1.5875 cm) in diameter by 12 ft (3.66 m) length. Any measurements concerning 

electrodes are therefore given in imperial units.   

  3.21 Electrode Array 

For electrodes, the 5/8” diameter marine grade (type 316) stainless-steel rods were 

cut into 76, 3 ft (0.91 m) long pieces with dull points, machined on one end. These 

relatively long electrodes served to lessen contact resistances in the blocky rockfill cover 

on the back of the dam and partially mitigate the effect of ground freezing in winter. Two 

km of 16-AWG, 19-strand hard rolled copper field wire with a blue high-density 

polyethylene jacket was used to wire the array. To attach wire to the electrodes and 

waterproof the connections 5/8” stainless steel hose clamps, 8 rolls of 3M 33+ electrical 

tape and 3m all-weather self-vulcanizing rubber mastic tape were used.  

 Measuring distance from the wingwall concrete, two lines were staked out at a 

10 m spacing creating two 57 m long lines on the downstream surface of the embankment 

(Figure 3.2), parallel to three existing lines of Pb/PbCl2 electrodes used in a prior SP 

study (Ringeri et al., 2016). A single-line test survey with 3/8” diameter electrodes 1 ft 
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long was conducted on Line 2 on August 1, 2018 to obtain a single snapshot of resistivity 

for the summer before installation finished. Contact resistances (and consequently the 

data) were quite poor, so the choice of much longer and thicker electrodes was justified.  

In July of 2018, installation of electrodes on the slope began and was completed 

during multiple visits over several weeks. This was accomplished using a Honda 2000W 

generator, a Hilti TE70 electric hammer drill, one 3 ft long 5/8” drill bit and one 1.5 ft 

long 5/8” drill bit. To ensure that the holes were as perpendicular to the slope as possible, 

first a 1.5 ft hole was drilled with the shorter bit, and then subsequently using the same 

starting hole the 3 ft bit was used to reach desired depth. To lower contact resistances, 

bentonite mud was injected into each hole using a large grease gun. The electrodes were 

then hammered into the holes using a small metal mallet. All electrodes were flagged 

with bright yellow tape to aid in finding them. Seventy electrodes were drilled into the 

slope with a pair of ground electrodes added at the dam crest 20 m away from line 5.  

A pair of remote electrodes were also installed using the same method roughly 

550 m away at the other end of the embankment (Figure 3.3). The first set were installed 

in November 2018 on the crest at the south end of the embankment, just beside the 

downstream jersey barrier. They were wired using the same polyethylene jacket wire as 

the main electrode array, but the 550 m length of wire broke during February, 2019 in the 

ice along the embankment. It was repaired when the ice melted in April of that year. A 

second pair of remote electrodes were installed in November, 2019 using armored cable 

to abate this problem, and has been used as the remote electrode ever since (Figure 3.3).  
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Figure 3.2: Overview of electrode array on the downstream embankment slope. Locations and spacings of 
SP electrodes (tarps + blue arrow), stainless steel electrodes (red triangles + red arrow) and instrument 
enclosure (green rectangle) denoted. Distance from hoist shaft and wingwall to L1 also shown. 
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Figure 3.3: Locations of the two remote electrode sites used at the south end of the embankment. Remote 1 
was used from December 2018 - November 2019, and Remote 2 has been used from November 2019 to 
present. 

  3.22 Resistivity Instrument Enclosure  

To protect the instrumentation and limit the temperature range to which it was 

exposed, an enclosure (Figure 3.4) was constructed and attached to the south railing on 

top of the hoist shaft as shown in Figure 3.2. The enclosure was fitted with a fan to avoid 

overheating in the summer months. To combat condensation during winter, a heater was 

installed, with several packages of silica to absorb any residual moisture. The heater and 

the fan are both AC-powered. The resistivity meter is the model 4pointLight10W 
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manufactured by Lippmann (LGM), which is a low-power resistivity meter with a 

maximum output voltage of 380 V (peak to peak) and an output current range of 1 µA to 

100 mA subject to a maximum power output of 10 W. The accuracy of the instrument is 

0.2% (Lippmann, 2014). It is capable of frequencies from 0.26-30 Hz. A frequency of 5 

Hz was used for this study. The resistivity meter is powered through an external 12 V 

battery. Initially this was manually recharged using a 20 Ah battery kept inside the same 

enclosure. However, in July, 2020, it was replaced by a 52 Ah battery housed in a second 

enclosure which was automatically recharged using a 100W solar panel connected 

through a solar power controller (SunSaver SS-10L-12V). The interface between the 

meter and the electrodes was a set of four (sometimes five) specially made 24-channel 

switchboxes containing amplifiers and individually-addressable switches, which allowed 

the resistivity meter to be programmed to specify the pair of electrodes used to inject 

current and the second pair used to measure ΔV for each measurement. These were daisy 

chained together before being connected to the meter. The individual wires coming from 

each electrode (blue wires visible in Figure 3.4) were connected to three terminal strips 

mounted on the backplate of the enclosure. The electrode connections were in turn 

conveyed from the terminal strips to the switchboxes via three 9-pin (8 active) Dsub 

connectors per switchbox.  

 The electrode wiring harness for each switchbox comprised three eight-conductor 

pigtails, each soldered to a 9-pin Dsub connector of the type used for computer serial 

ports. The conductors were colour coded using multi-coloured electrical tape (schematic 

can be found in Appendix B). The enclosure itself is repurposed from its former use with 

a seismic system. It is constructed from aluminum and insulated with styrofoam. A 0.5” 
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piece of clear plastic was cut to size and screwed into the backplate of the enclosure using 

holes intended for shelving. Three rows of terminal strips were attached to the plastic 

using two-sided Gorilla brand mounting tape. Brackets to fix the enclosure to the railing 

on the hoist shaft were constructed out of ¼” thick aluminum flatbar.  

In late August, wiring of the array was started.  Wires were manually extended 

down the embankment slope (as shown in Figure 3.5) to each steel electrode where the 

wire was stripped, and wound around the hose clamp which was tightened on the 

electrode using a screwdriver (Figure 3.6). This was then covered in a layer of self-

vulcanizing rubber mastic tape and subsequently by electrical tape. At the top of the 

embankment, the length of wire was measured out to ensure that there was enough wire 

to travel up a future conduit and into the enclosure. Individual wires were labeled using 

white electrical tape and a marker. The electrodes and labeling convention can be seen in 

the wiring diagram in Appendix B. In late October, 2018, the wire was inserted into 

roughly 1200 m of 0.5” diameter wire loom to protect it from the sun, sharp rock and the 

winter elements.  
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Figure 3.4: Labelled layout of enclosure, showing incoming electrode lead wires (mostly blue) connecting 
to the terminal strips which in turn connect to the switchboxes that connect in series to the resistivity meter. 
The yellow rectangle refers to the terminal block receiving 12V power from the solar controller in another 
enclosure. The heater and fan both use AC power. 
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 At the end of October, the enclosure was installed at the dam and AC power was 

installed through an existing hole in the bottom of the enclosure. The following week, a 

3 m long section of 1.5” liquid tight conduit was attached to the bottom of the enclosure 

and all 100 electrode wires were pushed through manually, 70 from the newly installed 

stainless steel electrodes, and 30 from the pre-existing electrodes which had been routed 

through a junction box mounted on the hoist shaft wall directly below the resistivity 

system enclosure. From the middle of November to the first week of December, wiring of 

the enclosure took place over several trips, with each wire having to be cut to length, 

relabeled and screwed into the appropriate slot in the terminal strips. Wiring of the 

enclosure was completed on the 12th of December, 2018. 

 
Figure 3.5: a) – Method used to spin wire off of spools, using two wooden chairs; b) labelling and trimming 
wire to be fed into the enclosure at a later date. 
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Figure 3.6: Wire attached to electrode by hose clamp. 

  3.23 ERI Sequence Design  

From December 2018 to March 2019, data were collected separately on each line 

and inverted in 2D. The data consisted of a pole-dipole (Figure 3.1c) sequence of 224 

measurements on lines 1, 3 and 5, and 460 measurements on line 2 and 4. These were 

done in both a forward fashion (current electrode C1 upslope) and reverse fashion 

(current electrode C1 downslope) to provide symmetrical sensitivity patterns, especially 

at either end of each line (Loke, 2018). The pole-dipole array was chosen because it has 

relatively high lateral resolution, relatively high sensitivity at the ends of lines and a 

relatively large depth of exploration is available from short lines. The depth of 

exploration referred to here, also known as the median depth of investigation, is the depth 

at which half of the current flows above and half below in a homogeneous halfspace 

(Edwards, 1977). Lines with exclusively stainless steel electrodes had roughly twice as 
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many measurements because we did not inject current through the SP electrodes. The 

survey on each line took 30-50 minutes to complete. From June 2019 - October 2019, we 

began collecting all five lines of data together in one survey, for a total of 1576 pole-

dipole measurements, requiring roughly 2 hours per survey. In the beginning, data lacked 

consistency, and we needed to determine the nature of repeatability issues. 

The cause of this issue was identified in September, 2019 as a current regulation 

problem associated with very large anthropogenic noise voltage (probably caused by 

unbalanced powerline currents flowing into the ground, e.g. Butler and Russell (2003)) 

present across the current dipole when using a remote current electrode. As shown in 

section 3.25, the problem was worst when making pole-dipole array measurements at the 

smallest electrode spacing (a=3 m, n=1), for which the applied transmitter voltage was 

set relatively low (to avoid over-driving the resistivity meter’s receiver circuitry. To 

avoid this problem, we replaced the smallest spacing pole-dipole measurements with 

Wenner Array (a=3m) and dipole-dipole array (a=3m, n=1-5) measurements, and forced 

the resistivity meter to use a minimum current of 5 mA for all larger electrode arrays, 

thereby forcing it to apply an elevated transmitter voltage.  

Once this issue was resolved we began collecting multiple datasets per day in 

order to come up with error estimates for data to reject outliers, and to average datasets to 

improve data quality (signal-to-noise ratio). In October 2019, for a few months, data was 

collected at 4-hour intervals for several days at a time. At times when we would be away 

from the field for an extended period, data was collected at 12-24 hour intervals. This 

was deemed acceptable as we are only looking for bulk seasonal changes in resistivity.  
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After we were comfortable with the repeatability of the pole-dipole 

measurements, we added crossline and off-line measurements and a Wenner and dipole-

dipole sequence in order to obtain some reciprocal measurements and improve lateral 

coverage (between survey lines). The reciprocity principle in a geophysical sense states 

that if the exact locations of the source and receiver are exchanged, the measurement 

should be the same as in the normal sense. This yields an independent measure of error 

within the measurement system. Currently, the sequence is 6129 measurements long and 

takes roughly 4 hours to complete. The evolution of the measurement sequence is 

outlined in Table 3.1, with Table 3.2 outlining the current sequence in terms of array 

types, a and n  values. A diagram depicting the electrode array geometries being used in 

the current sequence is shown in Figure 3.7. 

 

Table 3.1: Changes in resistivity imaging sequence design over the course of the project 

Date   Arrays Used/Modifications Made 

December 2018 – June 2019  Single line surveys only, mainly testing 
array 

June – October, 2019  All 5 lines collected at once using a pole‐
dipole array, single day surveys 

October 2019 – November 2019  System monitoring, collection multiple 5‐
line pole‐dipole surveys per day for 
several days biweekly 

November 2019 – February 2020  Inclusion of inline Wenner (a = 3‐6 m) and 
dipole‐dipole (a = 3 m, n =1‐6) arrays into 
the monitoring routine 

February 2020‐Present  Inclusion of offline and crossline pole‐
dipole measurements into the routine as 
well as crossline Wenner.  
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Table 3.2: Current layout of electrode array, with array types, a and n values and 
effective depths  

Array  Geometry  a(m)  n values  z‐eff. (m) 

P‐D  Inline + Offline  3  2‐6  2.8‐7.4 

P‐D  Inline + Offline  6  1‐6  3.1‐14.9 

P‐D  Inline + Offline  9  1‐4  4.7‐15.4 

P‐D  Inline + Offline  12  1‐3  6.2‐18.8 

P‐D  Inline + Offline  15  1‐2  7.8‐13.9 

P‐D  Inline + Offline  18  1‐2  9.3‐16.7 

P‐D  Inline + Offline  21  1  10.9 

P‐D  Inline + Offline  24  1  12.5 

D‐D  Inline  3  1‐6  1.4‐5.2 

WEN  Crossline  5  NA  2.6 

WEN  Inline  3  NA  1.6 

WEN  Inline  6  NA  3.1 
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Figure 3.7: Electrode array types used currently and their relative geometry. Solid and open circles 
represent steel and SP electrodes respectively (the latter not used for current injection). Electrodes are 3 m 
apart along lines, with lines 5 m apart. 
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  3.24 Contact Resistances 

Achieving low contact resistances between electrodes and the embankment 

materials is important to allow larger currents to be driven into the ground, improving 

signal quality. Contact resistances were measured by the resistivity meter using a built-in 

function that compared the total resistances between three electrodes RAB , RAC and RBC 

to solve for individual electrode contact resistances RA, RB and RC. Measurements were 

made on a twice monthly basis, and a complete table and graphs of all contact resistances 

are shown in Appendix C. Contact resistances were lowest at the top of the embankment 

and increased down the slope where the surficial rockfill was coarser, occasionally 

requiring electrodes to be drilled directly into boulders. A trend of increasing contact 

resistance in the colder months is observed as the ground freezes and its resistivity rises. 

The greater the contact resistance of the ground, the more transmitter voltage VMN must 

be applied across a pair of electrodes M and N to generate a given current I. When the 

resistance is too high, even the maximum amount of voltage the meter can apply (380 V 

peak-to-peak) cannot drive the minimum current required to produce a stable 

measurement of resistance RMN = VMN/I. This increased the number of failed (“open 

circuit”) measurements experienced during the winter months and was the inspiration to 

use longer electrodes beneath the roadway. From December to June, contact resistances 

were found to vary by as much as 40 kΩ at certain electrodes, especially at the bottom of 

the slope in very rocky material.  

 Two graphs of contact resistance variability for electrodes 9 and 32 over the 

course of a year are given by Figures 3.8 and 3.9, showing a similar trend of increasing 

contact resistance in the winter, doubling in the case of electrode 9, and increasing by 
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700% in the case of electrode 32. Figures 3.10 and 3.11 show histograms of contact 

resistance from 9 survey dates from 2019 and 2020 respectively. There is a definite trend 

of lower contact resistance in the spring, and a large increase in failed measurements 

(which the meter classified as overloads) in the winter.  

 
Figure 3.8: Variation in the contact resistance of electrode #9 (9th electrode from the top of line 1) between 
Jan 18, 2019 and Sept 24, 2020. 

 
Figure 3.9: Variation in the contact resistance of electrode #32 (12th electrode from the top of line 2) 
between Jan 18, 2019 and Sept 24, 2020. 
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Figure 3.10: Histogram of contact resistances over time for nine select dates in 2019. 

 
Figure 3.11: Histogram of contact resistances over time for nine select dates in 2020. 
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  3.25 Discovery and Mitigation of Current Regulation Issue 

After seeing large resistivity discrepancies (>10-25% difference in over 10% of 

measurements) in successive surveys during the summer of 2019, we began investigating 

why and how data were expressed so differently between surveys. Even after taking great 

care to avoid using an electrode as a potential electrode too quickly after passing current 

(to avoid polarization effects) as outlined in Dahlin (2000), repeatability issues persisted. 

On July 11, 2019, two successive pole-dipole surveys yielded 200 repeat measurements 

that differed by more than 10%. This was especially confusing given that the repeatability 

of consecutive rapid readings (at 5 Hz) during each individual survey were better than 

1%. After careful inspection of the two surveys, it was noticed that many of the largest 

discrepancies occurred at the smallest electrode spacings (a=3, n=1) (see Figure 3.1c), 

which would normally have the highest signal to noise ratios. This was the key finding to 

beginning to understand the issue, as nearly all these measurements required only 1mA of 

current, and therefore small transmitter voltages, to obtain the minimum ΔV value of 10 

mV targeted for each measurement.   

Originally it was assumed that there were some mislabeled wires or that some 

wire had been switched accidentally on the terminal strip or connectors in the enclosure. 

This was ruled out after manually checking each electrode with a voltmeter and a long 

wire lead. Instead the cause was determined after manually taking numerous repeat 

resistivity measurements a few seconds apart using a small (a=3 m, n=1) pole-dipole 

array at the top of line 2 and finding that they differed by up to 10%, even though the 

voltage drops being measured were considered sufficiently large (>10mV) to overcome 

the voltage noise expected across the small (3 m long) potential dipole. This lead us to 
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suspect that the instability seen in ΔV/I measurements was not a consequence of error in 

the measurement of ΔV but rather a result of instability in the current I being applied to 

the current dipole by the transmitter of the resistivity meter. The stability of applied 

current is normally taken for granted in modern resistivity instruments, but the use of a 

pole-dipole array with a remote current electrode more than 500 m from the survey area 

in the presence of strong electrical field noise from the power station represented 

unusually challenging operating conditions. Indeed, the measured ambient voltage noise 

between an electrode in the survey array and the remote current electrode ~500 m away 

was ~8 V RMS (probably mostly at the fundamental frequency of 60 Hz) which was 

comparable to the voltage that the transmitter was applying to drive enough current to 

give the target voltage drop of 10 mV at the smallest electrode spacing.  

We tested this hypothesis of a current regulation problem by manually making 

numerous repeat measurements for a few different dipoles using a Wenner array at the 

smallest electrode spacing (a=3 m) over periods of a few minutes. The Wenner array, 

with its much shorter current dipole (9 m vs. ~500 m) yielded highly stable repeat 

measurements, typically deviating by no more than 1% from their mean value. 

A test was conducted where ten short pole-dipole and ten near-equivalent Wenner 

measurements were repeated ten times over a period of approximately two hours. Lines 1 

and 2 were chosen, to have one line containing some SP electrodes and one only 

containing stainless steel electrodes. The tripoles and quadrupoles were separated so that 

potential electrodes were never used for current electrodes and vice-versa to avoid 

polarization issues. Quadrupoles were lined up with tripoles as best as possible, so that 

they should experience comparable voltage drops. For example, a pole-dipole 
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measurement using tripole A-M-N = electrodes 1-2-3 was compared to a Wenner 

measurement using quadrupole A-B-M-N = electrodes 1-2-3-41. Ten repeat 

measurements of each of these tripoles and quadrupoles were taken with 10 minutes in 

between each measurement, with the meter forcing 1 mA of current. I then repeated the 

same process while measuring only tripoles forcing the meter to use 1 mA and then 5 mA 

at both 5 Hz and 10 Hz to see if there was any effect with frequency of measurement.  

Figure 3.12 shows mean voltage drops for 10 repeated measurements, for the 10 

different pole-dipole and near-equivalent Wenner arrays. Generally the Wenner array 

voltage drop was higher, but by no more than a factor of 2, in each case other than the 

first, where the Wenner measurement overloaded and a sensible measurement was not 

recorded. The advantage of the Wenner array in terms of repeatability however is 

dramatically greater, as shown in Figure 3.13; on average, the standard deviation of the 

measurement was 28 times lower when using the near-equivalent Wenner array.  

Figure 3.14 compares the current normalized voltage drops (i.e. transfer 

resistances ΔV/I) obtained by repeated pole-dipole measurements using two different 

currents: 1 mA and 5 mA. The normalized voltage drops are comparable between the 

two, but differ by up to 40%, which was not expected. Comparing the standard deviations 

in Figure 3.15, it is clear that forcing the meter to output 5 mA currents dramatically 

improved repeatability, reducing the standard deviations by a factor of 12. 

 

 

1 : This is common terminology: A and B represent current electrodes C1 and C2, while 
M and N represent current electrodes P1 and P2 
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Figure 3.12: Mean voltages (U) for 10 repeated measurements: Pole-dipole vs equivalent Wenner. 

 
Figure 3.13: Standard deviation for 10 repeated measurements: Pole-dipole vs equivalent Wenner array 
types. 
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Figure 3.14: Mean transfer resistances for 10 repeated pole-dipole measurements: 1mA vs 5mA. 

 

Figure 3.15: Standard deviation for 10 repeated pole-dipole measurements: 1mA vs 5mA. 
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These tests confirmed the suspicion that the meter was having trouble regulating 

current at 1mA in pole-dipole mode due to the current dipole being so long in an 

electrically noisy environment. Erich Lippmann, the manufacturer of the meter, was 

contacted. He agreed with the assessments of a current regulation issue and provided 

some insights on how current regulation is accomplished inside the resistivity meter. The 

current stabilizing circuit is a two-stage regulator with the first stage measuring voltage 

drops across an internal resistor and stabilizing this voltage by regulating the current 

going to the current electrodes. The second is a pre-regulator guided by the first stage 

which controls an isolated DC/DC converter that generates high voltage without 

expending much energy. It is maintaining the voltage drop across this first internal 

resistor which caused the issue. The system should function properly if the sum of its 

regular output current plus noise current does not fall below zero.  

Two potential fixes were proposed. The first supposed that the electric noise field 

most likely has a certain azimuth. If it were possible, one solution would be to change the 

bearing of our remote to make it perpendicular to the gradient of electric potential. This 

was not feasible as our survey area lies on a dam near the middle of the Saint John River. 

Erich Lippmann’s second solution involved removing an internal resistor from the meter 

so that we could have it inject 5mA currents without overloading its receiver at the 

smallest pole-dipole electrode spacing. However we preferred not to risk adversely 

impacting other aspects of the meter’s performance.  

Ultimately the current instability problem was resolved by requiring the meter to 

produce a minimum current of 5 mA for pole-dipole measurements, and replacing the 

smallest spacing pole-dipole measurements (a=3 m, n=1) with Wenner and dipole-dipole 
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measurements. The processing routine was also modified to remove outliers from 

measured data and average multiple surveys of measurements (Section 3.23). 

  3.26 Installation of Array beneath Roadway 

 Design and Materials 

 The desire to obtain more sensitivity within the dam’s clay till core, which is 

directly beneath the roadway, led to the idea to extend lines of electrodes across the crest 

of the embankment. Before any excavations started, review of construction drawings 

across the roadway showed a concrete slab in the middle of the road that was in place to 

act as a “cap” for the core. There also exists a concrete base for the jersey barrier on the 

upstream side of the dam crest. One drawing that showed these features is reproduced in 

Figure 3.16, modified from the original drawing in a report that documents procedures 

undertaken to raise the dam crest in 1983 (NB Power, 1983). In order to determine exact 

locations of these concrete features before advising any digging into the asphalt, a GPR 

survey was conducted in the summer of 2019. The details of this GPR survey can be 

found in Appendix D. The nominal plan developed for electrode installation is shown in 

cross-section in Figure 3.16 and in map view in Figure 3.17. A wiring diagram is 

provided in Appendix B. 
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 Marine-grade stainless steel rods were into 4 ft and 6 ft sections, and machined to 

a dull point on one end. Given our experience with contact resistances of the 3 ft 

electrodes on the embankment increasing significantly during winter, we opted to install 

4 ft electrodes on the dam crest to improve the likelihood of penetrating below the frost 

line. Wire leads made from 12 AWG stranded copper pump wire with PVC jacket were 

cut to required lengths to travel through conduit in trenches below the asphalt and reach 

their respective junction boxes located on the upstream and downstream jersey barriers 

(see Figure 3.16). These wires were silver soldered to the stainless steel electrodes. To 

protect against water getting in and corroding the solder, the entire solder joint and 2” 

above and 1.5” below was covered with heavy duty 1.5” diameter heat shrink, after first 

wrapping the joint in self vulcanizing rubber mastic tape (Figure 3.18).  

To accommodate the additional electrodes, the terminal strip inside the enclosure 

was reconfigured with 3 columns of 40 terminals. Learning from the cold of the previous 

winter (when double sided tape had been inadequate to keep terminal strips adhered to 

their plastic plate), the terminal strips were attached to the plastic board by JB Weld 

epoxy.  

In order to protect the electrode wires from being damaged or melted during 

filling and compaction of the trenches and repaving of the road, they were installed inside 

plastic conduit with access ports at each electrode as shown in Figure 3.19.  
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Figure 3.18: Diagram showing attachment of leads to top of electrodes. 

 Installation 

 Installation took place during three days in late October and November of 2019, 

with one half of the roadway being closed off for two days, and the installation of a new 

ground electrode and remote electrodes (see section 3.27) on the final day. The first day 

was spent installing the downstream side, where one trench had been dug just inside the 

white line along that side of the road (see Figure 3.19) from 1 m beyond L0 to our L5. 

The second day was spent installing on the upstream side.  One strip was trenched just 

upstream of the roadway centre line and another just inside the upstream white line. The 

shoreline electrodes were also installed. Trenches were made to be 14” deep (below top 

of asphalt, which was up to ~6” thick), to limit heat from the asphalt reaching the 

electrodes or wires. In a similar manner to when electrodes were installed on the slope, a 

generator and Hilti drill were used, using a 5 ft bit to accommodate the longer electrodes. 

The drilling under the roadway, through relatively fine compacted rockfill and into either 

transition zone or clay till core material (see Figure 3.16) was much easier than it had 
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been on the downstream slope. Bentonite mud was again used to improve contact 

resistance, which was injected into the drilled holes with a grease gun. Salt and water 

were added to the bentonite at a 6.5:12:20 ratio to improve its moisture retention as 

recommended by Clerc et al. (1998). Once the electrodes were hammered into the 

ground, wires were fed through conduit and through holes that were excavated under the 

downstream jersey barrier and drilled through the concrete slab underlying the upstream 

jersey barrier in line with electrode L3. RTK GPS was used to obtain precise positions of 

top of the electrodes before burial. An image of the full installation in the downstream 

trench is shown in Figure 3.19. Electricians from NB Power then set up the two junction 

boxes (one on the outside of each jersey barrier) and ran multiconductor cables from the 

junction boxes to the resistivity system enclosure, where the conductors were later 

trimmed and connected to the terminal strips.  

To simplify data collection and analysis for purposes of this thesis the electrodes 

beneath the roadway are not currently monitored. (We were initially had only four switch 

boxes available for regular use.) However, surveys are collected on a bimonthly basis 

using these electrodes to obtain data to be used in a future study. Contact resistances are 

also collected and have been found to remain consistently low, unlike those on the slope.  
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Figure 3.19: Installation of the six “downstream trench” electrodes finished, with electrodes installed and 
wires inside conduit, ready to be interred. 

 

  3.27 Installation of Remote Electrode, Site 2 

The decision to move the remote electrode site from the dam crest at the south 

end of the dam to the natural, till-covered ground below that end of the dam (Remote Site 

2, Figure 3.3) was motivated largely by a desire to move it away from the road where the 

local resistivity could be affected by road salting operations. It was also decided to 

replace the wire running to the remote site with armoured Teck cable (TECK90) to 

reduce the chance of breakage that had affected the single 16 AWG wire that had been 

used to connect to Remote Site 1.  
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The new ground and remote electrodes were installed using the same methods; 

drilling and contact resistance reduced through use of salted bentonite to facilitate the 

injection of relatively strong currents from the low power resistivity meter. A 

concentrated effort was made to achieve low contact resistance at the remote current 

electrode site by using a pair of extra-long (6 ft) electrodes wired in parallel (location and 

dates used can be seen in Figure 3.3). The resistance between the two electrodes 

(measured with a handheld LCR meter employing a 100Hz AC current) was 140 Ω, 

suggesting each electrode’s contact resistance was ~70 Ω and the contact resistance of the 

two in parallel would be only ~35 Ω. This is far lower than the typical values of a few 

hundred to ~2000 Ω obtained using 3 ft electrodes on the embankment itself. The final 

setup for the remote electrode is shown in Figure 3.20. The new ground electrode (for the 

resistivity meter ground) was a single 2 m long electrode driven into the crest of the 

embankment approximately 20 m south of line 5.  

Six hundred metres of heavy duty 14 AWG conductor wire, within a three 

conductor armored Teck cable, was used to connect to the new remote and ground 

electrodes. It runs from the downstream jersey barrier junction box to the remote 

electrode site along the back of the jersey barrier. A tractor was employed to spool out 

the armored Teck cable along the roadway and NB Power electricians bolted it to the 

jersey barrier. This type of cable was connected to both the new remote electrodes and to 

the new electrical ground electrode for the resistivity meter. 
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Figure 3.20: Installation site of remote current electrodes at remote site #2 (see Figure 3.3), Two electrodes 
each 6 ft long, were installed 6 ft apart and wired in parallel. Photo also shows a third 6 ft electrode for 
scale, a bucket of salted bentonite and the LCR meter used to check contact resistances. 

 

3.3 3D Inversion 

  3.31 Inverse Theory 

Equations 1 and 2 in Section 1.2, which are used to compute apparent resistivity, 

assume a homogeneous halfspace and give the true resistivity in a uniform, nonlayered 

earth. Resistivity variations are in fact much more complex and require subjecting 

apparent resistivity measurements to a process called inversion to obtain a model for the 

true subsurface resistivity distribution. Inversion, as a broad concept, is an organized set 

of mathematical and statistical techniques for reconstructing physical systems based on 

controlled observation of the system. In terms of geophysics, inversion algorithms are 
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iterative processes which seek models that are consistent with geophysical measurements. 

The inverse problem is set up as an optimization problem, commonly seeking to 

minimize a global objective function of the following form (Hayley et al., 2011):  

                                𝜙 𝜙  𝛽𝜙                                                              (3.3) 

where 𝜙  is a measure of data misfit (i.e. the data misfit norm): 

                                   𝜙 ∑ 𝑊 𝑑 𝑚 𝑑                                               (3.3a) 

and 𝜙  is the model norm: 

                                    𝜙 ∑ 𝑊 𝑚 𝑚                                                 (3.3b) 

where 
 
 
𝑑 𝑚 = vector containing calculated data (apparent resistivities for a given resistivity 
model at a given iteration 
 
dobs = vector containing observed data (apparent resistivities) collected in the field 

β = regularization parameter which controls the tradeoff between model norm and misfit 

m = vector containing the model parameters for the model at a given iteration 

mref = vector containing model parameters in a reference model  

n = number of measurements in dataset 

p = number of model parameters (cells of constant resistivity) 

𝑊 = a data weighing matrix (reciprocals of estimated data uncertainties)  

𝑊 = a model regularization matrix (used, in this case, to compute a roughness-based 

model norm) 
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By minimizing this function, we are minimizing the difference between the 

observed data and those predicted from a particular type of model that is biased to satisfy 

certain expectations of its form. Without adding the regularization constraint, this would 

be an “ill-posed” problem, in that infinitely many models could provide an acceptable fit 

to the data (i.e. there would be no unique solution). Non-uniqueness can be abated by 

including a priori information about the subsurface (such as the geometry and resistivity 

of known subsurface bodies, or simply the positions of expected subsurface boundaries) 

in the reference model mref obtained by forward modelling or maps of known geological 

or structural information. Another way of constraining the solution is to seek a certain 

kind of model, for example, a “simplest model” capable of reproducing the data. One 

mathematically tractable measure of simplicity is smoothness of the subsurface resistivity 

distribution. When the modelling volume is discretized into space-filling elements, e.g. 

prisms, we can prioritize similar values in adjacent prisms which translates into seeking a 

smooth model. Preference can be set to prioritize similar values in the X and Y directions 

if the system is known to be horizontally layered, or in the Z direction if there are vertical 

discontinuities. For this application we weighted smoothing equally in all three directions 

as there is no strongly preferred orientation of materials in the embankment. 

There exist two common kinds of norms for minimization which produce slightly 

different results. Equation 3.3 above shows the L2-norm case, in which the algorithm 

seeks to minimize the sum of the squares of the data misfit values and the sum of the 

squares of the model parameter deviations from mref; this approach is relatively sensitive 

to noise in the data and produces especially smooth models. L1-norms are different in 

that they minimize the sum of absolute values of data misfits and the sum of absolute 
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values of the differences between m and mref. Using a L1 model norm allow for the 

generation of sharper discontinuities in the model, while a L1 data misfit norm is less 

sensitive to noisy data. 

Given that we are seeking resistivity changes over time, we need ways to observe 

these changes in a meaningful and robust way. One approach to produce more robust 

temporal images is the temporally constrained time-lapse inversion (Hayley et al., 2011). 

This increases the fidelity of inversion difference results by inverting all datasets at once, 

imposing regularization in both space and time to avoid introducing unnecessarily large 

changes from one time period to the next. This avoids producing cascading artifacts 

which can propagate from one inversion to the next.  

  3.32 Data Editing and Processing 

 Data processing is a necessary step prior to inversion, as it enables one to find and 

correct errors and catch any mistakes which were made in data collection. In a noisy 

environment, special precautions must be taken to improve data quality. In resistivity 

surveys, even small (10%) errors can cause large artifacts to appear in models 

(LaBrecque, 2008). Especially when performing time lapse inversion, the utmost care is 

needed to avoid propagating artifacts from one survey to the next.  

 Before data processing, a manual check for unusually noisy surveys was 

performed, examining how apparent resistivities varied over time for selected quadrupole 

(or tripole) arrays. Surveys that yielded measurements significantly different from other 

surveys in the averaging time period (e.g. due to exceptional noise or a very recent 

rainfall) were removed. The remaining surveys were then processed with a “smart 

averaging”/outlier rejection code developed for this study. The MATLAB code (provided 
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in Appendix E) first reads in the data file downloaded from the Lippmann 4ptLight10W 

resistivity meter and extracts the number of surveys and measurements as well as the 

apparent resistivity data and time for each survey. It then assigns XYZ coordinates to 

each of the three-four electrodes used for each measurement. Apparent resistivity (ρ) is 

then calculated for each measurement i (i = 1 , n)  as well as for each survey j (j = 1 , m). 

Then each row of apparent resistivities ρi is averaged across all surveys to create n 

averaged resistivities ρi-ave. A standard deviation for each ρi-ave is then computed, and all 

ρij which are above or below a certain tolerance (in this case, 1 SD) are rejected. A new 

set of average apparent resistivities ρi-ave2 and corresponding standard deviations are then 

calculated excluding these outlier measurements.  

Once the data passes through the outlier rejection filter they are separated into 

pole-dipole, Wenner and dipole-dipole measurements. It is checked for negative voltages, 

small currents (< 1 mA), overload or open measurements and, in the case of Wenner and 

dipole-dipole measurements, reciprocal errors are calculated. Measurements with 

reciprocal errors greater than 5% are rejected. Data are filtered by these criteria and then 

output to either RES3DINV (Loke, 2007) or DCIP3D (Li et al., 1999) format. Listings of 

these two MATLAB codes, called LippmantoRES3D.m or LippmanntoDCIP3D.m can be 

found in Appendix E. A flow chart of the processing routine is shown in Figure 3.21. 
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Figure 3.21: Flow chart showing processing routine used to edit out noisy data and average repeat 
measurements over the course of ~one week prior to inverting to obtain a resistivity model. 

  3.33 Inversion Parameters  

 We experimented with two three-dimensional resistivity inversion codes− 

DCIP3D from the University of British Columbia’s Geophysical Inversion Facility, and 

RES3DINV produced by Geotomo LLC. We ultimately chose to use RES3DINV, mainly 

because it offered time-lapse inversion capabilities, but also because we had difficulty 

determining how to specify topography properly with DCIP3D. The XYZ coordinates of 

all electrodes to be used in the inversion were collected with an RTK GPS system which 

has centimeter precision, except for the SP electrodes which were buried and covered by 

tarps, for which we may have been off by 10s of centimeters. The electrode position 

topography files for both DCIP3D (DCIPtopo.xlsx) and RES3DINV 

(RES3Dtruetopo.xlsx) are provided in Appendix F.  
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Measurement error was calculated through the data processing routine and was 

specified as either the standard deviation of the repeat measurement for pole-dipole 

configuration or the reciprocal error in the case of Wenner or dipole-dipole 

configurations. A histogram of uncertainties before and after data filtering is shown in 

Figure 3.22, with most measurements above 3% standard deviation in the transfer 

resistance being pruned after filtering. The measurement error was augmented by adding 

a flat modeling error of 2.5% of the measured apparent resistivity to give the total 

uncertainty assigned to each measurement through data weighting matrix Wd in Equation 

(3.3a).  

 

Figure 3.22: Histogram comparison of standard deviation of transfer resistance for the filtered and 
unfiltered October 20-24, 2020 dataset. 

For purposes of discretizing the Earth model, the subsurface was divided into 

23660 rectangular cells. Unit cell size chosen was, 1.25 x 1 x 0.5 m (crossline x inline x 

depth extent) at surface, and each successively deeper layer of cells was increased in 

height by a factor of 1.2. Since the resolution of resistivity surveys decreases 

exponentially with depth, the resistivity value for each subsequent layer is normally 
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penalized by a certain factor. If these layers are not damped, the inversion results may 

become unreasonable as too much importance is placed on deeper layers where not as 

much sensitivity lies, presenting itself as spurious resistivity artifacts in the deeper parts 

of the model. In the case of RES3DINV, we used the default value, 1.05. RES3DINV 

provides model misfit and allows for RMS error statistics on specific measurements and 

the ability to trim badly fitting measurements from datasets. This feature was used with 

each resistivity model in this study, normally trimming less than 10% of measured data. 

Inversions usually converged after 4 or 5 iterations in less than 5 minutes. Normally the 

global data misfit was around 3-5% RMS error (calculated according to equation 3.4): 

                                 𝑅𝑀𝑆  
∑    .                                   (3.4) 

However with especially noisy datasets in wintertime data it could reach 5-9%. It would 

be desirable to implement tools for identifying anomalous areas of misfit in the data so 

that their impact on the modeling results in those areas could be assessed. 

The reference model (mref) chosen was the default calculated by RES3DINV, 

which was a homogeneous model composed of cells with resistivity values equaling the 

average resistivity of the data. The norms for inverting our data were an L2 data misfit 

norm, a L1 model roughness norm in space a L1 model norm for roughness across time. 

The regularization parameter (β) was chosen using the “L-curve criterion” (Li and 

Oldenburg, 1999), by which RES3DINV automatically determines the optimal 

regularization parameter through plotting the data misfit norm as a function of the model 

norm and choosing a value on this L-shaped curve. We did not limit the ranges of model 

resistivity values. Apart from the inversion parameters specified above, which were 
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chosen based on trial and error, the remaining parameters were the default values 

assigned by RES3DINV, and should be explored further in future work.   
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4.0  Results and Discussion 
 

The results of resistivity monitoring to date, and the interpretations of observed 

anomalies, are presented here in four sections. In section 4.1, results for independent 

resistivity inversions at separate times are shown. Section 4.2 examines temperature 

variations expected within the embankment for the case of bulk seepage simulated by 

Yun (2018) to attempt to explain resistivity variations. Section 4.3 presents time-lapse 

resistivity images of the embankment between several time periods and Section 4.4 

focuses on time-lapse resistivity images of the dam core. It should be noted that, as 

discussed in Chapter 3, the measurement sequence evolved significantly between the first 

survey of June 25, 2019 and the last surveys reported here, from late October, 2020. The 

subsurface resolution offered by later surveys is therefore expected to be significantly 

better. However, the time-lapse resistivity ratio images presented in Sections 4.3 and 4.4 

are based only on measurements present in both of the data sets being compared. As a 

result, anomalies in the time-lapse resistivity ratio images cannot be attributed to changes 

in the measurement sequence over time; they must instead be indicative of real changes 

in the subsurface, possibly modified by noise. 

 

4.1 Resistivity models derived from the first 16 months of monitoring 

 The resistivity models presented in this section contain topography, and are 67 m 

x 32.5 m x 19 m deep with no horizontal or vertical exaggeration (Figure 4.1). The 

minimum resistivity value for all colour scales is 15 Ωm and the maximum has been set 

to 3800 Ωm as most of the resistivity variability occurs within this range. All colour 

scales are logarithmic to reveal heterogeneity in both the conductive core and the 
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resistive overburden. In this section, five surveys from different times of the year are 

inspected to demonstrate similarities and subtle differences between them. The dates/date 

ranges for these surveys are: June 25, 2019 (summer); October 21-24 (fall), 2019; 

December 17, 2019 – January 6, 2020 (winter); May 28, 2020 – June 5, 2020 (late-

spring); October 20-24, 2020 (fall). 

   
Figure 4.1: Full resistivity model collected on June 25, 2019, showing full scale dimension of model. 
Electrodes are shown by white dots on the surface of the model. 

 The first positive results came on June 25, 2019. This was a single survey of 1452 

pole-dipole measurements with no crossline or offline measurements and the smallest 

spacing measurements (a = 3 m, n = 1) removed as they were susceptible to the current 

regulation issue. All 100 electrodes in the array were used for this survey, as well as the 

remote electrode. The inversion routine converged in 4 iterations, and concluded with a 

RMS error of 4.5% (Table 4.1 outlines RMS errors for each model in this section).  

A perspective view of the model is shown by Figure 4.1 whereas sections along 

lines 1-5 can be found in Figure 4.2. Sections get progressively closer to the SEP and 

wingwall concrete as the model is sliced from L5 to L1. The distinction between the 

Hoist Shaft 

Division between Wingwall 
and Sluiceway 

Ωm 



 

68 

conductive clay-till core (15-150 Ωm) and resistive transition zone and rockfill (>500 

Ωm) is clear. Figure 4.3 shows a semi-transparent model with a cut-off set for 150 Ωm, 

illustrating that this isosurface comes close to outlining the downstream boundary of the 

core. The transition zone between the core and rockfill coincides with a sharp gradient, 

with resistivity increasing from 150 to 800 Ωm in the span of 3-5 m.  This region 

includes the dam’s transition zone/filter which is composed of fine rockfill with a 

thickness of roughly 2 m, according to as-built drawings shown in Appendix A. 

Resistivity also varies within the model volume corresponding to the core, but the 

variations are relatively consistent from line to line, appearing to range from ~50 Ωm 

roughly 12 m below the top 2 electrodes on each line to 150 Ωm near the core-transition 

zone interface. This may be a consequence of smoothing constraints imposed on the 

model during inversion rather than actual variations in the nature of the clay till core 

material, although water saturation may be lower (thereby increasing resistivity) on the 

downstream side of the core. The RMS error for this model was 4.2%.  

 Heterogeneity in the model volume corresponding to the rockfill is very visible 

with resistivities reaching values as high as 8000 Ωm in isolated areas.  There are some 

anomalous resistivity lows below line 2, where the resistivity drops as low as 300 Ωm, 

highlighted by circles A and B in Figure 4.2. On L1, this effect is even more pronounced, 

with a large band of lower than average resistivity (150-300 Ωm) observed at the bottom 

of the model, beginning on the downstream side of the core below electrode 7 and ending 

a little over halfway down the embankment beneath electrode 12. One possible 

explanation is that this area may have been more saturated than the surrounding 

embankment, perhaps as a consequence of water coming through the concrete and 
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entering the embankment behind the core. We initially wondered if this strong resistivity 

low could be attributed to proximity to the wingwall concrete, but that seems unlikely as 

it does not persist along the whole length of the line which is equidistant from the wall. 

One electrode on this line is missing (electrode 10), and it contains SP electrodes, so 

perhaps there is a lack of sensitivity towards the bottom of the line. Nonetheless, this 

feature persists for all subsequent inversions, despite the improvements in resolution 

expected from having increased number of unique measurements per survey by a factor 

of four.  
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Figure 4.2: Vertical slices along L1-L5 through the resistivity model of June 25, 2019.  

Ωm 
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Figure 4.3: Semi-transparent view of the June 25, 2019 resistivity model showing a 150 Ωm isosurface. 

 Following the June 25, 2019 survey we suffered several months of poor results 

before we began collecting surveys using the noise-resistant techniques discussed in 

Section 3.32 and averaging multiple surveys. Figure 4.4(a) shows the model obtained by 

inversion of the averaged survey results from October 21-24, 2019. Due to a shortage of 

switchboxes, we were only able to use 95 electrodes for these surveys, so the bottom five 

electrodes of L5 were omitted from this sequence. Surveys were taken every 4 hours, 

amounting to a total of 24 surveys which were subsequently smart-averaged using outlier 

rejection. These surveys used the same pole-dipole sequence that had been used in June. 

Figure 4.4(b) was generated from data collected between December 17, 2019 and January 

7, 2020. To conserve battery power over the Christmas break, one survey was collected 

each day over a 21 day period. For these surveys, the measurement sequence was 

expanded to include inline Wenner and dipole-dipole configurations, for a total of 3264 
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measurements in each survey (see Table 3.1 for details). The new remote electrode 

(Remote #2 in Figure 3.3) was used for these surveys. It is worth noting that contact 

resistances during this time were quite high, as it was getting much colder so data quality 

was poorer than most other datasets. Figure 4.4(c) shows the resistivity model determined 

for the period May 28 - June 5, 2020. That survey included crossline and offline pole-

dipole measurements, and cross-line Wenner that had been added to the measurement 

sequence in February, and was the first to contain all 100 electrodes in the array since the 

very first June 25, 2019 survey. The last model displayed was obtained from data 

collected October 20-24, 2020 (Figure 4.4d); it was produced with the same sequence as 

the previous inversion from late May/early June. 

 The major features clearly reproduced in all 4 inversions contained in Figure 4.4 

are resistive rockfill overlying conductive clay-till core, along with the anomalously 

conductive region (region labelled C) below ~9 m depth, downstream of the core on 

Lines 1 and 2. This region C (identified previously as the bottom of anomaly B in Figure 

4.2) is strongest on Line 1, closest to the concrete, in all models. Note that it is relatively 

strong in late Oct., 2019, but is significantly diminished 7 months later at the start of 

June, 2020 when it has become noticeably thinner on Line 1 and more resistive on Line 2. 

By late Oct., 2020, it had strengthened again. The region labelled D is a small shallow 

conductive anomaly (previously the top of anomaly B). It is strongest in Oct., 2019 but 

looks weaker in the December and June models before growing again in Oct., 2020. We 

cannot rule out the possibility that the appearance of this anomaly might have changed 

partly as a consequence of improved subsurface resolution provided by the later surveys 

as the measurement scheme changed from 1576 in-line pole-dipole measurements in 
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Oct., 2019 to 6129 in-line, off-line and cross-line measurements by Oct., 2020. The low 

resistivity anomaly labelled E is only present at the top of Lines 2 and 3 in late Dec./early 

Jan., and is most likely the result of road salt runoff. The anomaly labelled F, signifies 

that the clay-till core along Line 1, next to the concrete SEP, is notably more conductive 

(deeper blue) in early June, 2020 than it is on any of the other dates. Interestingly, this 

increase in conductivity coincides with a decrease in the conductivity of anomalous zone 

C immediately downgradient of the core. This will be an interesting feature to track in 

future years, to gain insight into whether it could be a seepage-related time lag, or 

whether it might instead be a consequence of water entering the embankment from 

fractures in the concrete downgradient of the core (as previously speculated). 

 

Table 4.1: RMS errors and number of iterations before completion for all surveys in 
Figure 4.4 
Survey  RMS Error (%)  No. of Iterations 

October 21‐24, 2019  4.7  4 

November 28 – December 3, 2019  8.9  5 

May 25 – June 5, 2020  3.8  4 

October 20‐24, 2020  4.1  4 
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a) Late October, 2019   b)   Late December, 2019 

 
 
 
 

c) Early June, 2020      d)    Late October, 2020 

  
Figure 4.4: Vertical slices though the resistivity models along Lines 1 – 5 for the for averaged surveys of 
(a) Oct. 21-24, 2019, (b) Dec 17, 2019-Jan 6, 2020, (c) May 28 - Jun 5, 2020, and (d) Oct 20-24, 2020. 
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4.2 Expected Temperature-Related Resistivity Variations for Bulk Seepage 
Conditions 

 

In order to give more robust explanations for resistivity variations, we examined 

some temperature modeling data which explored temperature variations within the 

embankment. Figure 4.5 shows simulated temperatures in a cross section through the 

embankment from the study conducted by Yun et al., (2018). As part of that 

investigation, Yun (2018) simulated temperature variations that would be expected in a 

vertical cross-section of the embankment located 30.6 m from the contact with the top of 

the concrete SEP, for the case of bulk seepage (no preferential flow) and impervious 

concrete, using air temperature and water temperature vs. depth profiles considered to be 

representative of typical seasonal variations. Since resistivity of water-bearing sediments 

varies with temperature at a rate of ~2.5% per °C, these temperature simulations can 

serve as a benchmark for how much resistivity change within the embankment can be 

attributed to seasonal temperature variations. Throughout this section and the following 

section these temperature simulation results will be referenced in order to help explain 

observed resistivity changes.  

 As explained in Section 2.3, Yun (2018) simulated temperature variations over 

time within the embankment for multiple scenarios. Simulated temperature sections for 

four months of the year, for the simple bulk seepage case, are shown in Figure 4.5. For 

this work, I extracted from Yun’s (2018) digital model, the temperature that would be 

expected at the start of each month at multiple depths along two hypothetical 19 m deep 

boreholes− one 6 m from the top of the embankment (red line 1 in Figure 4.5) and one at 

roughly the midpoint of the slope (red line 2 in Figure 4.5) of the embankment (33 m 
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from the top). This procedure was carried out in Golden Software Surfer Ver. 16 by 

projecting data from model cells onto the two boreholes. The resulting monthly profiles 

of temperature vs. depth in each hypothetical borehole are shown in Appendix G (Figures 

G1 and G2). As expected, temperature variations are greatest near surface and attenuate 

with depth in the embankment. This attenuation is more abrupt and occurs at shallower 

depths in the upper borehole− presumably where it enters the clay-till core. In Figures 4.6 

and 4.7, temperatures have been plotted as a function of date at four different depths 

between 1.7 and 16 m in the two boreholes. As seen in Figure 4.6, peak-to-peak 

temperature change at 1.7 m depth is ~25 °C, and if we take 1 °C of temperature change 

as 2.5% resistivity change, this can account for a maximum resistivity change of 62.5% 

over the course of the year at this specific depth (or even more if the temperature truly 

drops below 0 °C). This sort of analysis can be repeated at other depths in the two 

hypothetical boreholes to constrain the sign and magnitude of expected temperature-

driven resistivity variations between different times of year in the absence of 

concentrated seepage. Looking at the top of the embankment (Figure 4.6), we see barely 

any lag time for temperature shifts at relatively small depths, with the highest positive 

peak seen in August at 1.7 m not even shifting a month at 5 m depth. This is quite 

different from the case at the midpoint of the embankment (Figure 4.7), where the 

shallow temperature again peaks in August but is delayed by nearly two months at 5 m 

depth. Clear lag times of several months are seen at greater depths in both profiles, but 

generally a smoother and more regular temperature change lag time is observed halfway 

down the slope of the embankment. The most likely explanation for this is that the upper 
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hypothetical borehole penetrates the core at a relatively shallow depth of just 5 m in the 

hydrogeological model of Yun (2018). 

 
Figure 4.5: Simulated temperature variation profiles within the embankment for a case of bulk seepage 
along the interface. This is slice 1 from Yun (2018) which is 30.6 m south from the interface between the 
embankment and the SEP. 5Lines 1 and 2 in the upper figure correspond to the two hypothetical 19 m deep 
“boreholes” along which temperature profiles were extracted. In the June 1 section, the purple and blue 
shapes correspond to the transition zone (filter) and core which was assumed by Yun (2018) for modelling. 
The dashed line refers to the actual core position as determined from Dam Plans and Section (NB Power, 
1967). 
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Figure 4.6: Temperature variations at 4 depths within the embankment near its crest (Line 1 in Figure 4.5) 
for each month of the year. 

 
Figure 4.7: Temperature variations at 4 depths within the embankment at its midpoint (Line 2 in Figure 4.5) 
for each month of the year. 
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4.3 Temporal/Seasonal Changes in Embankment Resistivity 

 Time lapse difference models show the combined effects of changes in 

temperature, water saturation and pore water ionic content expressed as a percent change 

in resistivity. The challenge is that we have a very electrically noisy environment due to 

the proximity to the powerhouse of the dam, as well as seasonally poor contact 

resistances and road salt runoff during winter. The data processing techniques (survey 

averaging with outlier rejection) aim to exclude the noisiest data, and time lapse inversion 

techniques also help to suppress resistivity artifacts caused by noise by seeking models 

that vary smoothly over time. All time-lapse difference models are shown here with a 

color scale ranging from -100% to +100% scalar resistivity change (i.e. +/- a factor of 

two) with green being 0% resistivity change. In all models, red means that resistivity 

increased in those areas from one time to the next, while blue indicates that resistivity 

decreased. A resistivity increase can usually be explained by a drop in temperature, water 

saturation or total dissolved solids while a resistivity decrease can be explained by an 

increase in those variables.  

 A time-lapse inversion image from June 25, 2019 to late October, 2019 is shown 

in Figure 4.8. Most of the image is green, which represents no change between models. 

At depth within the rockfill no change is to be expected. The largest change between 

models occurs near the top of the embankment, just behind the core, where resistivity 

increased by as much as 300%, especially on Lines 2-4. The width of the anomaly in the 

cross-line direction beneath electrode #2 on each line is shown by Figure 4.9, and its 

three-dimensional extent can be seen in Figure 4.10 by the 25% resistivity increase 

isosurface. Seeing the anomaly in this fashion reveals that it extends up near where there 

is a small drain in the jersey barrier at the top of L3− a possible path for water from the 
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roadway to percolate down through the array. This observation leads us to speculate that 

the strong resistivity increase might be a consequence of road salt runoff having been 

washed out of the upper part of the embankment over the course of the summer and early 

fall. The other area of note within this image is the elongated continuous negative (blue) 

anomaly centered near 5 m depth on L4 and L5, which peaks at -116% resistivity change, 

but averages -10 to -20%. This negative resistivity change is consistent with the 5 ᵒC 

temperature rise between July 1 and Nov 1 for 5 m depth predicted by bulk seepage 

temperature field modelling (Figure 4.7), so it could be explained by increasing 

subsurface temperatures in the case of bulk seepage through the embankment from late 

June to late October. The lack of comparable change on the other three lines, or at 

shallower depth (where temperature increased more) is hard to explain but might be a 

consequence of changes in water saturation overwhelming the changes in temperature.  
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Figure 4.8: Vertical slices along L1-L5 through the resistivity difference ratio model for June, 2019 – 
October, 2019 time lapse, colours represent percent change between resistivities from one model to the 
next. Note that for all difference models, contours are set at 10 % from -30% to +30% and the bold contour 
is 0%. 
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Figure 4.9: June-Oct, 2019 resistivity ratio image sliced beneath electrode 2 across all lines to outline width 
of resistivity increase anomaly. 

 

 
Figure 4.10: Semi-transparent view of the June-Oct, 2019 resistivity ratio image with a 25% increase in 
resistivity isosurface, showing extent of anomaly. 
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 Figure 4.11 shows resistivity change between the averaged data of October 21-24, 

2019 and the averaged dataset of November 28 – December 3, 2019. A negative 

resistivity change (blue) anomaly is seen directly above the core near the top of the 

embankment, which peaks at -115% on L2, but is less intense on other lines, showing a 

roughly -50% trend across the rest of the model beneath the third electrode on each line. 

The large resistivity decrease in this model lies in a similar location to the large resistivity 

increase in Figure 4.8. This leads us to question whether the feature could be an artifact 

from noise in the October data, or alternatively a resumption of road salt application in 

November. Historical weather data shows that November was particularly wet in 2019, 

with precipitation in 20 days of the month. However, increased water saturation seems an 

unlikely explanation since the other feature of note in this model is the elongated positive 

(yellow to orange) resistivity change near surface which appears on all five lines, and is 

continuous down the majority of the slope of the embankment. This peaks at 60-70% 

change, with the majority of resistivity increase being in the 25-50% range. This may be 

partly explained by temperature decreasing in the near-surface through November, but 

the resistivity increase of 40-50% observed near 5-6 m depth on L1 and L2 is too great to 

be explained by the temperature drop of ~4ᵒC expected at that depth according to the bulk 

seepage temperature simulation (Figure 4.7). This leads us to suspect that the elevated 

resistivity increase observed closer to the concrete (on L1, L2 and L3) could be enhanced 

by higher rates of seepage in that area, perhaps conveying cold water moving through 

fractures in the concrete into the embankment behind the core as suggested previously.   

 Figure 4.12 shows the time lapse image between the averaged data of November 

28 – December 3, 2019 and the averaged data of December 17, 2019 – January 7, 2020. 
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The most obvious features observed are the extreme drop in resistivity (blue) at the very 

top of the embankment on L2, L3 and L4 and the extreme apparent increase in resistivity 

in the core beneath that area. We suspect this is a consequence of road salt runoff creating 

an extreme anomaly that is too localized to be properly imaged, particularly at the edge of 

the electrode array, with the result that a resistivity artifact has been generated in the clay 

core below. This is unfortunate, as it affects all of the data acquired on the crest of the 

dam, overprinting the effects of more subtle resistivity changes expected in the core 

below. Not much can be gleaned from this model, but it is shown to demonstrate the 

difficulty in data collection through the winter, and the overshadowing effect that road 

salt may have on inverse modelling, especially when looking for small changes in the 

core. All other time lapses used with late December - early January data show this 

anomaly on the crest of the dam and subsequently in the core.  

 As a comparison between late Fall and late Spring, Figure 4.13 shows the time-

lapse image for the averaged dataset of November 28 – December 3, 2019 to the 

averaged data of May 25 – June 5, 2020. We see on lines 4 and 5 a yellow band of 

increased resistivity (10-30%) at 5-10 m. This is consistent with a temperature decrease 

of 6-7 ᵒC at this depth range between the two time periods according to bulk seepage 

temperature estimates (Figure 4.7). On lines 1, 2 and 3 we see a shallow, localized 25-

50% resistivity increase anomaly at the top of the embankment which is strongest on L2. 

This could once again be the result of road salt reapplication in late November. The third 

feature of note is the 10-45% resistivity increase at 5-10 m depth midway down the 

embankment on lines 1, 2 and 3, which is once again strongest on L2. This is slightly 

more difficult to explain as it exceeds the expected impact of the 6-7 ᵒC that would be 
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expected at that depth based on bulk seepage. Perhaps cold water is seeping from the 

headpond along the interface or through the concrete, but this does not explain why the 

effect is stronger on line 2 than line 1 which is immediately adjacent to fractures in the 

concrete.   

 The time lapse image for the averaged data of May 25 - June 5, 2020 and the 

averaged dataset of June 24 – July 3, 2020 is shown in Figure 4.14. There is not much 

difference between these two models, perhaps partly due to an extremely warm May that 

year (Environment Canada, 2020). A slight resistivity decrease (5-20%), primarily 

limited to the upper 3-4 m, can be seen across all lines, which can be interpreted as 

ground temperatures increasing through the month (Figure 4.7). Small isolated resistivity 

increases occur at the surface, which may be small dry patches.  

 The final time lapse image shown (Figure 4.15) is between June 24 – July 3 and 

October 20-24, 2020 averaging periods. This is included for comparison to the same time 

period one year earlier (Figure 4.8) which exhibited very large increases of up to 300%, 

mostly in the rockfill above the core near the top of the embankment. The late June- late 

Oct. 2020 time lapse image shows a superficially similar resistivity increase but is much 

more muted and is now strongest on Lines 1 and 2 closest to the concrete SEP. Small (0-

5%) resistivity increases are shown within and just outside the core at the top of the 

embankment on lines 3, 4 and 5, with larger resistivity increases (10-38%) on lines 1 

and 2. While we cannot rule out migration of road salt as speculated for the 2019 

anomaly, we note that the anomaly is laterally shifted away from the Jersey barrier drain 

hole above Line 3, and its magnitude is small enough that it could feasibly be a 

consequence of seepage-related changes in water saturation or temperature. Apart from 
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this upper embankment anomaly, an elongated zone of resistivity decrease (light to 

medium blue representing 5-30%) along the slope of the embankment from electrodes 

#6-16 is present across the entire model. This is consistent with temperature increase at 5 

m depth between June and October as confirmed by bulk seepage temperature model 

estimates in Figure 4.7 (10 ᵒC change at 5 m depth). Overall, the anomalies appearing in 

the 2020 June-Oct time lapse image are much less extreme than those in the previous 

year’s model; while that may reflect an actual difference in embankment conditions, we 

must also acknowledge that the June 2019 model was derived from a single data set, 

before we had developed our data acquisition and processing techniques for suppressing 

noise related to current regulation and other sources. In addition, the June 2019 survey 

involved only in-line pole-dipole measurements only, while the data in June and Oct. 

2020 were acquired using much more extensive measurement sequences, as discussed in 

Section 3.23. The June-Oct 2019 time lapse image with its extreme resistivity increase of 

up to 300% is therefore considered less reliable than the result obtained in 2020.  
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Figure 4.11: Vertical slices along L1-L5 through the resistivity difference ratio model between October and 
November, 2019. 
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Figure 4.12: Vertical slices along L1-L5 through the resistivity difference ratio model between November 
and late December/early January, 2019/2020. 
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Figure 4.13: Vertical slices along L1-L5 through the resistivity difference ratio model between Nov, 2019 
and May, 2020. 
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Figure 4.14: Vertical slices along L1-L5 through the resistivity difference ratio model between late May 
and late June, 2020. 
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Figure 4.15: Vertical slices along L1-L5 through the resistivity difference ratio model between late June 
and late October, 2020 time lapse model, colours represent percent change between resistivities from one 
model to the next. 
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4.4 Time Lapse Differences Focused on Core of Embankment 

As the aim of this study is to observe and identify resistivity changes associated 

with any seepage through the core of the embankment, a more in depth look at the 

models in this area is necessary. To more clearly see these changes, longitudinal sections 

taken near the top of the array beneath electrode #2 on each line are shown in several 

images below for the same resistivity change models described in Section 4.2. In this 

vertical section the top of the core is intersected at approximately 4 m below surface or at 

an elevation of 34.9 m or 114.5 ft. This corresponds well with the prominent shallow 

temperature anomaly identified by Yun (2018), which was located between elevations of 

roughly 111 ft to 120 ft. 

The first model to be shown (Figure 4.16a) is from late June to late October, 

2019, where we observe a very large positive resistivity change (25-300%) directly on the 

core-transition zone boundary at about 4 m depth which extends across all 5 lines of 

electrodes. As explained in the previous section, we speculate this could be due to some 

road salt migration through the summer into the fall, but note that it could also be a 

consequence of the relatively rudimentary data acquisition and processing techniques we 

were using at that time.  

In stark contrast to this June-Oct, 2019 model is the change in the core from late 

October to late November shown by Figure 4.16b. This shows a slight 5% decrease in 

resistivity just inside the core. Looking at simulated temperature changes, this type of 

resistivity decrease within the core is possible as we see a temperature change of roughly 

2.5 ᵒC at this depth between these two months. However, it must also be acknowledged 



 

93 

that it could be a consequence of smoothing (imposed by the inversion process) of the 

much stronger resistivity decrease (deep blue) seen just behind the core. 

The next slice shown in Figure 4.16c is that of the resistivity change between late 

November, 2019 and late May, 2020. There is very little change within the core, but a 

small resistivity increase of 5-30% is seen just behind the core below L1 and L2. Once 

again, this could be due to resalting in November, and the washing away of this salt by 

May of the following year. 

Figure 4.16d shows resistivity change between May-June, 2020. As noted 

previously, in analyzing the five vertical sections beneath Lines 1-5 (Figure 4.14), there 

was little change in this time interval. Small resistivity decrease anomalies of ~5% are 

present just behind the core below L1 and L2 and within the concrete but there is 

negligible within the core.  

Figure 4.17(a) shows the resistivity change for late June to late October, 2020 in 

the vertical slice below electrode 2 on the survey lines. Here we see a small resistivity 

decrease (<5%) beneath lines 4 and 5, and larger resistivity increases of 10-25% beneath 

Lines 1 and 2, increasing towards the concrete abutment. Figure 4.17(b) shows that the 

anomaly looks very similar in a slice below electrode 1, approximately 3 m farther 

upslope, where the core is intersected at a slightly shallower depth. The anomaly is 

strongest behind the core but also extends downward into the core. It could potentially be 

explained by seepage through the concrete exiting behind the upper part of the core – 
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either causing that area to be cooler or drier2 in late October compared to late June. The 

fact that the resistivity inversion algorithm favours recovery of smoothly varying models 

could cause the resulting resistivity anomaly to spread laterally into the core. However, 

we cannot rule out the possibility that it may be caused in part by elevated seepage 

through the core close to the concrete abutment. Given the location of this seasonal 

resistivity anomaly− at the same elevation and immediately downgradient of the 

prominent temperature anomaly noted by Yun (2018)− it should be monitored closely to 

confirm whether it is repeatable and varies further with time. Incorporating data from the 

electrodes installed under the road will improve the sensitivity and resolution of the 

monitoring system in the central part of the core, providing more certainty to the 

interpretation.  

 

 

 

 

 

 

 

 

 

 

 

2 Yun(2018) found that the shallow seepage zone was clearly expressed in borehole temperature data from 

late fall to spring, but appeared to be inactive during summer.  



 

95 

a) Late June- late Oct, 2019         b)    Late Oct- late Nov, 2019 

  
 

c) Late Nov- early May     d)     Late May- late June 

 
Figure 4.16: Slice taken across electrode #2 on each line seen from the top of the embankment, showing 
changes in core from (a) Late June to late October, 2019, (b) Late Oct to late November, 2019, (c) Late 
November, 2019 to early May, 2020, and (d) Late May to late June, 2020. 
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Figure 4.17: Vertical slice taken below (a) electrode #2 and (b) electrode #1 on each line 
seen from the top of the embankment, showing changes in core from late June to late 
October, 2020. Contours are set at 10 % from -30% to +30% and the bold contour is 0%.  
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5.0 Conclusions 
 

 This research involved the design, installation and initial testing of a resistivity 

monitoring system for seepage reconnaissance at the concrete abutment of a large 

embankment dam. The study was designed to further the field in dam seepage monitoring 

by extending the approach to three-dimensional imaging. With a 100 electrode array 

limited to the downstream slope of the embankment we obtained a depth of exploration 

of ~19 m, adequate to image resistivity variations within the upper part of the 

embankment’s clay till core and the overlying transition zone and rockfill shell. The 

system is now collecting two surveys per day comprising 6129 measurements each, and 

the data processing flow is producing repeatable resistivity models. Many modifications 

to electrode installation, array type and processing routine were made through trial and 

error to improve signal to noise ratios and obtain acceptable results. With data from the 

array we were able to identify seasonal resistivity change anomalies and point to their 

likely origins in relation to factors emanating from dam seepage. 

Independent inversion results are highly repeatable and show a clear distinction 

between clay till core materials (<200 Ωm) and rockfill overburden (>500 Ωm) with 

heterogeneity in both units. A clear gradient is present between the two in the inferred 

transition zone, and these units conform well to an as-built drawing of the embankment.  

A zone of lower than average resistivity persists in the rockfill downgradient of the 

core near the top of L1 and L2 for all surveys. Anomalous seasonal variability in that 

region and also within the core itself adjacent to the concrete abutment has led to the 
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emergence of two seepage hypotheses, and these should be investigated further through 

ongoing monitoring and modelling: 

(i) Anomalously low and/or temporally variable resistivities adjacent to the 

abutment on the downstream side of the core are suggestive of water seepage 

through the concrete circumventing the core and entering the embankment, 

and  

(ii) Anomalous seasonal variation in resistivities between late spring and fall 

could be indicative of elevated seepage through the core adjacent to the SEP 

concrete abutment at an elevation comparable to that of the shallow 

anomalous zone identified by borehole temperature monitoring at the 

abutment. 

 Careful planning of array installation was imperative in the completion of this 

work. The electrode setup is durable and the installation method (i.e. drilling holes into 

the slope and the addition of bentonite) helped contact resistances remain relatively low 

in the wintertime, ensuring that data can be collected year round. This attention to detail 

allowed the 70 electrodes installed over two years ago to function without any upkeep 

and continue to provide valuable data. Learning from the first installation, we made 

electrodes even longer for the roadway installation and installed a much more durable 

and better quality remote electrode. The addition of solar power to charge the battery 

enables constant monitoring without the need to charge any batteries manually. The 

discovery and mitigation of the current regulation issue was most likely the largest data 

acquisition hurdle cleared by this study, and the quality of resistivity models created by 
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this study was entirely dependent on this coming to light. This inspired our current 

rigorous processing routine and allowed us to improve repeatability significantly. 

Early resistivity difference image results are encouraging, as we see spatially 

coherent changes in resistivity across time intervals spanning several months. Models 

taken just one month apart show little variation, but the longer the time frame between 

inversions the more change is observable. The resistivity changes are well correlated with 

the embankment’s structure and most can be explained by changes in subsurface 

temperatures between the months, changes in saturation or the impact of salt runoff from 

the road on top of the embankment. Generally 20-30% changes in resistivity within ~1-10 

m from the surface is coincident with minor seasonal temperature changes that would be 

expected in the embankment even in the absence of anomalous seepage. Large anomalies 

such as those 200-300% resistivity increases found in the Oct-June, 2019 data cannot be 

explained by temperature change; they may be partly a consequence of the 

underdeveloped electrode array and data processing routine in use at the beginning of the 

monitoring period. Road salting operations and elevated electrode contact resistances 

during winter also likely contributed to occasionally erratic data sets and artifacts 

appearing in the resulting resistivity models. A great example of improvement in this area 

is the recent June-Oct, 2020 data, where relatively large (<30%) but explainable change 

occurs in the shallow rockfill and extends downward into the upper core, increasing 

towards the concrete of the sluiceway. Excluding suspected road salt or contact resistance 

artifacts, resistivity changes observed within the core to date have been relatively small 

(at most 20% but generally much less). Despite the many successive improvements made 

over the past two years, it is too early to draw conclusions about the presence or absence 
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of anomalous seepage through the core; this question will be the focus of ongoing 

monitoring, including a more systematic seasonal analysis of spatiotemporal resistivity 

variations in the core to build upon the initial observations reported here.  Helpfully, 

sensitivity within the core will improve once data from electrodes installed below the 

road begins to be regularly collected and incorporated in the inverse modelling. 

 Many modifications and additions which were outside the scope of this work may 

be added to the study in the future. The next step for ameliorating the existing routine is 

to include more automation, making the data collection to inversion process less labour 

intensive. Code that reads a raw data file, fully processes and outputs a final inversion 

result would allow for more timely production of results for review by dam operators. 

Another addition to the existing array is to incorporate data from the recent addition of a 

thermistor probe within the reservoir to monitor temperature changes to attempt to 

explain resistivity variations. As well as the inclusion of this data, conductivity probes 

should be installed at the top of the embankment to monitor the arrival and subsequent 

dilution of road salt runoff. I doubt there will be a simple way to correct for this effect, 

but understanding its magnitude will help delineate certain seasonal anomalies, and may 

allow for filtering of the data to remove surveys when there is a high probability of salt 

impacting data quality. The greatest opportunity to improve the effectiveness of the 

resistivity monitoring system lies in incorporating the electrodes buried under the 

roadway to extend its sensitivity further into the main zone of interest: the clay till core. 

In particular I am hopeful that the electrodes installed closest to the SEP (L0 in Figure 

B3) will aid in gaining more sensitivity at the interface between the concrete and the 

embankment. The traditional approach of installing electrodes along the crest of the dam 
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to examine its entire span in 2D resistivity section would be a good addition, and 

although this would be a great undertaking it would provide a full picture of what 

resistivity variations present themselves as in all parts of the dam. If more electrodes are 

added, the length should remain 4 ft and the installation process should be maintained to 

keep contact resistances low in the wintertime, as we have seen marked improvements 

with the electrodes below the roadway as compared with those in the array.  
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Appendix A: Mactaquac dam plan drawings from 1967 and relevant 
images from the core raising report of 1983 (NB Power, 1967; NB 

Power, 1983) 
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Figure 2A: As built, plan view of embankment: showing locations of cross sections (NB 
Power, 1967) 
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Appendix B: Resistivity Enclosure Information and Wiring Diagrams 
 

 

Figure B1: Old (using only 4 switchboxes) wiring diagram for terminal strips on interior 
of enclosure 
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Figure B2: Current (using 5 switchboxes) wiring diagram for terminal strips inside of the 
enclosure.  
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Table B1: Colour scheme for connectors going from terminal strips to switch boxes 

  

1 Red 

2 White 

3 Green 

4 Brown 

5 Grey with black 

stripe 

6 Orange 

7 Blue 

8 Black 

 

 

Figure B2: Layout of DB9 connector from male end 
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Appendix C: Contact Resistances for all surveys taken from Jun 7, 2019 
to 24 Sept, 2020  

  

For all tables below, ovld = overload measurement, which indicates that the 

contact resistance was too high for a successful measurement to be taken. The two figures 

(Figures C1 and C2) below are the gridded average contact resistance maps for different 

seasons in both 2019 and 2020.  

 

Figure C1: (a) Average contact resistance contour map for Summer 2019 and (b) Fall/early 
Winter 2019. Numbers on axes indicate distances in m. 
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Figure C2: (a) Average contact resistance contour map for Winter/Spring 2020 and (b) 
Summer/ Fall 2020. Numbers on axes indicate distances in m. 

 

Table C1: Contact resistances taken in Summer, 2019  

Electrode  7‐Jun  25‐Jun  4‐Jul  11‐Jul  12‐Aug 

1  0.445  0.152  0.046  0.132  0.149 

2  2.334  1.657  1.489  1.201  1.094 

3  0.7  0.47  0.403  0.797  1.123 

4  1.013  0.871  1.019  0.831  1.042 

5  ovld  0.177  0.227  0.217  0.313 

6  1.453  1.511  1.52  1.425  0.97 

7  0.75  0.54  0.42  0.611  0.866 

8  2.124  2.127  2.05  2.337  2.581 

9  0.901  0.744  0.564  0.891  1.329 

10  ovld  ovld  ovld  ovld  ovld 

11  1.246  0.742  0.589  0.812  1.049 

12  7.722  5.498  5.554  4.223  2.295 

13  0.826  0.492  0.412  0.505  0.518 

14  1.685  1.843  1.68  2.018  2.105 
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15  1.782  1.501  1.261  1.407  1.286 

16  2.647  2.365  1.787  1.599  1.34 

17  1.869  1.724  1.368  1.761  2.319 

18  3.173  1.89  2.027  2.069  2.18 

19  3.488  3.202  2.629  3.036  2.522 

20  2.704  2.336  2.129  2.322  2.213 

21  0.235  0.159  0.151  0.192  0.182 

22  0.331  0.245  0.261  0.283  0.309 

23  0.396  0.451  0.46  0.521  0.528 

24  0.34  0.412  0.404  0.442  0.463 

25  0.366  0.398  0.431  0.419  0.422 

26  0.701  0.682  0.655  0.815  1.158 

27  0.645  0.712  0.719  0.726  0.88 

28  0.74  0.766  0.685  0.785  1.109 

29  0.308  0.343  0.329  0.363  0.501 

30  0.629  0.564  0.525  0.594  0.74 

31  0.581  0.579  0.548  0.543  0.607 

32  1.26  1.304  1.09  1.333  1.66 

33  0.692  0.617  0.599  0.579  0.611 

34  1.748  1.641  1.46  1.648  1.955 

35  1.265  1.155  1.043  1.098  1.042 

36  1.358  1.335  1.149  1.27  1.325 

37  1.886  1.933  1.557  1.832  1.874 

38  1.859  1.812  1.552  1.713  1.612 

39  3.847  3.843  2.953  3.758  3.352 

40  3.078  3.22  2.494  3.168  2.961 

41  0  0.23  0.204  0.264  0.267 

42  4.361  4.13  4.564  4.165  4.632 

43  1.007  0.679  0.569  0.916  1.254 

44  2.966  2.387  2.379  2.176  2.469 

45  1.123  0.792  0.766  0.746  0.742 

46  3.291  2.364  2.283  2.172  2.099 

47  1.781  1.491  1.286  1.417  1.505 

48  2.694  2.308  2.074  2.125  2.147 

49  1.189  0.772  0.671  0.755  0.925 

50  1.275  1.448  1.569  1.406  1.553 

51  1.657  1.323  1.15  1.333  1.687 

52  4.14  3.057  2.961  2.769  2.455 

53  1.327  0.985  0.86  0.927  0.924 

54  3.4  2.761  2.769  2.943  ovld 

55  1.638  1.269  1.096  1.173  1.136 

56  3.594  3.078  3.042  2.927  2.891 

57  2.204  1.998  1.496  1.916  2.582 
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58  1.79  1.521  1.494  1.611  1.657 

59  2.552  2.262  1.933  2.142  1.97 

60  4.158  3.117  2.643  2.764  2.78 

61  0.314  0.316  0.263  0.371  0.286 

62  0.535  0.51  0.45  0.55  0.49 

63  0.625  0.639  0.582  0.805  1.114 

64  1.361  1.314  1.122  1.384  1.691 

65  0.7  0.583  0.555  0.576  0.654 

66  1.454  1.336  1.161  1.316  1.449 

67  1.928  1.713  1.562  1.626  1.66 

68  1.138  1.038  0.921  1.042  1.174 

69  1.558  1.433  1.271  1.367  1.528 

70  1.716  1.513  1.382  1.447  1.531 

71  4.541  1.983  1.654  1.95  2.24 

72  1.328  1.178  1.066  1.109  1.029 

73  1.103  1.019  0.921  0.954  1.008 

74  2.414  2.66  1.87  2.664  2.549 

75  1.197  1.001  0.923  0.979  0.98 

76  3.037  3.166  2.209  3.587  4.9 

77  ovld  4.878  3.726  4.788  4.25 

78  1.471  1.421  1.223  1.371  1.447 

79  6.258  8.026  4.657  8.768  6.336 

80  4.048  4.186  2.938  4.079  4.382 

81  0.807  0.403  0.43  0.442  0.393 

82  2.383  1.948  1.914  1.862  1.781 

83  0.744  0.985  0.789  1.14  1.198 

84  1.469  2.196  2.065  2.063  1.831 

85  0.487  0.724  0.597  0.702  0.726 

86  1.941  2  1.984  1.933  1.867 

87  0.725  1.088  0.877  1.03  0.956 

88  2.324  1.844  1.739  1.637  1.601 

89  1.849  1.754  1.467  1.709  1.984 

90  1.709  2.337  2.29  2.072  1.892 

91  2.477  3.217  2.358  3.411  3.509 

92  1.402  1.88  1.833  1.857  1.71 

93  0.984  1.213  1.011  1.145  1.108 

94  3.417  3.046  2.119  2.994  2.832 

95  0.806  1.163  0.927  1.102  1.103 

96  2.492  2.15  1.994  1.95  1.712 

97  2.228  2.739  1.855  2.841  3.39 

98  1.856  2.286  2.305  2.335  2.506 

99  2.364  3.023  2.429  2.942  2.918 

100  6.29  5.937  4.989  5.603  5.245 
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Remote  ‐0.335  ‐0.259  ‐0.251  0.335  0.362 

           

 

Table C2: Contact resistances taken in Fall/Winter, 2019 

Electrode  4‐Sep  23‐Sep  4‐Oct  21‐Oct  28‐Nov  10‐Dec 

1  0.14  0.243  0.222  0.237  0.314  0.403 

2  1.228  1.478  1.417  1.357  2.812  2.824 

3  0.447  0.556  0.487  0.447  0.657  0.641 

4  0.951  1.223  0.736  0.748  1.712  1.615 

5  0.183  0.12  0.198  0.135  0.272  0.221 

6  1.077  1.22  1.284  1.28  1.476  1.556 

7  0.499  0.582  0.561  0.495  0.889  0.966 

8  2.316  2.187  3.091  3.139  4.001  3.95 

9  0.642  0.809  0.804  0.884  1.23  1.164 

10  ovld  ovld  ovld  ovld  ovld  ovld 

11  0.715  0.864  0.921  0.946  1.374  1.391 

12  2.943  3.792  4.388  4.313  11.666  11.656 

13  0.453  0.46  0.49  0.495  0.669  0.624 

14  2.068  1.88  2.306  2.34  3.009  2.96 

15  1.228  1.387  1.465  1.488  1.752  1.692 

16  1.481  0  2.506  2.556  3.15  3.125 

17  1.424  1.765  1.638  1.635  2.003  1.957 

18  2.243  2.366  2.481  2.484  2.502  2.532 

19  2.474  2.629  2.668  2.762  3.334  3.276 

20  2.174  2.32  2.222  2.193  2.975  2.982 

21  0.223  0.171  0.256  0.199  0.215  0.3 

22  0.319  0.317  0.305  0.211  0.353  0.421 

23  0.678  1.022  0.904  0.959  0.395  0.493 

24  0.509  0.585  0.56  0.639  0.365  0.352 

25  0.442  0.47  0.47  0.47  0.419  0.377 

26  0.811  0.948  0.887  0.887  1.272  1.268 

27  0.709  0.789  0.801  0.718  1.252  1.283 

28  0.723  0.831  0.828  0.748  1.375  1.466 

29  0.336  0.349  0.329  0.385  0.592  0.551 

30  0.537  0.625  0.61  0.565  0.915  0.893 

31  0.519  0.57  0.577  0.567  0.886  0.963 

32  1.051  1.274  1.194  1.289  1.726  1.818 

33  0.559  0.562  ‐0.234  0.712  0.792  0.815 

34  1.38  1.611  1.562  1.633  2.249  2.318 

35  0.929  1.036  1.031  1.082  1.431  1.406 
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36  1.111  1.319  1.238  1.285  1.486  1.529 

37  1.577  1.936  1.834  1.791  2.255  2.26 

38  1.51  1.716  1.656  1.699  2.297  2.246 

39  2.872  3.459  3.27  3.271  3.767  3.78 

40  2.494  2.997  2.899  2.845  3.626  3.716 

41  0.324  0.33  0.223  0.164  0.053  ‐0.027 

42  5.506  6.082  5.986  5.913  9.4  9.324 

43  0.693  0.758  0.885  0.901  1.1  1.11 

44  2.558  2.589  2.61  2.612  3.086  3.17 

45  0.738  0.769  0.925  0.856  1.003  0.948 

46  2.196  2.38  2.178  2.168  2.875  2.869 

47  1.315  1.425  1.798  1.759  2.135  2.089 

48  2.268  2.409  2.511  2.609  2.283  2.321 

49  0.645  0.741  0.818  0.816  1.043  1.047 

50  1.924  1.61  1.635  1.546  2.056  2.047 

51  1.108  1.364  1.456  1.521  1.824  1.809 

52  2.87  3.181  3.551  3.514  5.878  5.921 

53  0.833  0.893  0.923  0.88  1.171  1.212 

54  2.593  2.708  2.817  2.852  4.288  4.28 

55  0.998  1.159  1.169  1.153  1.566  1.654 

56  2.879  2.745  2.7  2.654  3.914  3.836 

57  1.569  1.946  1.902  1.927  2.298  2.301 

58  1.625  1.704  1.82  1.756  2.598  2.605 

59  1.909  2.108  2.23  2.202  2.709  2.737 

60  2.935  2.864  0.358  0.364  4.514  4.513 

61  0.301  0.275  0.624  0.706  0.267  0.268 

62  0.509  0.57  0.813  0.718  0.753  0.704 

63  0.571  0.792  1.457  1.45  1.04  1.115 

64  1.144  1.405  0.658  0.597  1.804  1.809 

65  0.584  0.585  1.441  1.351  0.841  0.762 

66  1.171  1.377  1.822  1.735  1.9  1.972 

67  1.503  1.678  1.039  1.061  2.533  2.543 

68  0.887  1.013  1.472  1.446  1.411  1.472 

69  1.261  1.425  1.558  1.464  1.941  1.929 

70  1.291  1.486  1.933  1.928  1.965  1.921 

71  1.63  1.91  1.151  1.068  2.521  2.594 

72  0.981  1.087  1.02  1.001  1.421  1.44 

73  0.865  0.98  2.411  2.438  1.301  1.282 

74  1.843  2.592  0.949  0.885  2.564  2.471 

75  0.849  0.938  2.522  2.599  1.239  1.307 

76  2.122  3.09  4.606  4.69  2.871  2.797 

77  4.02  4.861  1.499  1.591  4.991  4.965 

78  1.235  1.464  5.892  5.912  1.962  1.97 
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79  4.728  7.445  3.81  3.758  6.555  6.488 

80  3.072  3.949  4.026  3.933  4.699  4.785 

81  0.375  0.428  0.545  0.641  0.55  0.515 

82  1.638  1.883  1.915  1.925  2.439  2.53 

83  0.82  1.012  1.035  1.026  1.4  1.303 

84  1.913  2.173  2.58  2.566  2.701  2.608 

85  0.689  0.703  0.808  0.894  0.991  0.927 

86  2.355  2.426  2.624  2.688  3.136  3.165 

87  0.893  0.971  1.046  0.973  1.432  1.342 

88  1.793  2.27  2.885  2.871  3.487  3.481 

89  1.496  1.703  1.753  1.683  2.277  2.303 

90  2.362  2.325  3.023  3.122  3.208  3.204 

91  2.324  2.957  2.749  2.845  3.919  3.966 

92  2.05  2.077  2.144  2.113  2.719  2.722 

93  1.086  1.184  1.288  1.219  1.547  1.472 

94  2.56  2.644  3.082  3.072  ovld  ovld 

95  0.93  1.067  1.078  1.032  1.439  1.509 

96  0.293  2.157  2.131  0.09  0.036   
97    2.41       
98    2.953       
99  2.955 

100  7.988 

Remote  0.243  0.28  0.237      

 

Table C3: Contact resistances taken Winter/Spring, 2020 

Electrode  23‐Jan  15‐Feb  21‐Mar  4‐May 

1  0.444  0.511  0.238  0.247 

2  6.759  6.828  3.954  4.357 

3  0.472  0.495  0.25  0.582 

4  2.035  2.086  2.132  2.372 

5  0.39  0.392  0.232  0.329 

6  2.709  2.721  2.16  1.201 

7  1.33  1.348  0.668  0.248 

8  5.302  5.351  4.516  4.423 

9  2.206  2.247  0.655  0.918 

10  ovld  ovld  ovld  ovld 

11  3.051  3.091  1.16  1.341 

12  9.14  9.141  10.915  5.552 

13  1.388  1.450  1.143  0.573 

14  ovld  5.824  6.475  5.710 
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15  4.537  4.539  2.292  2.294 

16  6.557  6.602  3.378  3.409 

17  2.474  2.566  2.995  2.062 

18  ovld  7.652  6.205  5.671 

19  19.157  19.196  5.821  5.202 

20  9.032  9.109  4.586  3.892 

21  1.055  1.090  0.149  0.204 

22  1.059  1.105  0.331  0.647 

23  0.479  0.538  0.419  0.501 

24  0.138  0.177  0.287  0.256 

25  0.258  0.340  0.601  0.652 

26  0.445  0.456  0.391  0.351 

27  2.617  2.659  1.143  1.547 

28  4.972  4.998  1.854  1.988 

29  0.991  0.999  0.761  0.822 

30  2.368  2.427  2.157  2.020 

31  1.919  2.008  1.385  0.515 

32  8.333  8.411  3.596  3.665 

33  1.606  1.641  1.371  1.024 

34  8.853  8.907  5.051  4.718 

35  5.505  5.555  2.568  1.881 

36  1.902  1.998  2.209  1.255 

37  4.093  4.127  3.693  2.707 

38  13.337  13.396  5.529  5.532 

39  ovld  ovld  10.249  9.755 

40  ovld  ovld  ovld  4.689 

41  0.283  0.313  0.309  0.308 

42  9.434  9.438  7.977  7.272 

43  2.717  2.734  0.782  0.483 

44  3.872  3.947  4.557  4.915 

45  1.331  1.371  1.323  1.146 

46  3.7  3.779  4.522  4.377 

47  6.577  6.637  4.372  3.424 

48  ovld  7.892  3.328  2.831 

49  2.216  2.269  1.84  2.177 

50  3.792  3.839  4.421  4.451 

51  5.777  5.856  3.011  3.173 

52  ovld  ovld  8.033  7.286 

53  2.695  2.768  2.423  2.644 

54  8.381  8.389  6.343  5.666 

55  3.775  3.819  2.474  2.191 

56  5.211  5.252  6.041  5.655 

57  2.635  2.704  2.845  2.879 
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58  9.83  9.877  2.815  1.952 

59  15.541  15.627  9.762  9.649 

60  ovld  9.095  7.536  7.460 

61  0.912  0.979  0.819  0.270 

62  2.243  2.273  0.211  0.381 

63  1.383  1.410  1.041  1.001 

64  2.853  2.879  2.266  1.344 

65  1.025  1.112  0.94  1.097 

66  4.219  4.236  2.554  1.690 

67  9.755  9.842  7.115  6.780 

68  3.352  3.404  2.456  2.925 

69  7.092  7.149  3.544  3.216 

70  4.785  4.818  3.961  3.922 

71  14.02  14.093  5.886  5.133 

72  4.589  4.687  2.381  2.350 

73  2.156  2.163  1.974  2.465 

74  ovld  ovld  10.717  9.092 

75  2.228  2.286  1.87  1.576 

76  2.984  3.016  4.371  4.728 

77  ovld  ovld  14.098  9.225 

78  8.288  8.350  3.252  2.577 

79  ovld  ovld  18.118  6.606 

80  ovld  ovld  7.671  5.539 

81  1.446  1.514  0.286  0.141 

82  2.894  2.955  2.201  2.262 

83  3.708  3.725  0.91  0.982 

84  4.313  4.318  3.742  3.694 

85  1.248  1.339  1.367  0.828 

86  4.243  4.341  4.339  3.708 

87  4.075  4.149  2.313  2.420 

88  4.447  4.544  4.649  4.686 

89  6.69  6.721  4.77  5.090 

90  2.608  2.707  3.496  2.948 

91  ovld  ovld  11.393  10.737 

92  ovld  4.443  2.931  3.198 

93  3.095  3.156  3.081  2.748 

94  ovld  ovld  ovld  ovld 

95  3.482  3.527  2.034  2.485 

Remote  0.125  0.210  1.311  1.087 
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Table C4: Contact resistances taken Summer/Fall, 2020. 

Electrode  5‐Jun  24‐Jun  16‐Jul  12‐Aug  24‐Sep 

1  0.315  0  0.076  0.114  0.152 

2  1.826  1.25  2.071  1.413  2.143 

3  0.853  1.438  0.839  0.5  0.62 

4  1.252  2.535  1.305  1.138  1.217 

5  0.114  0.852  0.278  0.254  0.401 

6  2.641  2.355  2.938  1.51  2.326 

7  0.838  1.495  0.884  0.637  0.726 

8  2.68  3.575  2.977  2.566  3.296 

9  1.432  2.397  1.511  0.97  1.138 

10  ovld  ovld  ovld  ovld  ovld 

11  1.547  2.07  1.344  0.839  1 

12  7.928  4.808  5.266  4.294  6.687 

13  0.807  1.085  0.509  0.474  0.509 

14  2.152  3.124  2.019  1.907  2.342 

15  1.811  1.768  1.308  1.221  1.225 

16  1.709  2.13  1.514  1.913  2.016 

17  2.901  4.088  1.817  1.484  1.533 

18  2.933  2.533  2.655  1.83  2.201 

19  3.75  3.697  2.624  2.553  2.659 

20  2.79  3.339  1.813  1.968  2.808 

21  0.244  0.416  0.375  0.211  0.243 

22  0.075  0.48  0.279  0.264  0.333 

23  0.679  1.207  0.525  0.501  0.604 

24  0.512  0.984  0.317  0.354  0.434 

25  0.375  0.528  0.247  0.331  0.429 

26  1.045  1.945  1.12  0.643  0.689 

27  1.132  1.442  0.757  0.722  0.698 

28  1.815  2.95  1.252  1.065  1.086 

29  0.643  0.929  0.56  0.441  0.432 

30  0.946  1.447  0.77  0.636  0.618 

31  0.577  1.061  0.452  0.571  0.596 

32  2.233  3.015  1.529  1.436  1.23 

33  0.756  0.892  0.61  0.51  0.519 

34  2.524  2.919  1.868  1.589  1.572 

35  1.336  1.681  0.975  0.969  0.935 

36  1.707  1.734  1.015  1.037  1.071 

37  2.605  2.73  1.704  1.586  1.627 

38  2.414  2.261  1.839  1.575  1.688 

39  5.752  5.41  3.712  3.48  3.491 
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40  5.559  5.941  2.946  2.829  2.781 

41  0.164  0.502  0.095  0.165  0.207 

42  5.485  5.378  4.998  4.603  6.366 

43  1.812  2.995  2.212  1.138  1.453 

44  2.924  2.687  3.315  2.275  2.414 

45  0.879  1.032  0.509  0.672  0.774 

46  1.728  2.062  2.062  1.965  2.635 

47  2.065  2.137  1.527  1.314  1.383 

48  ovld  ovld  1.545  1.491  2.213 

49  0.897  1.422  0.685  0.67  0.663 

50  2.018  1.862  2.934  2.151  2.386 

51  2.021  2.442  1.388  1.137  1.124 

52  3.736  2.543  2.949  2.946  3.801 

53  1.158  1.379  0.853  0.768  0.813 

54  3.76  4.188  4.062  3.195  3.845 

55  1.428  1.674  1.039  0.933  0.882 

56  3.568  3.286  2.354  2.532  2.631 

57  3.211  4.776  1.983  1.669  1.67 

58  2.678  2.892  2.54  1.85  1.889 

59  2.551  2.701  1.915  1.935  2.118 

60  4.327  2.952  3.487  2.842  3.868 

61  0.402  0.582  0.29  0.237  0.304 

62  0.588  0.904  0.519  0.462  0.555 

63  1.09  1.843  0.875  0.755  0.722 

64  2.023  2.789  1.424  1.202  1.165 

65  0.67  0.955  0.569  0.53  0.634 

66  2.056  2.457  1.614  1.339  1.328 

67  2.434  2.999  1.798  1.624  1.608 

68  1.591  2.001  0.863  0.914  0.814 

69  1.986  2.744  1.821  1.317  1.304 

70  2.214  2.417  1.57  1.419  1.458 

71  2.941  3.302  1.958  1.71  1.73 

72  1.507  1.606  0.982  0.959  0.964 

73  1.02  1.378  0.634  0.796  0.801 

74  4.043  4.792  2.403  2.061  1.867 

75  1.353  1.542  0.911  0.852  0.796 

76  6.06  10.189  3.418  2.361  2.23 

77  6.553  6.905  4.287  4.177  4.377 

78  1.734  2.102  1.03  1.245  1.256 

79  14.464  13.834  7.425  6.301  5.586 

80  7.097  7.498  4.256  3.614  3.614 

81  0.637  0.789  0.452  1.448  0.397 

82  1.365  2.044  2.157  1.703  1.705 
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83  1.137  1.542  0.772  2.733  1.001 

84  1.897  1.168  1.501  2.087  2.142 

85  0.954  1.205  0.823  1.114  0.734 

86  2.466  3.277  2.333  2.516  3.065 

87  1.226  1.404  0.833  0.912  0.867 

88  3.646  2.204  2.084  1.391  2.671 

89  2.533  2.8  1.534  0.333  1.462 

90  1.668  1.803  1.897  1.195  2.449 

91  6.274  8.987  3.144  0.838  2.468 

92  2.483  2.009  2.649  1.824  2.56 

93  1.572  1.512  1.063  0.635  1.13 

94  ovld  ovld  2.836  1.281  2.573 

95  2.886  2.042  1.085  0.854  0.891 

96    2.594  1.868  2.181   
97    2.11  2.086  2.074   
98    3.292  3.139  3.261   
99    2.806  2.588  2.816   

100    5.462  4.72  5.338   
Remote     1.931  0.046  0.068   
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Appendix D: GPR Survey over Mactaquac dam crest road, adjacent to 
SEP 

 

In order to obtain more sensitivity in the core of the embankment, we planned in spring 

and summer of 2019 to place electrodes beneath the roadway. After looking at some as 

built schematics from 1967 and 1983 (Appendix A), we saw that there was a concrete pad 

beneath the roadway on the downstream side of the embankment as a “cap” on the clay 

core. In order to avoid this and any other concrete objects, we set out to perform a GPR 

survey on the roadway, which gave us confidence to proceed with our chosen electrode 

locations. 
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Figure D2: Photo of corner of x-y grid used for survey, adjacent to SEP 
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Appendix E: MATLAB Codes for Data Processing 
 

Analysis and smart averaging code: SortingfileforAnalysisV4.m 
%Import data 
[num,txt,raw] = 
xlsread('C:\Users\DBOULAY\Documents\MATLAB\datafile.xlsx'); 
  
%% Create output variable 
Nquads = cell2mat(raw(16,1)); 
Electrodearray = raw(17:(Nquads + 17 - 1),1:4); 
Nheader = 16+Nquads; %Number of header lines before date of first 
survey 
%Nquads = size(Electrodearray,1);% 
%NS=(size(raw,1)-(Nheader))/(Nquads+3);%numberofsurveysincluded 
NS=9; %sometimes if you remove one survey the code will miscalculate NS 
and you will need to enter manually 
dciptopo = xlsread('dciptopoelevationcorrected.xlsx'); 
for i = 0:NS-1 
DateTime(i+1,1:2) = raw(Nheader+1+(Nquads+3)*i,1:2); 
Surveyrowstart = Nheader+1 + 3 +(Nquads+3)*i; 
    for j=0:Nquads-1 
        S(j+1,1+7*i:6+7*i) = raw(Surveyrowstart+j,1:6); 
        S(j+1,7+7*i) = {0}; 
    end 
end 
  
%% Converting Electrode Array file to Topo(X,Y,Z) format 
Snum=cell2mat(S); 
Electrodearraynum = cell2mat(Electrodearray); 
Nquadrapoles=size(Electrodearraynum); 
p=0; 
for m=1:Nquadrapoles %m refers to quadrapole number 
 Topo(m,1)=dciptopo(Electrodearraynum(m,1),2); 
 Topo(m,2)=dciptopo(Electrodearraynum(m,1),1); 
 Topo(m,3)=dciptopo(Electrodearraynum(m,1),3); 
 Topo(m,4)=dciptopo(Electrodearraynum(m,1),2); 
 Topo(m,5)=dciptopo(Electrodearraynum(m,1),1); 
 Topo(m,6)=dciptopo(Electrodearraynum(m,1),3); 
 Topo(m,7)=dciptopo(Electrodearraynum(m,3),2); 
 Topo(m,8)=dciptopo(Electrodearraynum(m,3),1); 
 Topo(m,9)=dciptopo(Electrodearraynum(m,3),3); 
 Topo(m,10)=dciptopo(Electrodearraynum(m,4),2); 
 Topo(m,11)=dciptopo(Electrodearraynum(m,4),1); 
 Topo(m,12)=dciptopo(Electrodearraynum(m,4),3); 
end 
  
%% Calculating Apparent Resistivity 
Snum=cell2mat(S); %Converts from cell array to double array  
  
for i = 1:Nquads 
    for j=0:NS-1 
        Ax=Topo(i,1); 
        Ay=Topo(i,2); 
        Az=Topo(i,3); 
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        Mx=Topo(i,7); 
        My=Topo(i,8); 
        Mz=Topo(i,9); 
        Nx=Topo(i,10); 
        Ny=Topo(i,11); 
        Nz=Topo(i,12); 
        U=Snum(i,1+7*j); 
        I=Snum(i,3+7*j); 
        %Electrodearraynum(i,5) refers to the geometric factor, k 
        Electrodearraynum(i,5) = abs((sqrt((Ax-Mx)^2 +(Ay-My)^2 +(Az-
Mz)^2)*sqrt((Ax-Nx)^2 +(Ay-Ny)^2 + (Az-Nz)^2))/(sqrt((Ax-Nx)^2 +(Ay-
Ny)^2 +(Az-Nz)^2) - sqrt(((Ax-Mx)^2 +(Ay-My)^2 +(Az-Mz)^2)))); 
        Snum(i,7+7*j)= 2*pi*Electrodearraynum(i,5)*U/I; 
        Svalues(i,1+j)=Snum(i,7+7*j); 
    end 
end 
  
%% Averaging Apparent Resistivities, Computing Standard Deviation, Max, 
Min 
Svaluestr=transpose(Svalues); 
Analysismean = mean(Svaluestr); 
Analysisstdev = std(Svaluestr); 
Analysismax= max(Svaluestr); 
Analysismin = min(Svaluestr); 
for j=1:Nquads 
        Analysistr(1,j)=Analysismean(1,j); 
        Analysistr(2,j)=Analysisstdev(1,j); 
        Analysistr(3,j)=Analysismax(1,j); 
        Analysistr(4,j)=Analysismin(1,j); 
end 
Analysis=transpose(Analysistr); 
  
for i=1:Nquads 
    for j=0:NS-1 
        Analysis(i,5+j)=((Snum(i,7+7*j)-
Analysis(i,1))/Analysis(i,1))*100; 
    end 
end 
  
Analysis(isnan(Analysis))=0; 
             
  
%% Filtering out unwanted data 
for i=1:Nquads 
    tolstd=1;%tolerance value in number of standard deviations from the 
mean 
    tol(i)=tolstd*(Analysis(i,2)/abs(Analysis(i,1)))*100;%Tolerance for 
outliers set to two standard deviations 
    tol(isnan(tol))=0; 
    Svaluesrowi=Svalues(i,:); 
    Analysisrowi=Analysis(i,5:4+NS); 
    p=0; 
    clear roatrim; 
    nroatrim = 0; 
    for j=1:NS 
        if abs(Analysisrowi(j))<=tol(i) 
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            p=p+1; 
            roatrim(p)=Svaluesrowi(j); 
        else  
        end 
    end     
    roatrimmean = mean(roatrim); 
    roatrimstd = std(roatrim); 
    roatrimstdpct = (roatrimstd/roatrimmean)*100; 
    nroatrim = size(roatrim); 
    Ifirst=Snum(i,3);%takes current from first survey as representative 
    k=Electrodearraynum(i,5); 
    Utrimmean=Ifirst*roatrimmean/(2*pi*k); 
    dU=(Utrimmean*roatrimstdpct)/100; 
    Robustmeandata(i,:)=[Electrodearraynum(i,1:4) Utrimmean 0 Ifirst dU 
0 roatrimmean roatrimstdpct nroatrim]; 
end 
         

Code which filters and outputs pole-dipole data in RES3DINV format: 
PoldipoletoRES3DV4.m 
%This code is used for RES3DIINV, modified in February 2020 by Daniel 
Boulay 
%to deal with pole-dipole data and set assigned errors for Mactaquac 
project 
%It requires a input data(A B M N U U90 I dU dU90 stdpct), and a topo 
%file(x,y,z)  
%This code contains a negative check but does not do any sort of 
reversal checks, filters out currents  
%less than 1 mA, and calculates the apparent resistivity    
input=xlsread('datafile.xlsx'); 
topo=xlsread('Res3Dtopo.xlsx'); 
R=size(input); 
p=0;%counter 
output(1,1)=0; 
for n=1:R; 
                                p=p+1; 
                                output(p,1)=input(n,1); 
                                output(p,2)=input(n,2); 
                                output(p,3)=input(n,3); 
                                output(p,4)=input(n,4); 
                                output(p,5)=input(n,5); 
                                output(p,6)=input(n,7); 
                                output(p,7)=input(n,8); 
                                output(p,8)=input(n,5); 
                                output(p,9)=input(n,7); 
                                output(p,10)=input(n,8); 
                                output(p,11)=input(n,8); 
                                output(p,12)=input(n,8); 
                                output(p,13)=input(n,8); 
                                output(p,14)=input(n,14); 
end 
r=size(output); %cals voltage normalized to voltage and reciprocal 
error 
for q=1:r; 
    output(q,11)= (output(q,5)/output(q,6)); 
    output(q,12)= (output(q,8)/output(q,9)); 
    output(q,13)= abs(output(q,11)-output(q,12))/output(q,11)*100; 
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end 
NV=size(output); 
p=0; %counter 
for l=1:NV; 
    if output(l,6)>=0.1; %filters out currents smaller than 1 mA 
        p=p+1; 
        Output(p,1)=output(l,1); 
        Output(p,2)=output(l,2);         
        Output(p,3)=output(l,3);  
        Output(p,4)=output(l,4); 
        Output(p,5)=output(l,5); 
        Output(p,6)=output(l,6); 
        Output(p,7)=output(l,7); 
        Output(p,8)=output(l,8); 
        Output(p,9)=output(l,9); 
        Output(p,10)=output(l,10); 
        Output(p,11)=output(l,11); 
        Output(p,12)=output(l,12); 
        Output(p,13)=output(l,13); 
        Output(p,14)=output(l,14); 
    else i=6; 
    end 
end 
recerror=size(Output); 
UERR=3; %set U error filter 
p=0; %counter 
for l=1:recerror; 
    if Output(l,7)<UERR; 
        p=p+1; 
        OUtput(p,1)=Output(l,1); 
        OUtput(p,2)=Output(l,2);         
        OUtput(p,3)=Output(l,3);  
        OUtput(p,4)=Output(l,4); 
        OUtput(p,5)=Output(l,5); 
        OUtput(p,6)=Output(l,6); 
        OUtput(p,7)=Output(l,7); 
        OUtput(p,8)=Output(l,8); 
        OUtput(p,9)=Output(l,9); 
        OUtput(p,10)=Output(l,10); 
        OUtput(p,11)=Output(l,11); 
        OUtput(p,12)=Output(l,12); 
        OUtput(p,13)=Output(l,13); 
        OUtput(p,14)=abs(Output(l,11)*0.025); %Error for DCIP3D 
        OUtput(p,15)=Output(l,14);%stdpct 
    else i=6; 
    end 
end 
uerr=size(OUtput); 
p=0; %counter 
for l=1:uerr; 
    %if OUtput(l,5)>0; %filters out negative voltages 
        p=p+1; 
        OUTput(p,1)=OUtput(l,1); 
        OUTput(p,2)=OUtput(l,2);         
        OUTput(p,3)=OUtput(l,3);  
        OUTput(p,4)=OUtput(l,4); 
        OUTput(p,5)=OUtput(l,5); 
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        OUTput(p,6)=OUtput(l,6); 
        OUTput(p,7)=OUtput(l,7); 
        OUTput(p,8)=OUtput(l,8); 
        OUTput(p,9)=OUtput(l,9); 
        OUTput(p,10)=OUtput(l,10); 
        OUTput(p,11)=OUtput(l,11); 
        OUTput(p,12)=OUtput(l,12); 
        OUTput(p,13)=OUtput(l,13); 
        OUTput(p,14)=OUtput(l,14); 
   % else i=6; 
    %end 
end 
SC=size(OUTput); 
% AxAyBxByMxMyNxNy format with voltage, and voltage error and current. 
p=0; 
for m=1:SC 
    OUTPUt(m,1)=topo(OUTput(m,1),2); 
    OUTPUt(m,2)=topo(OUTput(m,1),1); 
    OUTPUt(m,3)=topo(OUTput(m,1),3); 
    OUTPUt(m,4)=topo(OUTput(m,3),2); 
    OUTPUt(m,5)=topo(OUTput(m,3),1); 
    OUTPUt(m,6)=topo(OUTput(m,3),3); 
    OUTPUt(m,7)=topo(OUTput(m,4),2); 
    OUTPUt(m,8)=topo(OUTput(m,4),1); 
    OUTPUt(m,9)=topo(OUTput(m,4),3); 
    OUTPUt(m,10)=OUTput(m,11); %Normolized Voltage 
    OUTPUt(m,11)=OUTput(m,14); %U error 
    OUTPUt(m,12)=OUTput(m,15);%stdpct 
end 
  
[nrows,ncols] = size(OUTPUt); 
  
for n = 1:nrows 
    Ax=OUTPUt(n,1); 
    Ay=OUTPUt(n,2); 
    Az=OUTPUt(n,3); 
    Mx=OUTPUt(n,4); 
    My=OUTPUt(n,5); 
    Mz=OUTPUt(n,6); 
    Nx=OUTPUt(n,7); 
    Ny=OUTPUt(n,8); 
    Nz=OUTPUt(n,9); 
    OUTPUT(n,1)=OUTPUt(n,2); 
    OUTPUT(n,2)=OUTPUt(n,1); 
    OUTPUT(n,3)=OUTPUt(n,5); 
    OUTPUT(n,4)=OUTPUt(n,4); 
    OUTPUT(n,5)=OUTPUt(n,8); 
    OUTPUT(n,6)=OUTPUt(n,7); 
    k = abs((sqrt((Ax-Mx)^2 +(Ay-My)^2 +(Az-Mz)^2)*sqrt((Ax-Nx)^2 +(Ay-
Ny)^2 + (Az-Nz)^2))/(sqrt((Ax-Nx)^2 +(Ay-Ny)^2 +(Az-Nz)^2) - sqrt(((Ax-
Mx)^2 +(Ay-My)^2 +(Az-Mz)^2)))); 
    OUTPUT(n,7) = 2*pi*k*OUTPUt(n,10); %Apparent resistivity    
    OUTPUT(n,8)=OUTPUt(n,12)*(OUTPUT(n,7)+(OUTPUT(n,7)*0.025;%Errors 
for RES3DINV 
End 
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Code which filters and outputs Wenner and dipole-dipole data to RES3DINV format: 
WendiditoRES3DV3.m 
 
%This code is used for RES3DINV, modified in December, 2019 by Daniel 
Boulay for dipoledipole and Wenner data in the Mactaquac project 
%It requires a input data(A B M N U U90 I dU dU90 stdpct), and a topo 
%file(x,y,z) 
%This code checks Reciprocal error, Uerror, negative voltages, and 
currents  
%less than 1 mA, and calculate the apparent resistivity    
input=xlsread('Oct20-24-wendidi.xlsx'); 
topo=xlsread('Res3Dtopo.xlsx'); 
R=size(input); 
p=0;%counter 
output(1,1)=0; 
for m=1:R; 
    for n=1:R; 
        if  (input(n,1)==input(m,3)); 
            if  (input(n,2)==input(m,4));  
                 if (input(n,3)==input(m,1)); 
                       if(input(n,4)==input(m,2)); 
                            if input(n,1)<input(m,1) 
                                p=p+1; 
                                output(p,1)=input(n,1); 
                                output(p,2)=input(n,2); 
                                output(p,3)=input(n,3); 
                                output(p,4)=input(n,4); 
                                output(p,5)=input(n,5); 
                                output(p,6)=input(n,7); 
                                output(p,7)=input(n,8); 
                                output(p,8)=input(m,5); 
                                output(p,9)=input(m,7); 
                                output(p,10)=input(n,8); 
                                output(p,11)=input(n,8); 
                                output(p,12)=input(n,8); 
                                output(p,13)=input(n,8); 
                                output(p,14)=input(n,14); 
                            else i=5; 
                            end 
                       else i=1; 
                       end 
                 else i=3; 
                 end 
            else i=2; 
            end 
        else i=4; 
        end 
    end 
end 
r=size(output); %cals voltage normalized to current and reciprocal 
error 
for q=1:r; 
    output(q,11)= (output(q,5)/output(q,6)); 
    output(q,12)= (output(q,8)/output(q,9)); 
    output(q,13)= abs(output(q,11)-output(q,12))/output(q,11)*100; 
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end 
REC=5; %set Reciprocal error here 
p=0; %counter 
for l=1:r; 
    if output(l,13)<REC; 
        p=p+1; 
        Output(p,1)=output(l,1); 
        Output(p,2)=output(l,2);         
        Output(p,3)=output(l,3);  
        Output(p,4)=output(l,4); 
        Output(p,5)=output(l,5); 
        Output(p,6)=output(l,6); 
        Output(p,7)=output(l,7); 
        Output(p,8)=output(l,8); 
        Output(p,9)=output(l,9); 
        Output(p,10)=output(l,10); 
        Output(p,11)=output(l,11); 
        Output(p,12)=output(l,12); 
        Output(p,13)=output(l,13); 
        Output(p,14)=output(l,14); 
    else i=6; 
    end 
end 
recerror=size(Output); 
UERR=3; %set U error filter 
p=0; %counter 
for l=1:recerror; 
    if Output(l,7)<UERR; 
        p=p+1; 
        OUtput(p,1)=Output(l,1); 
        OUtput(p,2)=Output(l,2);         
        OUtput(p,3)=Output(l,3);  
        OUtput(p,4)=Output(l,4); 
        OUtput(p,5)=Output(l,5); 
        OUtput(p,6)=Output(l,6); 
        OUtput(p,7)=Output(l,7); 
        OUtput(p,8)=Output(l,8); 
        OUtput(p,9)=Output(l,9); 
        OUtput(p,10)=Output(l,10); 
        OUtput(p,11)=Output(l,11); 
        OUtput(p,12)=Output(l,12); 
        OUtput(p,13)=Output(l,13); 
        OUtput(p,14)=Output(l,14); 
    else i=6; 
    end 
end 
uerr=size(OUtput); 
p=0; %counter 
for l=1:uerr; 
    %if OUtput(l,5)>0; %filters out negative voltages 
        p=p+1; 
        OUTput(p,1)=OUtput(l,1); 
        OUTput(p,2)=OUtput(l,2);         
        OUTput(p,3)=OUtput(l,3);  
        OUTput(p,4)=OUtput(l,4); 
        OUTput(p,5)=OUtput(l,5); 
        OUTput(p,6)=OUtput(l,6); 
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        OUTput(p,7)=OUtput(l,7); 
        OUTput(p,8)=OUtput(l,8); 
        OUTput(p,9)=OUtput(l,9); 
        OUTput(p,10)=OUtput(l,10); 
        OUTput(p,11)=OUtput(l,11); 
        OUTput(p,12)=OUtput(l,12); 
        OUTput(p,13)=OUtput(l,13); 
        OUTput(p,14)=OUtput(l,14); 
   % else i=6; 
    %end 
end 
NV=size(OUTput); 
p=0; %counter 
for l=1:NV; 
    if OUTput(l,6)>=.1; %filters out currents smaller than 0.1 mA 
        p=p+1; 
        OUTPut(p,1)=OUTput(l,1); 
        OUTPut(p,2)=OUTput(l,2);         
        OUTPut(p,3)=OUTput(l,3);  
        OUTPut(p,4)=OUTput(l,4); 
        OUTPut(p,5)=OUTput(l,5); 
        OUTPut(p,6)=OUTput(l,6); 
        OUTPut(p,7)=OUTput(l,7); 
        OUTPut(p,8)=OUTput(l,8); 
        OUTPut(p,9)=OUTput(l,9); 
        OUTPut(p,10)=OUTput(l,10); 
        OUTPut(p,11)=OUTput(l,11); 
        OUTPut(p,12)=OUTput(l,12); 
        OUTPut(p,13)=OUTput(l,13); 
        OUTPut(p,14)=abs(OUTput(l,11)*0.025); %Error for DCIP3D 
        OUTPut(p,15)=OUTput(l,14);%stdpct 
    else i=6; 
    end 
end 
SC=size(OUTPut); 
% AxAyBxByMxMyNxNy format with voltage, and voltage error and current. 
p=0; 
for m=1:SC 
    OUTPUt(m,1)=topo(OUtput(m,1),2); 
    OUTPUt(m,2)=topo(OUtput(m,1),1); 
    OUTPUt(m,3)=topo(OUtput(m,1),3); 
    OUTPUt(m,4)=topo(OUtput(m,2),2); 
    OUTPUt(m,5)=topo(OUtput(m,2),1); 
    OUTPUt(m,6)=topo(OUtput(m,2),3); 
    OUTPUt(m,7)=topo(OUtput(m,3),2); 
    OUTPUt(m,8)=topo(OUtput(m,3),1); 
    OUTPUt(m,9)=topo(OUtput(m,3),3); 
    OUTPUt(m,10)=topo(OUtput(m,4),2); 
    OUTPUt(m,11)=topo(OUtput(m,4),1); 
    OUTPUt(m,12)=topo(OUtput(m,4),3); 
    OUTPUt(m,13)=OUTPut(m,11); %Normolized Voltage 
    OUTPUt(m,14)=OUTPut(m,14); %U error 
    OUTPUt(m,15)=OUTPut(m,15); %stdpct 
end 
  
[nrows,ncols] = size(OUTPUt); 
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for n = 1:nrows 
    OUTPUT(n,1:8) = OUTPUt(n,1:8); 
    Ax=OUTPUt(n,1); 
    Ay=OUTPUt(n,2); 
    Az=OUTPUt(n,3); 
    Bx=OUTPUt(n,4); 
    By=OUTPUt(n,5); 
    Bz=OUTPUt(n,6); 
    Mx=OUTPUt(n,7); 
    My=OUTPUt(n,8); 
    Mz=OUTPUt(n,9); 
    Nx=OUTPUt(n,10); 
    Ny=OUTPUt(n,11); 
    Nz=OUTPUt(n,12); 
    OUTPUT(n,1)=OUTPUt(n,2); 
    OUTPUT(n,2)=OUTPUt(n,1); 
    OUTPUT(n,3)=OUTPUt(n,5); 
    OUTPUT(n,4)=OUTPUt(n,4); 
    OUTPUT(n,5)=OUTPUt(n,8); 
    OUTPUT(n,6)=OUTPUt(n,7); 
    OUTPUT(n,7)=OUTPUt(n,9); 
    OUTPUT(n,8)=OUTPUt(n,8); 
    k = (1/abs(sqrt((Ax-Mx)^2 +(Ay-My)^2 +(Az-Mz)^2)) - 1/abs(sqrt((Bx-
Mx)^2 +(By-My)^2 +(Bz-Mz)^2)) - 1/abs(sqrt((Ax-Nx)^2+(Ay-Ny)^2 +(Az-
Nz)^2)) + 1/abs(sqrt((Bx-Nx)^2 +(By-Ny)^2 +(Bz-Nz)^2)))^(-1); 
    OUTPUT(n,9) = 2*pi*k*OUTPUt(n,9); %Apparent resistivity    
    OUTPUT(n,10)= (OUTPUT(n,9)*OUTPUt(m,15)/100)+OUTPUT(n,9)*0.025; 
%Errors for RES3DINV 
 
End 
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Appendix F: Electrode Coordinates 

Table F1: GPS locations for all electrode addresses 

Station  E (m)  N (m)  Elevation (m) 

L11  2471196.541  7439216.535  39.851 

L12  2471199.417  7439216.595  38.914 

L13  2471201.833  7439216.247  37.047 

L14  2471204.132  7439216.236  35.844 

L15  2471207.041  7439215.987  33.917 

L16  2471209.140  7439215.821  33.075 

L17  2471212.172  7439215.447  30.923 

L18  2471214.717  7439215.581  29.744 

L19  2471217.254  7439215.357  27.889 

L110  2471219.180  7439215.276  27.025 

L111  2471222.376  7439215.024  24.914 

L112  2471224.853  7439214.861  23.701 

L113  2471227.565  7439214.898  21.562 

L114  2471229.330  7439214.132  20.257 

L115  2471232.516  7439213.974  18.023 

L116  2471234.503  7439215.087  17.34 

L117  2471237.473  7439213.650  15.162 

L118  2471239.359  7439213.546  13.982 

L119  2471242.334  7439213.572  11.593 

L120  2471244.421  7439213.389  11.198 

L201  2471195.994  7439211.200  40.007 

L202  2471198.798  7439211.327  38.75 

L203  2471201.458  7439210.890  37.298 

L204  2471203.911  7439211.021  35.682 

L205  2471206.627  7439210.835  33.987 

L206  2471209.178  7439210.660  32.615 

L207  2471211.651  7439210.394  31.056 

L208  2471214.135  7439210.228  29.494 

L209  2471216.801  7439209.934  27.97 

L210  2471219.414  7439209.692  26.401 

L211  2471221.895  7439209.596  24.797 

L212  2471224.336  7439209.224  23.11 

L213  2471226.699  7439209.323  21.512 

L214  2471229.292  7439209.257  19.838 

L215  2471231.933  7439209.057  18.003 

L216  2471234.325  7439208.849  16.44 

L217  2471236.850  7439208.350  14.859 

L218  2471239.281  7439208.334  13.212 
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L219  2471241.997  7439208.310  11.607 

L220  2471244.759  7439207.971  10.392 

L301  2471195.844  7439206.744  39.929 

L302  2471198.640  7439206.577  39.192 

L303  2471201.196  7439206.290  37.438 

L304  2471203.418  7439205.779  36.025 

L305  2471206.455  7439205.851  33.892 

L306  2471208.190  7439206.036  33.254 

L307  2471211.555  7439205.801  31.07 

L308  2471213.689  7439205.365  29.997 

L309  2471216.234  7439205.338  28.339 

L310  2471218.607  7439205.306  26.971 

L311  2471221.161  7439204.818  25.358 

L312  2471223.470  7439205.100  23.771 

L313  2471226.646  7439204.668  21.512 

L314  2471229.129  7439204.350  20.011 

L315  2471231.801  7439204.304  18.106 

L316  2471234.120  7439204.248  16.705 

L317  2471236.011  7439204.116  14.864 

L318  2471238.925  7439204.206  13.506 

L319  2471241.850  7439203.735  11.57 

L320  2471244.310  7439203.049  10.592 

L401  2471195.804  7439201.784  40.011 

L402  2471198.519  7439201.544  38.869 

L403  2471200.996  7439201.241  37.211 

L404  2471203.495  7439201.334  35.668 

L405  2471206.329  7439201.092  34.21 

L406  2471208.811  7439201.015  32.709 

L407  2471211.486  7439200.981  31.044 

L408  2471213.898  7439201.048  29.63 

L409  2471216.473  7439200.786  28.109 

L410  2471219.070  7439200.746  26.132 

L411  2471221.485  7439200.776  24.624 

L412  2471224.072  7439200.456  22.831 

L413  2471226.596  7439199.774  21.18 

L414  2471229.567  7439199.354  19.502 

L415  2471231.542  7439199.483  18.117 

L416  2471233.929  7439199.169  16.372 

L417  2471236.980  7439198.225  14.089 

L418  2471239.622  7439198.379  13.048 

L419  2471242.374  7439198.224  11.777 

L420  2471244.948  7439197.934  10.31 

L501  2471195.501  7439196.837  40.014 
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L502  2471198.604  7439196.634  39.161 

L503  2471200.917  7439196.439  37.499 

L504  2471203.202  7439196.370  36.597 

L505  2471206.259  7439195.914  34.23 

L506  2471208.533  7439196.040  33.259 

L507  2471211.185  7439195.967  31.351 

L508  2471213.296  7439196.021  30.378 

L509  2471216.225  7439196.072  28.155 

L510  2471218.483  7439196.182  26.746 

L511  2471221.328  7439195.708  24.646 

L512  2471223.570  7439194.885  23.479 

L513  2471226.116  7439195.004  21.417 

L514  2471228.665  7439193.892  19.774 

L515  2471230.998  7439194.622  18.285 

L516  2471233.274  7439194.669  16.853 

L517  2471236.114  7439193.938  14.576 

L518  2471238.327  7439193.725  13.596 

L519  2471241.413  7439193.560  11.856 

L520  2471243.781  7439193.440  11.133 

REMOTE 1  2471404.020  7438794.525  40.575 

REMOTE 2  2471406.512  7438757.926  35.525 

D1  2471194.180  7439216.880  41.49 

D2  2471193.986  7439211.540  41.455 

D3  2471193.818  7439206.936  41.464 

D4  2471193.742  7439201.938  41.555 

D5  2471193.747  7439196.892  41.654 

C1  2471190.378  7439217.399  41.317 

C2  2471190.152  7439212.381  41.331 

C3  2471189.887  7439207.446  41.333 

C4  2471189.843  7439202.445  41.382 

C5  2471189.756  7439197.463  41.48 

U1  2471186.923  7439217.601  41.258 

U2  2471186.657  7439212.584  41.33 

U3  2471186.483  7439207.394  41.314 

U4  2471186.378  7439202.432  41.434 

U5  2471186.302  7439197.742  41.464 

S1  2471183.247  7439217.435  40.977 

S2  2471183.783  7439212.527  41.75 

S3  2471183.314  7439206.952  41.463 

S4  2471183.648  7439202.817  41.632 

S5  2471183.449  7439197.727  41.568 
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Table F2: Local coordinates used in RES3DINV 

Electrode  X (m)  Y (m) 
Elevation 
(m) 

1  19.74345  48.73595  39.851 

2  20.00392  45.87114  38.914 

3  19.8253  43.43675  37.047 

4  19.9747  41.14259  35.844 

5  19.92922  38.2233  33.917 

6  19.91005  36.11784  33.075 

7  19.74846  33.06713  30.923 

8  20.05966  30.53768  29.744 

9  20.01318  27.99123  27.889 

10  20.06673  26.06428  27.025 

11  20.03829  22.85848  24.914 

12  20.04847  20.37615  23.701 

13  20.27456  17.67333  21.562 

14  19.63354  15.8592  20.257 

15  19.69817  12.66994  18.023 

16  20.94707  10.76542  17.34 

17  19.72075  7.702412  15.162 

18  19.74856  5.813752  13.982 

19  19.98202  2.847813  11.593 

20  19.94505  0.753131  11.198 

40  14.56383  0.038014  40.007 

39  14.70933  2.816933  38.75 

38  14.54381  5.527991  37.298 

37  14.3902  7.954185  35.682 

36  14.71185  10.50784  33.987 

35  14.75248  12.90853  32.615 

34  14.76777  15.55704  31.056 

33  14.65273  18.14833  29.494 

32  14.38914  20.49867  27.97 

31  14.58995  22.95967  26.401 

30  14.51265  25.44133  24.797 

29  14.57179  28.06484  23.11 

28  14.6791  30.74486  21.512 

27  14.67143  33.23438  19.838 

26  14.76427  35.71992  18.003 

25  14.76089  38.27691  16.44 

24  14.75698  40.99927  14.859 

23  14.45519  43.43715  13.212 

22  14.70557  46.12116  11.607 
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21  14.38328  48.90947  10.392 

41  9.927676  48.74827  39.929 

42  9.956122  45.94743  39.192 

43  9.848119  43.37764  37.438 

44  9.493362  41.1254  36.025 

45  9.777037  38.10082  33.892 

46  10.08261  36.38295  33.254 

47  10.08292  33.00976  31.07 

48  9.796839  30.85054  29.997 

49  9.947435  28.30986  28.339 

50  10.08105  25.94041  26.971 

51  9.772392  23.35859  25.358 

52  10.21477  21.07488  23.771 

53  10.00537  17.87649  21.512 

54  9.861352  15.37735  20.011 

55  10.00185  12.70865  18.106 

56  10.10775  10.39139  16.705 

57  10.10799  8.495793  14.864 

58  10.40104  5.595169  13.506 

59  10.13522  2.644439  11.57 

60  9.622494  0.142579  10.592 

80  4.564459  ‐0.85067  40.011 

79  4.674199  1.737288  38.869 

78  4.636852  4.493396  37.211 

77  4.29893  7.118218  35.668 

76  5.027804  10.22764  34.21 

75  5.17453  12.63072  32.709 

74  4.908075  14.59192  31.044 

73  5.119806  17.58498  29.63 

72  5.624079  20.1504  28.109 

71  5.76284  22.75342  26.132 

70  5.564451  25.16045  24.624 

69  5.423196  27.75391  22.831 

68  5.504935  30.34091  21.18 

67  5.269845  32.74236  19.502 

66  5.117164  35.41322  18.117 

65  5.020841  37.89455  16.372 

64  5.064561  40.73852  14.089 

63  4.797466  43.22495  13.048 

62  4.926942  45.71705  11.777 

61  4.976968  48.44218  10.31 

81  0.020883  48.39936  40.014 

82  0.034831  45.28975  39.161 
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83  0.001653  42.96879  37.499 

84  0.092215  40.68454  36.597 

85  ‐0.14943  37.60318  34.23 

86  0.13489  35.3435  33.259 

87  0.247062  32.69287  31.351 

88  0.448187  30.59078  30.378 

89  0.703379  27.67247  28.155 

90  0.970621  25.42765  26.746 

91  0.696233  22.55651  24.646 

92  0.031632  20.26257  23.479 

93  0.327942  17.73107  21.417 

94  ‐0.60354  15.11071  19.774 

95  0.287424  12.83431  18.285 

96  0.493075  10.56714  16.853 

97  ‐0.03804  7.683062  14.576 

98  ‐0.09615  5.460595  13.596 

99  ‐0.04548  2.370602  11.856 

100  0  0  11.133 

REM1  ‐386.766  ‐187.676  40.575 

D1  19.92291  51.11527  41.49 

D2  14.58239  50.93629  41.455 

D3  9.977882  50.78273  41.464 

D4  4.986755  50.5099  41.555 

D5  ‐0.0466  50.15292  41.654 

C1  20.17543  54.94421  41.317 

C2  15.15389  54.81962  41.331 

C3  10.21243  54.73973  41.333 

C4  5.22054  54.43477  41.382 

C5  0.244607  54.17403  41.48 

U1  20.13593  58.40488  41.258 

U2  15.1126  58.32027  41.33 

U3  9.923102  58.13181  41.314 

U4  4.965865  57.89042  41.434 

U5  0.281988  57.63908  41.464 

S1  19.71391  62.06035  40.977 

S2  14.85526  61.18329  41.75 

S3  9.261121  61.26225  41.463 

S4  5.159492  60.64063  41.632 

S5  0.06801  60.48408  41.568 
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Appendix G: Estimations of Temperature Variations Based on Yun 
(2018) 

 

Figure G1: Simulated seasonal temperature variations vs depth in hypothetical borehole 1 
penetrating 19 m into the back of the embankment near its crest as shown in Figure 4.5. 
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Figure G2: Simulated seasonal temperature variations vs depth in hypothetical borehole 2 
penetrating 19 m into the back of the embankment halfway down its slope as shown in 
Figure 4.5. 
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Appendix H: Coordinate Transformation from NB Stereographic to 
Local Coordinate System 

 

Accomplished in 3 steps. First we collected the coordinates of the electrodes in 

NB Stereographic using RTK GPS (coordinates found in Appendix E). These locations 

graphed in Figure H1. The array is then shifted so that electrode 100 (the bottom 

electrode on L5) is at x,y = (0,0) in a new coordinate system (Figure H2). This was done 

by subtracting the Easting (Eo) and Northing (No) of electrode 100 from each other 

coordinate (E, N) according to the equations in H1 to obtain new shifted coordinates in 

(e, n).  The entire array is then rotated by a rotation angle θ using trigonometry (equations 

H2) so it is parallel to the axes of the new local coordinate system (Figure H3). This is 

done so that the array is parallel to the rectangular cells of our mesh to facilitate the 

inversion process.  

 

                      𝑒 𝐸 𝐸         and         𝑛 𝑁 𝑁                                      H1 

 

                       𝑥 𝑛𝑠𝑖𝑛𝜃 𝑒𝑐𝑜𝑠𝜃       and      𝑦 𝑛𝑐𝑜𝑠𝜃 𝑒𝑠𝑖𝑛𝜃                              H2 
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Figure H1: All electrode coordinates plotted by Easting and Northing in NB 

Stereographic.  

 

Figure H1: Electrode coordinates shifted so that the origin lies on electrode 100. 
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Figure H2: Electrode coordinates rotated so they are parallel to the axes of our local grid. 
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