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ABSTRACT 

Hydrogeophysical surveys have been carried out in the vicinity of Richibucto, 

New Brunswick, as part of a project to assess the risk that salt water intrusion along the 

Northumberland Strait could increase over time as a consequence of climate change and 

rising sea level. The surveys involved electrical resistivity imaging (ERI) measurements 

along several lines extending inland from the coast in conjunction with geophysical 

logging of two new and several pre-existing boreholes. The investigation indicates that 

the elevated salinities that have intermittently affected Richibucto’s municipal wellfield 

are likely a consequence of salt water upconing beneath pumping wells. Evidence of a 

salt water wedge extending approximately 200 m inland was also observed beneath one 

ERI line acquired in a particularly low lying area adjacent to Richibucto Harbour. The 

results illustrate that ERI surveying can be an effective tool in identifying the extent and 

modes of salt water intrusion in Carboniferous sandstone aquifers that supply water to 

many coastal communities along the Northumberland Strait coast. Data interpretation is, 

however, complicated by the presence of relatively thin, discontinuous layers of 

electrically conductive shale. 

With core recovered from boreholes, a relationship was established in the 

laboratory between the bulk conductivity of rock samples and their pore fluid 

conductivity. With this relationship, along with a relationship of chloride concentration to 

water conductivity acquired from water sampling, it was possible to estimate in-situ pore 

water salinity from borehole resistivity measurements. 
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Chapter 1: Introduction 

Freshwater is becoming a more valuable and scarce resource as its demand from 

population, agriculture and industry increases. In coastal areas, this increase in demand 

has lead to increased pressure on freshwater aquifers and, combined with issues relating 

to climate change and sea level rise, can lead to saline contamination of coastal aquifers 

in a process known as salt water intrusion (SWI). 

As part of the Atlantic Climate Adaptation Solutions (ACASA) initiative, 

(http://atlanticadaptation.ca/) a case study was completed at Richibucto, New Brunswick 

to evaluate the potential consequences of climate change and sea level rise on SWI into 

coastal aquifers. The Town of Richibucto municipal wellfield area was selected for this 

case study because the municipality had experienced elevated levels of trihalomethanes 

in their drinking water related to an increase in salinity (MGI, 2004). In addition, the 

town’s bedrock aquifer was considered to be representative of those serving surrounding 

communities along the coast of the Northumberland Strait.  

The case study involved two concurrent components; (i) field investigations to 

identify the current extent and modes of occurrence of SWI, and (ii) a groundwater 

modeling component to predict the future conditions in the area as a result of climate 

change (Green, 2012; Green and MacQuarrie, 2014). This thesis presents the results of 

the field investigations, which included electrical resistivity imaging (ERI) surveying, in 

addition to coring and geophysical logging of two new boreholes, and revealed areas of 

both natural and pumping-induced SWI. Laboratory measurements performed on the core 

allowed for in-situ groundwater salinity estimates to be derived from downhole resistivity 
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logging. This work represents the first application of resistivity imaging, constrained by 

geological and petrophysical investigations, to the issue of SWI in the Maritime 

provinces, although exploratory/reconnaissance ERI surveys were previously carried out 

elsewhere in NB and PEI by the Geological Survey of Canada (Rivard et al., 2005). 

A summary of the full case study completed at Richibucto (MacQuarrie et al., 

2012) is available on the ACASA website. 

1.1 Geological setting 

The Maritimes Basin (Figure 1.1) is a post-accretionary intermontane basin in the 

Appalachian Mountain system (St Peter, 1993). The basin underlies approximately 

25,000 km2 of the province of New Brunswick. The bedrock of the basin is dominantly 

Carboniferous but spans Late Devonian to Permian in age and unconformably overlies 

the Proterozoic to Middle Devonian basement. Ball et al. (1981) divided most bedrock 

along the east coast of NB into Clifton Formation in the north, and Richibucto Formation 

in the south (Figure 1.2). Both the Clifton Formation and the Richibucto Formation are 

predominately Late Carboniferous in age (with the Clifton Formation extending into the 

Permian according to Ball et al. (1981)). 

The Clifton Formation is described by Ball et al. (1981) as mainly red and grey 

mudstone with interbedded, coarse- to fine-grained sandstone. Similarly, the Richibucto 

Formation is described by St. Peter and Johnson (2009) as multistoried channel 

sequences of grey and lesser reddish brown sandstone, pebbly sandstone, and mudstone-

clast conglomerates separated by intervals of dominantly reddish brown, very fine-
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grained to fine-grained sandstone and mudstones. The units are interpreted as fining up 

sequences deposited in a fluvial environment, possibly braided rivers.  

 

 

Figure 1.1. Regional map showing the extent of the Maritimes Basin in yellow and 
the location of Richibucto (red star) (modified from St. Peter, 1993). 
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Figure 1.2 Bedrock geology map showing the extent of the Richibucto Formation 
(orange) along the southeastern coast of New Brunswick. (modified from Smith, 
2008) 

1.2 Hydrogeological setting 

The bedrock in the study area of Richibucto (Figure 1.2) is part of the Richibucto 

Formation of the Pictou Group. From available drill logs, and based on drill cores 

collected for this project (described in more detail in Section 3.1), the bedrock resembles 

the lithology described above with the exception that conglomerate units and red 

sandstone beds were not observed. Small coal seams with pyrite (less than 1 cm thick) are 

present in the sequence. The beds tend to be horizontal to sub-horizontal with a slight dip 

to the northeast. Over 80% of fractures observed in the boreholes have dips of less than 

20º with the vast majority corresponding to bedding plane partings. 
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The surficial geology around the Richibucto wellfield consists of poorly sorted, 

sandy glacial till up to 3 m thick which overlies the fractured Carboniferous bedrock 

(Rampton et al., 1984). The grey sandstones of the Richibucto Formation act as the 

aquifers for the town’s water supply. Within the municipal wellfield, these aquifers are 

separated into an upper and lower aquifer by an aquitard of semi-continuous shale and 

shaley sandstone present in drill holes at around a depth of 22 m. The Town of 

Richibucto draws water from a municipal wellfield consisting of three production wells: 

two wells completed below the shale aquitard and one completed above. Groundwater 

flow in the sandstone aquifers is assumed to be fracture dominated (Rivard et al., 2008a).  

 

Figure 1.3. A regional map of the Town of Richibucto and surrounding area 
showing the location of the St. Charles River, the Richibucto River, the Richibucto 
Harbour and the municipal wellfield 

The Town of Richibucto (Figure 1.3) is located on the Richibucto Harbour just off 

the Northumberland Strait. The area is bound by saline waters in the lowermost reaches 
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of the Richibucto and St. Charles Rivers to the southeast and northwest, respectively. The 

St. Charles peat bog is located southwest of the town, further inland. The area has very 

little relief with maximum ground elevation of 27.5 m within the peat bog. The terrain 

slopes gently towards the Northumberland Strait with an average gradient of 0.0025. 

1.3 Relationship to regional hydrogeology 

Along the coast surrounding Richibucto, from a point approaching Miramichi in 

the north (the contact is poorly defined (NBDNR, 2013)) to a point 120 km south of 

Richibucto near Cape Tormentine, the bedrock belongs predominantly to the Richibucto 

Formation (Figure 1.2), with the exception of the area around Cape Tormentine which is 

Cape Tormentine Formation. North from Miramichi, continuing up along the coast of the 

Acadian Peninsula to Bathurst, the bedrock is assigned to the Clifton Formation. 

Although classified as different formations, NB Department of Natural Resources 

geologists (Susan Johnson, pers. comm.) consider that their lithogies are similar enough 

to assume that the aquifers and aquitards of these formations share similar qualities. To 

strengthen this assumption, the sandstone to shale ratio in boreholes penetrating depths of 

interest for freshwater wells was compared using well logs from boreholes drilled near 

NB’s southeastern coast as part of the Carboniferous Drilling Project (CDP: Ball et al. 

1981) (Figure 1.4). These sandstone percentages where calculated using “computed 

lithology” logs for the CDP boreholes. The depths of these boreholes range between 82 

and 120 m. The computed lithology logs use natural gamma and neutron density well 

logs to approximate shale, coal, matrix (sandstone) and porosity values for the boreholes. 

Units with less than 60% sandstone were considered to be a shale or sandy shale unit 
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(effectively an aquitard). With the exception of the well close to Bathurst (28% 

sandstone), all wells contained 42 to 88% sandstone with the CDP well closest to 

Richibucto having 73% sandstone. The two boreholes completed in Richibucto as part of 

this project (UNB1 to 89 m, and UNB2 to 57 m) exhibited slightly higher sandstone 

percentages (82% and 84% for UNB1 and 2, respectively) based on direct inspection of 

the core. Computed lithology logs were not acquired for those holes. 

 

 

Figure 1.4. A map of sandstone content (28% to 88%) in boreholes acquired near 
the southeastern coast of NB as part of the Carboniferous Drilling Project. 
Boreholes UNB1 had 82 % and UNB2 had 84 % sandstone. 
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1.4 Literature review 

Electrical and electromagnetic surveys sensitive to resistivity variations in the 

subsurface are widely used for the detection and mapping of SWI. An aquifer in which 

the pores and fractures are filled with freshwater will be more electrically resistive than 

one filled with saline water. Several recent studies employing ERI (Elango et al., 2011, 

Jansen, 2011, Pujari and Soni, 2009, Satriani et al., 2011, and Satriani et al., 2012,) have 

focused on the extent of SWI in populated coastal areas and how the SWI affects local 

water use. A few (e.g., Soldal et al., 1994) delineate the presence of SWI in order to 

exploit saline water for production purposes (e.g. aquaculture). 

Within the Maritimes Basin some previous studies on the presence of SWI in 

coastal bedrock aquifers have been completed. The work of Comte and Banton (Comte 

and Banton, 2006; Comte and Banton, 2007) focused on the use of ERI combined with 

hydrogeological modeling to determine the current and future risks of SWI on the 

Magdalen Island archipelago. They observed SWI into the municipal wells due to over 

pumping associated with high population density along the coast. The Geological Survey 

of Canada’s Maritime Groundwater Initiative (Rivard et al., 2005, Rivard et al., 2008a 

and Rivard et al., 2008b) focused on the groundwater resources and quality within the 

Moncton sub-basin, with the north end of their study area being 28 km from the Town of 

Richibucto. The study included ERI surveys in search of elevated groundwater salinities 

at three sites: the Rustico Harbour, Prince Edward Island area; the Shediac Bay, New 

Brunswick area; and the Sackville, New Brunswick area. One ERI line from the Rustico 

Harbour survey and one from the Shediac Bay survey showed indications of possible 
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SWI although not of a scale that warranted further investigation. Giudice and Broster 

(2006) discuss the presence of relict seawater within aquifers of the Maritimes Basin and 

how these pockets of saline water can affect water quality. The New Brunswick 

groundwater quality atlas (NBDoE, 2009) includes a mapsheet showing concentrations of 

chloride observed in drinking water wells across the province; four occurrences of greater 

than 250 mg/L are evident in the Richibucto area. 

Nova Scotia and Prince Edward Island also have occurrences of SWI (Gavin 

Kennedy, Nova Scotia Department of Natural Resources, pers. comm. and Carr, 1969). 

For a more complete overview of SWI in North America the reader is referred to 

Barlow and Reichard (2009). 

1.5 Thesis structure 

1.5.1 Objectives 

The main objective of this thesis is to determine the extent and modes of SWI in 

and around the Richibucto, New Brunswick area. The initial step in this process is to 

conduct surface ERI surveys, which are a non-invasive and relatively inexpensive. The 

data collected from the ERI surveys will be constrained by geological and geophysical 

borehole logs. 

The next objective is to determine electrical formation factors, F, representative 

of sandstone aquifers in the Richibucto Formation for purposes of allowing groundwater 

salinities to be estimated from surface and borehole surveys of electrical resistivity. 
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The final objective is to explore the capabilities and limitations of ERI as a tool 

for investigating SWI in the sandstone and shale-dominated Carboniferous sediments of 

eastern New Brunswick. 

With a better understating of the subsurface, interpretations can be made 

regarding the severity and modes of SWI and whether these modes are naturally 

occurring or pumping induced. 

1.5.2 Thesis structure 

Chapter 2 will deal with ERI theory and provide background information on the 

topic, as well as details on acquisition and inversion of ERI data in Richibucto. Some 

initial borehole normal resistivity measurements will also be discussed in this chapter. 

Chapter 3 will deal with the coring, lithological, and geophysical logging of two new 

boreholes, UNB1 and UNB2. The laboratory analyses of the cores will be discussed in 

detail within this section leading to the relationship between chloride concentrations and 

bulk resistivity. The fourth chapter presents an integrated interpretation of the 

geophysical, petrophysical and geological information discussed in the previous chapters 

in order to show the modes of SWI observed in the Richibucto area. The fifth and final 

chapter will present the conclusions of this study and suggestions for future work. 
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Chapter 2: ERI Method, Data Acquisition and Preliminary Results 

This chapter describes the physical basis of geophysical electrical resistivity 

imaging (ERI) and summarizes the survey design, data acquisition, and resistivity 

inversion techniques used at Richibucto. The chapter concludes with presentation of 

initial subsurface resistivity models and interpretations for all seven ERI lines that formed 

the basis for further investigations by drilling and water sampling. 

2.1 Resistivity methods 

2.1.1 Factors affecting electrical resistivity 

Electrical resistivity is a physical property representing a material’s intrinsic 

resistance to electrical current flow. In sediments and sedimentary rocks composed of 

insulating minerals, such as those in the Maritimes Basin, electrical current moves 

primarily by the flow of ions through water in pores and fractures. There are three main 

factors that determine the resistivities of such materials: lithology, water-saturated 

porosity, and pore water chemistry.  

As mentioned in Chapter 1, there are two main lithologies in the Richibucto area: 

sandstone and shale. In regions with fresh groundwater, shales typically exhibit lower 

resistivities as a consequence of the high surface charge densities founds on clay 

minerals. In the absence of such surface conduction, water-saturated porosity is a 

controlling factor on resistivity as it determines the volume fraction of a rock available to 

support current flow. Pore water chemistry is important because the concentrations and 

mobilities of ions in solution determine the resistivity of the pore water. Higher total 
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dissolved solid (TDS) concentrations, such as those in salt water-saturated rocks, will 

lower the measured bulk resistivity. The effects of porosity and pore water salinity on 

rock resistivity are addressed quantitatively in Chapter 3:. 

2.1.2 Field measurements of apparent resistivity  

The apparent resistivity of the subsurface can be measured with the use of four 

electrodes that have galvanic contact with the ground. Two of these electrodes act as a 

current dipole and are the source of current for the measurement. The other two 

electrodes act as a potential dipole across which a voltage drop (potential difference) is 

measured. If the two current electrodes are at surface, then it is possible to calculate an 

apparent resistivity ρa using Equation 1 (Reynolds, 2011): 

∆
, [1] 

with 

2
1 1 1 1  [2] 

where 

ρa is apparent resistivity in Ohm metres (Ωm), 
δV is the voltage drop across the potential electrodes in volts (V), 
I is the injected current in amperes (A), 
K is a geometric factor dependant on the electrode locations measured in metres, and 
 rCxPy is the distance from the current electrode “x” to the potential electrode “y”,  

By placing multiple electrodes in a line and incrementally changing the position 

of the current and potential dipoles it is possible to measure a series of apparent 

resistivities of the subsurface that are influenced by the lateral and vertical variations in 
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the true resistivity structure. Increasing the separation between electrodes increases the 

depth of exploration. 

The measured apparent resistivity is an average or composite resistivity for a 

region of influence dependent on the array extent. It is influenced by the true resistivities 

of subsurface units in the region of interest, and also by the geometry of those units 

relative to the array. A further step of geophysical inversion (see Section 2.1.4) is 

required to convert apparent resistivity measurements to estimates of true resistivity 

variations in the subsurface. 

2.1.3 Electrode arrays for apparent resistivity measurement 

Two common surface electrode array configurations – the Wenner array and the 

dipole-dipole array – were chosen for this study based on geological setting, desired 

targets, and available equipment. 

The Wenner array (Figure 2.1) uses two potential electrodes (P1 and P2) located 

between a pair of current electrodes (C1 and C2) with a distance a between each adjacent 

electrode. The geometric factor, K, for a Wenner array is 2πa. The area of greatest 

sensitivity for this array is between/beneath the potential electrodes and the array is most 

sensitive to vertical changes in the subsurface while being less sensitive to lateral changes 

(Furman et al., 2003; Loke, 2014). This is ideal for detecting and identifying strata in a 

horizontally layered sedimentary basin setting. The Wenner array has depth of 

investigation or DOI (defined as the depth where the upper portion of the subsurface, in a 

homogenous half space, has the same influence on the measurement as the lower 

portion.) of 0.519a (Edwards, 1977). 
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Figure 2.1. Schematic of the Wenner array, C1 and C2 are the current electrodes 
while P1 and P2 are the potential electrodes. 

The dipole-dipole array (Figure 2.2) differs from the Wenner array in that the 

potential electrodes are located to one side of the current dipole. The depth of penetration 

is increased by increasing the separation between the two dipoles (and/or by increasing 

the unit electrode spacing a). This allows multiple apparent resistivities with different 

depths of investigation to be measured simultaneously using a multi-channel resistivity 

system. In comparison to the Wenner array, the dipole-dipole array is less sensitive to 

vertical changes in the subsurface and more sensitive to lateral changes (Furman et al., 

2003; Loke, 2014). The geometric factor for the dipole-dipole array is K=an(n+1)(n+2)π 

where n is the number of unit electrode spacings between the current dipole and the 

potential dipole. The DOI increases with both a and n. With n=1 the DOI is 0.416a while 

at n=6 the DOI is 1.730a (Edwards, 1977). The areas of highest sensitivity are located 

beneath each dipole.  

 

Figure 2.2 Schematic of the dipole-dipole array. C1 and C2 are the current 
electrodes. P1 – P5 are potential electrodes. 
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2.1.4 ERI survey and inversion methodology 

Electrical Resistivity Imaging, or ERI, surveys involve the acquisition of multiple 

apparent resistivity measurements using electrodes that are normally co-linear and evenly 

spaced. While it is possible to acquire ERI data in a grid for 3-D subsurface imaging, 

linear electrode arrays yielding 2-D resistivity sections are more commonly acquired due 

to significantly lower acquisition and processing times. With 2-D imaging it is required to 

make an assumption that the subsurface does not vary perpendicular to the profile.  

Models for the true subsurface resistivity distribution are determined by use of an 

ERI inversion algorithm that, through an iterative process, seeks a model that is 

consistent with the apparent resistivity measurements. Mathematically the inversion 

process is ill-defined, meaning that there is no unique solution – many different resistivity 

models can be found that are consistent with the apparent resistivity measurements, 

especially taking into account measurement uncertainties or errors. This issue of non-

uniqueness is addressed by placing various constraints on the characteristics of the model 

being sought, as discussed further below.  

The ERI inversion software employed in this study was RES2DINV – a 

commercially available code produced by Geotomo Software (Penang, Malaysia). This 

algorithm divides the subsurface into a series of model blocks (Figure 2.3) and assumes 

that the subsurface is two-dimensional (i.e. that there are no variations in resistivity 

perpendicular to the plane of the section). 
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Figure 2.3. Typical arrangement of rectangular model blocks used to discretize the 
subsurface in RES2DINV (from Loke and Barker 1995). 

The RES2DINV algorithm uses an iterative smoothness-constrained least-squares 

method which attempts to minimize the root mean squared (RMS) error or misfit between 

the measured apparent resistivities and the calculated apparent resistivities for a given 

model while also minimizing a model norm so as to maximize model smoothness in one 

sense or another. This smoothness-constrained least-squares method, which uses an l2 

norm to measure both misfit and model roughness, tends to make models that vary 

smoothly. This smoothing can be increased globally within the model through the use of 

a damping factor, or smoothing may be emphasized in one direction more so than another 

(e.g. to accommodate flat laying strata) with the use of smoothing matrices (Loke and 

Barker, 1995; Ellis and Oldenburg, 1994). 

In geology, it is not always desirable to have a smooth model; for example, 

bedding contacts, faults, and intrusions can all give rise to abrupt changes in resistivity. 

By changing the model roughness norm and misfit norm from l2 to l1 functions, through 

the use of roughness matrices, the RES2DINV code can be instructed to minimize 
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absolute value measures rather than RMS measures. This will tend to produce blockier 

models that are described as being robust or having an l1 norm (Wolke and Schwetlick, 

1988, Farquharson and Oldenburg, 1998). 

The parameters used for the inversions conducted prior to the drilling of boreholes 

UNB1 and UNB2 will be discussed in section 2.3.2, while the parameters used for the 

final inverted models will be discussed in Chapter 4:. 

2.2 Resistivity surveys at Richibucto  

Two types of resistivity surveys were completed at the Richibucto field site: 

resistivity borehole logging and surface ERI. 

2.2.1 Preliminary resistivity borehole logging 

Prior to the ERI surveys three monitoring wells for the Richibucto wellfield were 

logged using an in-house normal resistivity tool (Figure 2.4) attached to an ABEM 

Terrameter SAS 300 resistivity meter. The purpose of this was to determine 

representative resistivities for the sandstone and shale lithologies known to lie below 

Richibucto (Figure 2.5). The measurements yielded values of approximately 450 and 

350 Ωm for the upper and lower sandstones respectively, and 50 Ωm for an intervening 

shale layer. These resistivity values were used in forward modelling exercises to 

determine appropriate electrode separations and ERI survey geometries to resolve 

subsurface heterogeneity while still allowing adequate depth of investigation. 
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Figure 2.4. A schematic showing the electrode positions for a borehole normal 
resistivity tool. 
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Figure 2.5. Normal resistivity and lithology logs for the boreholes MW08-03, 04TW-
1, and MW08-01 (locations shown in Figure 2.6) The wells are presented in order of 
closest to the coast (MW08-03) to furthest from the coast (MW08-01). The two grey 
blocks near the top of each borehole represent the depth of the well casing. 
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2.3 ERI survey in the Richibucto area 

The ERI survey in the Richibucto area consisted of seven profiles, with lengths of 

400 to 800 m, that were orientated sub-perpendicular to the coast in an attempt to identify 

the salt water/freshwater interface. The locations of the lines are shown in Figure 2.6.  

 

Figure 2.6. A map showing the Richibucto wellfield area with the seven ERI profiles, 
and the locations of the new (and now decommissioned) boreholes UNB1 and UNB2 
(black circles). Also shown, the locations of the municipal production wells within 
the wellfield (black crosses with numbers indicating the production well ID, pink 
squares indicate observation wells). 
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2.3.1 Data acquisition 

In late July 2010 seven ERI profiles were acquired using a 72 electrode 10 

channel Iris Syscal Pro resistivity system. The system had a maximum voltage of 800 V, 

a maximum current of 2.5 A and a maximum power of 250 W. The cycle time used for 

these measurements was 1 s and a minimum of 3 cycles were used to guarantee 

measurement quality. Typical currents and voltage drops for the Wenner array were 100 - 

900 mA and 50 - 2000 mV, respectively. The current and voltage drops for the dipole-

dipole array were 80 - 1050 mA and 15 - 750 mV, respectively. The unit electrode 

spacing on the surveys ranged from 6 to 10 m. Where possible, the elevations of the 

electrodes were measured with a RTK (Real Time Kinematic) differential Leica Viva 

GPS system using two Leica GS10 antennas; one as a base station and one as a rover. 

The electrodes were stainless steel rods about 40 cm in length and 0.9 cm (3/8”) in 

diameter. 

Dipole-dipole array and Wenner array surveys were run on each of these profiles. 

For each current dipole location, the dipole-dipole array used all of the 10 channels of the 

resistivity meter, six forward of the current dipole, three behind (useful for reciprocal 

measurements) and one “cross-over” dipole. The cross-over dipole was unavoidable 

(because adjacent potential dipole channels were required to share a common electrode) 

but not generally useful and was therefore always excluded from the inversion process. 

The Wenner array employed a spacings up to 23 times the unit electrode spacing in order 

to maximize the DOI. While all seven lines were surveyed with both array configurations 

only the Wenner array results are displayed within this work. The dipole-dipole data are 

not presented due to the prevalence of artefacts in the data believed to be from offline 
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effects resulting in geologically unrealistic inverted models. Indeed, the dipole-dipole 

array is known to be more sensitive to off-line (3D) effects than the Wenner array 

(Furman et al., 2003; Loke, 2014). 

Following the field surveys, the ERI data were filtered to remove measurements 

considered to be excessively noisy - defined as measurements for which the standard 

deviation of voltage drop observed during three consecutive cycles exceeded 2.5%. 

2.3.2 Inverted ERI sections 

Details of the seven ERI surveys, along with their initial interpretations prior to 

the drilling of boreholes UNB1 and UNB2, are presented in this section. The process 

used to determine a consistent set of inversion control parameters is discussed first, using 

ERI Line 1 as an example. Site descriptions and resistivity models produced for all seven 

lines are then provided, along with brief interpretations of the geological and 

groundwater salinity variations that they reveal. All models were inverted using the same 

inversion parameters. 

 

Line 1: Coastal peninsula survey 

Line 1 (Figure 2.6) was acquired near the coast in a relatively flat area sloping 

gently to the coast with few trees and waist-high grass. The line crosses a built-up gravel 

road between the 555 and 565 m marks. This line was selected in an attempt to image the 

natural salt water/freshwater interface without the influence of pumping. The unit 

electrode spacing was 10 m. The profile started on a sandy shore near the high tide 

watermark (left side of the profile) and extended inland for a length of 710 m. 
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The first inverted resistivity model shown for Line 1 (Figure 2.7 A) was obtained 

using the default parameters of the RES2DINV algorithm. These parameters included the 

l1 norm (for both data misfit and model smoothness) and yielded a very blocky model 

that was inconsistent with the expectation of a predominantly horizontally layered 

subsurface. While the inverted model has a fairly low absolute error (i.e. a data misfit of 

4.2%) it does not represent a likely scenario for the subsurface, with several “bull’s eyes” 

(areas that have very high resistivity surrounded by areas of very low resistivity or vice 

versa). In this geological setting these features are more likely an effect of the inversion 

parameters than the subsurface materials. 

A second inverted section for Line 1 (Figure 2.7 B) uses the same robust model 

(l1 norm) parameters as the previous step but topography has been specified with the 

input data and has been taken into account by the inversion algorithm. While this is a 

relatively flat area, there is a difference of 3.0 m between the highest and lowest electrode 

with rather abrupt changes in elevation where the line crosses the road. With the 

introduction of the electrode elevation the inverted model appears more geologically 

realistic, with fewer bull’s eyes and smoother transitions from zones of high resistivity to 

low resistivity. The absolute error of the model is reduced to 3.1%. 

The third inverted model for Line 1 (Figure 2.7 C) shows the result of changing 

the model smoothness norm from l1 (robust) to l2 (least squares). This forces the model 

resistivities to vary more smoothly in space, as would be expected in the vicinity of a salt 

water/freshwater interface. The RMS error for this section was 4.7%, slightly higher than 
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the two previous absolute errors but within acceptable limits, particularly in light of the 

fact that the inversion algorithm assumes purely 2D earth structure. 

 

Figure 2.7. A progression of the inverted model for Line 1. (A) shows that the 
default model using robust inversion gives a blocky model while (B) accounts for the 
surface topography, and (C) changes the inversion to an l2 norm resulting in a 
smoother model. 

The last step of this progression was to increase the emphasis on horizontal 

smoothness in the resistivity model by a factor of four (i.e., the algorithm was configured 

to weight smoothness in the horizontal direction four times more than in the vertical 

direction). The objective was to bias the inversion to produce a model consistent with the 

flat lying geology found in the area. The result, shown in the lowermost panel of Figure 
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2.8, does indeed show less lateral variability, particularly at depth, although the changes 

are rather subtle. 

Figure 2.8 also presents a comparison of the measured apparent resistivities 

acquired along this line (plotted as a pseudosection in the upper panel) to the calculated 

or predicted apparent resistivities (middle panel) that we would expect to measure for the 

2D earth model returned by inversion. The agreement between measured and predicted 

data is visually very good; the model is unable to account for some of the fine scale/short 

wavelength variability in the measurements but the major variations in apparent 

resistivity are reproduced well. The overall misfit is quantified by an RMS error of 4.5%. 

The resistivity model (Figure 2.8, lowermost panel) shows two highly conductive 

zones extending in from the coast: one above 20 m depth extending about 200 m inland, 

and a second larger wedge-shaped zone located below a depth of 30 m and dipping inland 

across the full length of the section. The limited lateral extent of these high conductivity 

zones, and the fact that the deeper one dips inland, suggests that they are not likely 

lithological in origin given the predominantly flat-lying geology. Both of these regions 

are interpreted as having higher salinity water within the pore space of the aquifer. The 

upper zone may be a consequence of overland inundation by sea water given the very 

low-lying topography in that area, but the lower zone would appear to represent a wedge 

of saline water associated with natural SWI. The gradational change of resistivity in the 

lower part of the model is qualitatively consistent with the expectation of a salinity 

gradient in pore water approaching the salt water/freshwater interface. The origin of the 

resistivity low located at 560 m on the profile at a depth of ~23 m is unknown. It may be 

an artefact of the 2D and discretized nature of the modelling process given that the line 
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crosses a built-up road and buried water pipe (serving fire hydrants along the road) in this 

area. 

 

Figure 2.8. Output of the inversion algorithm for ERI Line 1 including (top panel) 
measured apparent resistivities plotted as a pseudosection and (bottom panel) an 
estimate of the true resistivity structure obtained by inversion. The middle panel 
shows the calculated apparent resistivity for the inverted model. 

 

Line 2: Survey along eastern edge of the wellfield 

Line 2 (Figure 2.9) was acquired with 10 m electrode spacing starting in a marshy 

area  near provincial highway 134 and extending 710 m inland through a wooded area 

past two of the municipal production wells (PW3 and PW4, see Figure 2.6). The terrain 

was relatively flat in this area but due to the extensive tree cover accurate GPS elevations 
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could only be acquired for the first 220 m. The remainder of the profile was assumed to 

be the same elevation as the last available electrode elevation. Data collected using the 

250 m electrode was ignored due to its proximity to a buried cable that the inversion 

algorithm could not properly resolve. The RMS error for Line 2 is very low (1.67%). 

 

Figure 2.9. Output of the inversion algorithm for ERI Line 2 including (top panel) 
measured apparent resistivities plotted as a pseudosection and (bottom panel) an 
initial estimate of the true resistivity structure obtained by inversion. The middle 
panel shows the calculated apparent resistivity pseudosection for the inverted 
model. 

There are three areas of interest in the inverted model that have low resistivity. 

The first area, located in the near surface from 0 to 160 m, was interpreted as a swamp 

with a higher water table than the surrounding area. The second resistivity low, just 

below the first, is attributed to a shale layer that is present in the area. The shale is too 
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thin to be precisely resolved and therefore appears thicker and more resistive in the ERI 

section than it is in reality. The shale continues across the section but resistivities at that 

depth in the ERI section increase from ~ 100 Ωm to 200-250 Ωm. This lateral transition 

to higher resistivity could be an indication that the shale is thinning (as suggested by the 

geological logs from two nearby boreholes superimposed on the section). The third area 

of low resistivity is located in the centre of the profile below depths of around 100 m. 

This could be indicative of a shale layer that is anomalously thick compared to any in the 

overlying section. However, based on other evidence presented later (from ERI Line 4 

and borehole UNB1), it is more likely indicative of elevated pore water salinities at 

depth, which are known to be an issue in this area (MGI, 1991). This water could 

represent the top of a deep salt water wedge, intruding from the coast. Alternatively, it 

could be relict seawater that saturated the sandstone when the land mass was depressed 

below sea level immediately following the last period of glaciation; such relict seawater 

is known to exist in other areas of the Maritimes Basin (e.g., Giudice and Broster, 2006; 

Webb, 1982). 

 

Line 3: Côte à Jim 

Line 3 (Figure 2.10) was acquired along a private road called Côte à Jim running 

from the coast inland towards the wellfield, ending just short of provincial highway 134 

(Figure 2.6). This line was selected to determine if there was any evidence of a saline 

wedge encroaching on the wellfield. The line had an electrode spacing of 10 m and 

extends 710 m from the beach towards the main road. As seen from the site map (Figure 

2.6), there is a tidal brook located to the northwest of the profile that is 140 m away from 
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the centre of the profile. The data acquired along this line were very noisy. Close 

proximity to power lines (~5 m) that ran parallel to the profile from about 250 m to 

710 m, along with high contact resistance in the dry road bed, contributed to this noise 

level. Overall, 15.5% of the data points (apparent resistivities) collected were deemed 

unsuitable and rejected based on their measurement standard deviations being in excess 

of 2.5%. The RMS error for this section, even after rejection of the most problematic 

data, is 8.4%. 

 

Figure 2.10. Output of the inversion algorithm for ERI Line 3 including (top panel) 
measured apparent resistivities plotted as a pseudosection and (bottom panel) an 
estimate of the true resistivity structure obtained by inversion with the locations of 
MW08-03 and the approximate area of the data from Line 6 (dashed line). The 
middle panel shows the calculated apparent resistivity pseudosection for the 
inverted model. 
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The inverted model for Line 3 differs from most other lines acquired because it 

has very high resistivities at surface – presumably related to the relatively dry road fill in 

which the electrodes were inserted. Immediately beneath that layer, the model shows 

multiple resistivity lows near either end of the profile. These may be related to shale 

layering although they appear to be closer to the surface than the shale layer evident in 

the superimposed geological log for monitoring well MW08-03. The low resistivity zone 

between 18 and 30 m depth at the northeastern (coastal) end of the profile could be 

indicative of saline water being drawn into a sandstone layer by pumping. However, there 

is no evidence of salt water wedge dipping inland such as was observed on Line 1.  

The deeper resistivity low that is located below the 530 m mark at a depth of 

around 45 m may also be from a region of higher salinity pore water. The well MW08-03 

(Figure 2.5) shows slightly lower resistivities (~200 Ωm) at depths of 30 and 40 m that 

could indicate saline water being present in the pore space. In addition, a water 

temperature/level/conductivity logger deployed at 31.3 m depth in this well, showed 

dramatic swings in water conductivity between values of ~ 200 and 800 µS/cm during the 

summer of 2010 (see Appendix A in Green (2012)). The conductivity in the well would 

spike independent of tides and of the municipal pumping schedule. We suspect that more 

saline water may be drawn into the area during pumping in a nearby private well for 

purposes of garden irrigation. However, we have no direct information on water use by 

nearby residents.  

The resistivity low located at the bottom of the model is similar to that observed 

on Line 2. This could be interpreted as saline water at depth but it is also possible that it 
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is an off-line effect of the tidal brook located near the profile or a combination of both 

factors. 

 

Line 6: Higher Resolution Survey along Côte à Jim 

Line 6 (Figure 2.11) was a repeat of a portion of Line 3 with electrode spacing 

reduced by a factor of two, from 10 m to 5 m, to improve near-surface resolution. The 

profile started at the 255 m mark on Line 3 and extended 355 m to the 610 m mark. The 

data for Line 6 were considerably less noisy that Line 3 with less than 1% of the data 

being rejected. The improvement was most likely related to lower contact resistances 

resulting from rainy conditions the previous day. The RMS error for this section is 2.5%. 

The resistivity model for Line 6 has a few interesting resistivity lows in the near 

surface. First is an apparent layer of moderate resistivity joining three elliptical resistivity 

lows (~ 200 Ωm) at a depth of 10 – 15 m. Each of these resistivity lows, at the 31.5, 143, 

and 198.5 m marks, corresponds to the location of a power pole on the other side of the 

road (5 m away from the line of electrodes), suggesting that they may be cultural noise 

artefacts, related to grounding of the power line. In contrast, the resistivity low that is at a 

depth of ~10 m near the location of MW08-03 is interpreted as a saline zone that is the 

result of a private pumping well. As discussed with reference to line 3, this interpretation 

is supported by observations made by Green (2012) regarding the water chemistry and 

conductivity in MW08-03 in the weeks leading up to this ERI survey. The contact 

between sandstone and underlying shale is visible at ~25 m. However, the resistivity and 

thickness of the basal conductive layer below that depth are both greater than expected 

based on the thickness of shale in MW08-03. 
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Figure 2.11. Output of the inversion algorithm for ERI Line 6 including (top panel) 
measured apparent resistivities plotted as a pseudosection and (bottom panel) an 
initial estimate of the true resistivity structure obtained by inversion with the 
location and lithology. The black stars on along the top of the profile represent the 
locations of the power line poles. The middle panel shows the calculated apparent 
resistivity pseudosection for the inverted model. 

 

Line 4: Survey along Johnson Street - western edge of the wellfield 

Line 4 (Figure 2.12) was acquired along the northwestern edge of a dirt road 

called Johnson Street. The line ran southwest from Highway 134, through the wellfield 

and the forest for a distance of 808 m. A power line on the opposite side of the road ran 

parallel to the first 320 m of this survey line at an offset of ~10 m, ending at pumping 

well PW1. The survey employed an electrode spacing of 8 m and required a “roll-along” 
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of 30 electrodes to cover 808 m. In other words, the survey used two overlapping spreads 

of 72 electrodes – the second spread including 30 electrodes moved from the northeastern 

end to the southwestern end of the survey line. This allowed for a longer profile with 

closer spaced electrodes for improved spatial resolution at the cost of additional time in 

the field.  

One limitation of this roll-along process was a resulting uneven distribution of 

data points in the lower depth levels. Initial inversions carried out with all data points 

appeared to exhibit artefacts associated with this uneven distribution (Mott et al., 2011). 

As a result, all depth levels greater than 15 (meaning all Wenner array data acquired with 

a-spacings greater than 15 x 8 =120 m) are excluded from the inversion presented for this 

survey line in Figure 2.12. It should also be noted that Line 4 crossed the same buried 

cable that was present on Line 2. However, it was not necessary to remove data points in 

this case. This may have been a function of the distance from the buried cable to the 

nearest electrode. The RMS error for the inversion is 2.6%. 
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Figure 2.12. Output of the inversion algorithm for ERI Line 4 including (top panel) 
measured apparent resistivities plotted as a pseudosection and (bottom panel) an 
initial estimate of the true resistivity structure obtained by inversion with the offline 
location and lithology of production well PW1 and monitoring well 04TW-1. The 
middle panel shows the calculated apparent resistivity pseudosection for the 
inverted model. 

The inverted section for Line 4 (Figure 2.12) shows the clearest example of the 

near-horizontal geological layering found in the Richibucto sections. The contact 

between overburden of moderate resistivity and the high resistivity upper sandstone unit 

is visible as well as the contact between the upper sandstone and an underlying 

conductive layer interpreted to be shale-dominated as seen in the lithology logs of PW1 

and 04TW-1. This conductive layer is thicker and more resistive than the shale layers 

encountered in boreholes - likely as a consequence of the principle of equivalence 
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(Reynolds, 2011) and the smoothing constraints. While this section does not show any 

evidence of a wedge of saline water intruding from the coast, it does exhibit anomalously 

low resistivities below the 352 m mark in the lower sandstone aquifer beneath the shale. 

Municipal production well PW1 is 17 m offline from this location and has had past issues 

with elevated TDS believed to be related to over-pumping (Sean Sullivan, Town of 

Richibucto, pers. comm.).  

Three possible explanations for this resistivity low were considered: (i) it might 

be an artefact associated with the well casing; (ii) it might be caused by local thickening 

of the shale layer; or (iii) it might be caused by upconing of salt water from depth. 

Modelling exercises (Mott et al., 2011) demonstrated that neither the well casing, nor 

reasonable thickness variations in the shale unit (up to 300% or 15 m) could explain the 

magnitude of this resistivity anomaly, leaving salt water upconing as the most likely 

explanation. Additional work for the effects of the PW1 well casing on the ERI survey 

are presented in Appendix A: Modelling the effects of a well casing. Further support for 

this interpretation is presented in Chapter 4. 

 

Line 5: Survey through woods, next to Line 4 

Line 5 (Figure 2.13) was acquired parallel to Line 4, but offset by 20 m to the 

northwest into the woods in order to confirm that anomalies along Line 4 were not a 

consequence of its proximity to the power lines or to PW1. The survey used 8 m 

electrode spacing and started at Highway 134, extending 568 m into the woods. There 

was little topography along the line and the profile was assumed to be flat as the GPS was 

unable to collect accurate elevations due to the dense trees and vegetation. Line 5 crossed 
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the same buried cable as Lines 2 and 4. Like Line 2, data from the electrodes closest to 

the cable had to be removed due to the inversion algorithm’s inability to properly resolve 

the cable. The RMS error for this section is very low, just 1.84%. 

 

Figure 2.13. Output of the inversion algorithm for ERI Line 5 including (top panel) 
measured apparent resistivities plotted as a pseudosection and (bottom panel) an 
estimate of the true resistivity structure obtained by inversion along with the offline 
location and lithology of PW1. The middle panel shows the calculated apparent 
resistivity for the inverted model. 

The resistivity model for Line 5 is similar to that for Line 4 with a well defined 

contact between the upper sandstone and the shale. The model also has the same 

equivalence issue with the shale. Most significantly, the model shows a similar break 

(though not as pronounced) in the lateral continuity of a deeper resistive layer 

corresponding to the lower sandstone aquifer. As on Line 4, this break occurs opposite 
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PW1, which is located 37 m offline. The decreased intensity of the conductive anomaly 

with increased distance from the well supports the idea that the feature causing this 

anomaly is not a large scale linear feature, such as a fault that happened to intersect the 

production well, but more likely an upconing event. The low resistivity along the bottom 

of the model, below 100 m depth, is comparable to that observed at the same depth below 

Line 2 and is again interpreted as saline water at depth. The interpretation of upconing is 

reinforced by the presence of this saline water at depth. 

 

Line 7: Coastal survey, north of Richibucto 

Line 7 (Figure 2.14) was acquired in an overgrown field near the coast 

approximately 1.5 km north of the Richibucto wellfield. The location was selected in 

order to examine a second coastal profile (similar to Line 1) presumed to be outside the 

influence of the municipal pumping wells. With a 6 m electrode spacing the line extended 

426 m inland. The only potential sources of cultural noise were a power line running 

along the coastal road at the start of the line, and two water well casings (one abandoned, 

the other for a private well) thought to lie within ~20-40 m of the line. None of those 

cultural features appear to have affected the data in a significant way. Unfortunately, 

there was no information available on the depth of the wells or the geology they 

encountered. The RMS error of this section is 3.5%. 
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resistivity low found at the bottom of the section, in common with that seen in the other 

ERI sections, is considered indicative of a transition from fresh to saline pore water at 

depth, although it could alternatively be produced by a shale layer that is relatively thick 

(or conductive) compared to any others shallower in the section. 
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Chapter 3: Petrophysical and Geological study of the Richibucto 
Sandstone Aquifers  

Between August 17th and 27th of 2011, three boreholes were drilled and cored in 

the Richibucto area. Two of these boreholes, UNB1 and UNB2, were drilled along the 

ERI survey lines to provide lithological and geophysical data to compare to the resistivity 

models. The third borehole, UNB3, was drilled in a peat field 7.5 km southwest of the 

wellfield. UNB3 was not geophysically logged. It was completed as a monitoring well 

and detailed information regarding UNB3’s geological logs and construction details can 

be found in LeBlanc (2011). 

Between September 13th and 15th of 2011, several boreholes in the field area, 

including the new boreholes UNB1 and UNB2, were logged with various geophysical 

tools. Table 1 shows the location and physical dimensions of all the logged holes. The 

results for UNB1 and UNB2 are presented in this chapter while the results for the 

remaining boreholes, which had much shorter open hole (uncased) sections, are presented 

in Appendix B. 

The cores collected from UNB1 and UNB2 were sampled and taken to the 

geophysics laboratory at UNB to determine representative values of the porosity and 

electrical formation factors for the sandstone units. The methods employed for these 

laboratory measurements will be discussed later in this chapter. Core for UNB1, UNB2, 

and UNB3 are currently stored at the UNB Geophysics Laboratory in the Department of 

Earth Sciences. 
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Table 1. Information for the wells logged in this study. Elevation is reported in m 
above Canadian Geodetic Vertical Datum of 1928 (CGVD28). Boreholes UNB1 and 
UNB2 were filled with bentonite and decommissioned on Nov. 16 - 17, 2011. 

Well ID 

NB Double Stereographic 
Projection 

Elevation (m above 
CGVD28) Current 

depth (m 
below 

ground) 

Hole 
diameter 
(cm) and 

casing 
type 

Casing depth 
(m below 
ground) 

Easting 
(m) 

Northing 
(m) 

Current 
ground 
surface 

Current 
top of 
casing 

UNB1 2624281.0 7523075.9 4.91 5.26 88.5 7.5 steel 4.4 

UNB2 2625889.4 7523192.7 1.48 2.04 56.9 7.5 steel 4.2 

UNB3 2618638.2 7519120.1 24.02 24.87 30.3 
9.6, with5 

PVC 
casing 

25.7 (slotted 
PVC below 

this) 
MW08-

01 
2624123.3 7522656.8 6.01 6.46 48.8 15 steel 23.9 

MW08-
03 

2624666.6 7523253.9 4.91 5.38 48.8 15 steel 27.1 

04TW-1 2624162.4 7522915.1 6.48 6.98 36.4 15 steel 7.6 

 

3.1 Coring and geophysical logging of boreholes UNB1 and UNB2 

UNB1 and UNB2 (Figure 2.6) were drilled and continuously cored (below the 

overburden) to depths of 88.54 m and 56.87 m along Line 4 and Line 1, respectively, 

(Figure 3.1) with the goal of providing additional lithological and geophysical data to 

help constrain interpretation of each of the ERI sections obtained on those lines. UNB1 

was drilled 240 m from the start of Line 4 and UNB2 was drilled 270 m from the start of 

Line 1 and 80 m from the coast. The holes were drilled by Boart Longyear (Moncton, 

New Brunswick), using a track mounted geotechnical drill with an NQ-sized diamond 

drill bit, yielding holes 75.3 mm in diameter. The core recovered (see example in Figure 

3.2) was 47.6 mm in diameter and shows the Richibucto Formation lithologies previously 

reported in Chapter 1 (section 1.1). It is dominated by grey sandstone sequences 
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generally fining upward into red shaley sands and grey shale. However, the two 

boreholes did not encounter any of the red sandstones (indicative of more oxidizing 

conditions) or pebble conglomerates that St. Peter and Johnson (2009) reported in other 

exposures of the Richibucto Formation. 

 

Figure 3.1. A) Resistivity model for Line 1, extending inland from the coast showing 
the position and the generalized lithology of borehole UNB2. B) Resistivity model 
for Line 4, in the Richibucto wellfield, showing the position and the generalized 
lithology of borehole UNB1. 
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Figure 3.2. Photograph of one end of a box of core (NQ in size) spanning the contact 
between shale and overlying sandstone at 18.23 m depth in borehole UNB1. 
Lithologies from bottom (lower right) to top (upper left) include brown shale, grey 
shale, fine-grained grey sandstone, and coarse-grained grey sandstone. The fracture 
in the bottom right within the brown shale had a dip of approximately 16.5º 

A suite of geophysical borehole tools (see Table 2) was used to acquire 

subsurface data. An optical televiewer captured images of the borehole walls and helped 

identify the orientation and aperture of fractures cross cutting the boreholes. A water 

temperature and resistivity tool acquired information about the water column within the 

borehole (the water resistivity is presented as water conductivity (1/resistivity) by 

convention). A gamma ray logging tool uses the naturally occurring gamma radiation to 

characterize the rock as either shale (high gamma count per second (cps)) or sandstone 

(lower cps). A larger normal resistivity tool, such as the one described in section 2.2.1, 

acquired measurements with a spacings of 20.48, 40.96, 81.92, and 163.84 cm (named 

R8, R16, R32, and R64 respectively). Self potential and single point resistance tools were 

also used to help identify fractures and lithology changes. A 3 arm caliper, rented directly 

from Mt. Sopris in Denver, CO., was used in an attempt to determine the borehole 
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diameter but would not work with the particular Mt. Sopris “Matrix” logging control unit 

rented form Terraplus Inc. of Richmond Hill, Ontario. 

Table 2. Geophysical borehole tools used during the Richibucto field study 

Tool Model Detects 
Optical Borehole 
Televiewer OBI40-Mk4 

Fractures including orientation, 
visual indicator of lithology 

Fluid 
Temperature/Resistivity 2 PFA 

Borehole fluid temperature and 
resistivity 

Gamma-SP-SPR-Resistivity 40GRP-1000 

Radioactive mineralogy 
(commonly used to distinguish 
shale from sandstone), 
fractures, rock resistivity 

Three-Arm Caliper 40CAL-1000 Borehole diameter 
 

3.1.1 Geological and geophysical logs for UNB1 

The lithological log for borehole UNB1 overlain on the ERI section for Line 4 

(Figure 3.1), together with the corresponding geophysical logs (Figure 3.3), allows for a 

better understanding and interpretation of the subsurface within the Richibucto wellfield. 

The upper and lower sandstone aquifers are seen in the ERI section as two resistive layers 

with a more conductive unit between the depths of 20 and 35 m. The porosity log in 

Figure 3.3 (measurements on core samples in the laboratory are described in section 

3.3.1) show that the porosity of the sandstones above and below the lower shale all fall 

within the same range. The fracture log, based on interpretation of the optical televiewer 

image, reveals fractures throughout the 88.54 m length of the borehole apart from some 

intervals of massive sandstone. The largest aperture fractures – up to 22 mm - were 

concentrated in the upper 20 m. Most fracture apertures were less than the 2 mm 

measurement threshold. A more detailed interpretation will be given in Section 4.1. 
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Figure 3.3. Geophysical and geological logs for borehole UNB1. Grey shading 
highlights shale layers. Grey arrows indicate three fining upward sequences. The 
logs are, from left to right, gamma count, self potential and single point resistance, 
normal resistivity, borehole fluid conductivity, lithology, fractures and fracture 
aperture. The last log on the right is the laboratory measured porosities of the 
recovered cores. The legend for the lithology is shown in Figure 3.4. 
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Figure 3.4. The lithology legend used in the well logs for UNB1 (Figure 3.3) and 
UNB2 (Figure 3.5) 

3.1.2 Geological and geophysical logs for UNB2 

The generalized geological log for borehole UNB2, overlain on the ERI section in 

Figure 3.1, shows that the geology is dominated by sandstone with three thin layers of 

shale/shaley sandstone ranging from 1.2 to 5.5 m thick. A more detailed geological log 

and the corresponding geophysical logs are shown in Figure 3.5. Fracture densities are 

highest in the upper 25 m, although the largest aperture fracture (9.3 mm) is found at a 

depth of 35 m. It is interesting to note (see Figure 3.1A) that the ERI model does not 

correlate with the lithological variations observed in borehole UNB2; this suggests that 

resistivity is dominated by pore fluid salinity more so than sandstone/shale content in this 

coastal location. A more detailed interpretation will be given in Section 4.2. 
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Figure 3.5. Geophysical and geological logs for borehole UNB2. Grey shading 
highlights the shale layers. Grey arrows indicate two fining upward sequences. The 
logs are, from left to right, gamma count, self potential and single point resistance, 
normal resistivity, water conductivity, lithology, fractures and fracture aperture. 
The last log on the right is the laboratory measured porosities of the recovered 
cores. The legend for the lithology is shown in Figure 3.4. 

As shown in Figure 3.6, more than 82% of the fractures observed in boreholes 

UNB1 and UNB2 exhibited dip angles smaller than 20°. The vast majority of fractures 

appear to be bedding plane partings. However, fractures oblique to bedding, with dip 

angles up to 53° were also observed in both sandstone and the shale units.  
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Figure 3.6. Histogram of fracture dip angles determined by optical televiewer in 
boreholes UNB1 and UNB2. 

3.2 Relating pore water conductivity to chloride concentrations 

Relating geophysical measurements of sandstone resistivity to the salinity of its 

pore water requires knowledge of how salinity affects pore fluid resistivity, and how pore 

fluid resistivity in turn affects rock resistivity (the topic of Section 3.3). The first 

relationship was investigated by taking samples of water from boreholes in Richibucto 

and plotting their electrical conductivities against their salinities as expressed in terms of 

chloride concentration (sodium chloride being the dominant solute in seawater). These 

water samples were acquired using a downhole sampling pump or depth-specific 

sampling devices known as HydrasleevesTM after the wells had been purged. The purging 

process involved removing a total of three well volumes of water from the borehole using 

a Honda trash pump on surface connected to approximately 10 m of hose lowered down 

the open borehole. These samples give conductivities of the water within the well bore 

and are subject to tidal effects near the coast (Leblanc et al., 2012) and vertical flow 

between fractures; they do not necessarily give salinities and conductivities of the pore 

water in the rock matrix at the depths from which they were taken but represent the best 
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estimates available via open hole sampling. Further details on the sampling program and 

a full tabulation of the water chemistry results are presented in Green (2012). 

 

Figure 3.7. Graphs showing the relationship between chloride concentration and 
conductivity in water samples taken from A) monitoring wells (MW) and 
production well #1 (PW1) within the wellfield and B) those same wells in addition to 
borehole UNB2 near the coast and from a surface water site along the St Charles 
River. The drinking water limit for chloride is shown a dashed blue line of the plot 
on the right. 

Plots of water conductivity versus chloride concentration measurements are 

presented in Figure 3.7. Figure 3.7B shows the results of sampling the water column at 

various depths in monitoring wells within the wellfield, as well as in monitoring well 

UNB2 near the coast and at one surface site along the St. Charles River (just northwest of 

the ERI surveys). The conductivity values for two surface sites within the Richibucto 

River/Harbour (data not shown on graph) were 26600 and 32600 μS/cm with chloride 

values of 9670 and 11900 mg/L. The dashed blue line represents the Canadian Drinking 
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Water Quality standard for chloride (250 mg/L). The plot on the left shows, at an 

expanded scale, results for only those waters sampled from monitoring wells and 

production well PW1 within the wellfield. 

At the higher concentrations of chloride (between 250 and 2500 mg/L), a linear 

relationship can be established with conductivity. This relationship is given by the 

following function: 

	
µS
cm

3.26 ∗
mg
L

172 
µS
cm

. 
[3] 

As chloride decreases well below the Canadian drinking water guidelines of 250 mg/L, 

into the region of the samples from within the wellfield, this linear relationship no longer 

applies as other ionic species (besides Cl- and Na+) become significant. 

3.3 Laboratory measurements  

In water-saturated porous rocks composed of insulating minerals, the relationship 

between pore fluid resistivity and bulk rock resistivity is dependent on the porosity of the 

rock, the tortuosity of the pore space, and the possible presence of surface conductivity. 

Visual inspection of sandstone cores from boreholes UNB1 and UNB2 suggested very 

little to no clay content, so surface conductivity was expected to be negligible. In such 

“clean” sandstones, the relationship between fluid resistivity and bulk resistivity can 

commonly be well approximated by an equation in the form of Archie’s Law (Archie, 

1942):  
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, 
[4] 

where, 

ρr is the bulk resistivity of the rock, 
ρf is the resistivity of the pore fluid, 
F = aφ-m is the electrical formation factor  
φ is the porosity 
a and m are empirically derived constants. 

Archie’s Law can also be expressed in terms of electrical conductivity, the 

reciprocal of resistivity: 

1
, 

[5] 

where, 

σr is the bulk conductivity of the rock, 
σf is the conductivity of the pore fluid. 

With the resistivity of the pore fluid playing a significant role in the apparent 

resistivity of the sample, it is important to compensate for the influence of temperature on 

the resistivity of water. When the temperature of water increases, viscosity decreases, 

making the ions more mobile. The increase in ion mobility results in a decrease in 

resistivity. This temperature/resistivity relationship can be well approximated using the 

following formula (Hayashi, 2004): 

1 25
, 

[6] 

where, 

ρt is the measured resistivity at temperature t 
ρ25 is the resistivity at 25°C 



 

 

52 

α is the temperature coefficient of resistivity (0.0187/°C) 
t is the ambient temperature in °C. 

Equation [6] holds to within 2.4% for temperatures between 0 and 30 °C. 

Drill core samples collected from boreholes UNB1 and UNB2 were analysed in 

the laboratory to determine porosities, φ, and formation factors, F, appropriate for the 

Richibucto formation sandstones making up the aquifer. 

3.3.1 Porosity measurements  

The porosities of 94 sandstone cores sampled at 1 m intervals in each borehole 

were determined by hydrostatic weighing following the procedure outlined by the 

American Petroleum Institute (2004). The core samples, measuring 10 cm by 4.7 cm in 

diameter, were first dried in an oven to ensure that the there was no residual water in the 

pores. Once dried, the cores were weighed (Mdry) then submerged under water in a 

vacuum tank. Vacuum was applied to the vacuum tank to evacuate all the air from the 

pore space. This was done for 3-4 days. After this process, the cores were assumed to be 

fully saturated. The cores were then weighed while suspended under water (Muw). Finally 

the cores are taken from the water and all water on the surface of the cores was removed 

with a damp cloth. These cores, considered to be saturated surface dry (SSD), are 

weighed (MSSD). With these three weights the porosity (in %) of the cores was calculated 

using the following set of equations: 

 

,
[7] 
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,
[8] 

∗ 100. 
[9] 

where, 

PV is the pore volume 
BV is bulk volume 
ρwater is the density of water and is assumed to be 1 g/cm3. 

The porosities of the Richibucto sandstone samples range from 2.5% to 18.8% 

with an average of 14.2% and a standard deviation of 2.5% (Figure 3.8). The porosity of 

the shale core could not be measured as the cores lost cohesion and fell apart when 

saturated in water. 

 

Figure 3.8. A histogram of porosities measured in 94 samples of sandstone core from 
boreholes UNB1 and UNB2. Labels on each bin refer to the porosity at the upper 
limit of the bin. 
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3.3.2 Rock core resistivity 

Resistivity measurements were conducted on eleven (11) one inch diameter mini 

cores that were drilled out of the 94 samples used to determine porosity from varying 

depths from boreholes UNB1 and UNB2. The resistivity measurements were made with a 

two electrode system built at UNB based largely on the design of Merriam (2009). The 

two electrode system varies from the four electrode systems of Olhoeft (1979) in that the 

potential and current electrodes are the same; this simplifies the design, partly by 

eliminating the need to ensure low contact resistance between the potential electrodes and 

the samples. The two electrode system also samples the entire core, reducing the effects 

of local heterogeneities located within the core. One downfall of the two electrode system 

is that the measured voltage includes the complex contact impedance that arises between 

an electronic conductor (electrode) and an electrolytic conductor (sample). The resistivity 

system uses porous disks (buffer disks) between sample and electrode to allow for 

accurate compensation and reduction of electrode contact resistance and electrode 

polarization effects (Merriam, 2009).  

The resistivity measurement system is shown in Figure 3.9. Current is provided 

by a Keithley Model 6221 AC/DC current source capable of delivering very small 

currents very accurately (100 pA to 105 mA), which is particularly desirable in induced 

polarization (IP) measurements which are known to be non-linear with current density. 

The current source has a range of output waveforms and frequencies but only the sine 

function was used with frequency between 1 and 333 Hz. The voltage across the sample 

was measured and amplified using a Stanford Research Systems SR560 low-noise 
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voltage preamplifier having an input impedance of 100 MΩ - well in excess of the sample 

impedance. The amplified voltage was digitized using a National Instruments PCI-6123 

data acquisition (DAQ) card mounted in a desktop computer. This card provides 16 bit 

resolution on 8 channels while sampling up to rates of 500 000 samples per second. The 

sinusoidal voltage across a known resister in series with the sample was also digitized to 

provide a check on the current amplitude and a reference signal for measurement of phase 

shift in the voltage drop across the sample. All digital information was displayed and 

processed using LabVIEW® SignalExpress™. 

 

Figure 3.9. A schematic block diagram of the two electrode measurement system 
showing the sample holder in series with the reference resistor. 

The sample holder frame was constructed from impact resistant, smooth, ultra 

high molecular weight polyethylene with two threaded rods with wing nuts providing 

support and a tightening mechanism. The setup for the sample holder is shown in Figure 

3.10. 

The electrodes used in this setup were copper disks with copper wire soldered to 

their backs. Each copper electrode was in contact with a porous ceramic disk, super 
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saturated with copper sulfate, intended to provide low contact impedance and highly 

repeatable electrode polarization. The disks were Soilmoisture porous ceramic disks with 

fine pore size (0.5 µm maximum) to maximize moisture retention and a porosity of 31%. 

Disks of the same type but saturated with tap water were used next to the sample to 

prevent copper sulfate from diffusing into the sample. A piece of felt, saturated with the 

same NaCl solution as the core sample was used between the water-saturated disks and 

the sample to ensure a good contact. 

 

Figure 3.10. Left: a schematic showing the sample within the sample holder, flanking 
the sample are the water saturated disks, the copper sulfate saturated disks and the 
copper plates. Right: a photograph of the sample holder. 

The lab apparatus injects a known current, I, through the sample and measures the 

potential difference, δV, across the sample and its buffer disks. These current and voltage 

measurements are used to calculate the impedance Ztotal , which may be broken into three 

parts: 

 
, [10] 

where, 

A and l are the cross sectional area and length of the sample (m2 and m) 
Zep is the complex impedance from electrode polarization (Ω). 



 

 

57 

ZD is the impedance from the porous disks (Ω). 

Measurements of resistivity and of phase shift were made at frequencies of 1, 3, 

10, 33, 100 and 333 Hz. The measured voltage drop across the electrodes must be 

corrected for both the impedance, Zep, on the interface between the electrodes and porous 

disks and the impedance of the disks, ZD. Initially the porous disks were the same 

diameter as the cores. The correction was applied by pressing the disks together, 

measuring the voltage drop and subtracting it from the total measured voltage. 

Unfortunately, the small porous disks degraded over time as their edges started to 

break away due to pressures exerted by slight unevenness at the ends of the core samples. 

They were replaced by disks that were about twice the radius of the samples. The voltage 

that is measured across the large disks when pressed together is not representative of the 

voltage drop across them when the current is flowing preferentially through their central 

areas that are in contact with the smaller diameter core. To compensate for this, ZD in 

Equation [10] must be replaced by 

, 
[11] 

where ZDeff is the effective impedance of the frits and k is a geometric constant. Since the 

core sample radius rC is less than the fritted disk radius rD , ZDeff must be greater than ZD 

but less than the resistance that would result if all current was constrained to flow through 

a portion of the disks having the same diameter as the core, i.e., 

1 . 
[12] 

where, 
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rD is the radius of the frits (m), 
rC is the radius of the core (m). 

A frit radius of 2.55 cm with a core radius of 1.2 cm gives 4.51 an upper range for 

k. In order to determine the appropriate value for k, a steel billet was placed between the 

disks (Figure 3.11) to replicate the current flow paths expected through the disks with a 

rock sample in place. With the steel billet in place, the measured impedance δV/I should 

be composed of four parts: 

 
[13] 

where, 

Zbillet is the electrical resistance of the steel billet, 
Zepbillet is the electrode polarization that develops at the interface between the steel billet 
and adjacent porous disks. 

We can safely assume that Zbillet is negligible compared to ZDeff. Furthermore, the 

electrode polarization terms, Zep and Zepbillet will decrease with frequency as there is less 

time during each half cycle for ions to accumulate at the two electronic-electrolytic 

conductor interfaces. This is shown by Figure 3.12 where measurements of δV/I across 

the steel billet decrease with frequency and appear to be approaching an asymptote. This 

asymptotic value would represent ZDeff assuming the Zep and Zepbillet are both very small 

by comparison. The results in Figure 3.12 therefore give us an upper value of 1535 Ω for 

ZDeff which is a factor of 1.51 greater than the impedance ZD measured across the disks 

together at a frequency of 333 Hz. This factor falls within the range of k, stated above. 
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Having determined a way of measuring ZDeff , and determined that a frequency of 

333 Hz is sufficiently high to neglect electrode polarization effects, we can now calculate 

the impedance of each core sample, Zcore, at a frequency of 333 Hz as follows: 

∆
. 

[14] 

 

Figure 3.11. A representation of the two methods of frit impedance correction, with 
the disks together on the left and the disks separated by a steel billet on the right. 
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Figure 3.12. On the left axis, the frit impedance and frit + billet impedance 
decreasing with increasing frequency. On the right axis, phase shift for frit + billet 
decreasing with increasing frequency.  

Also, since the observed phase shifts between ΔV and I at 333 Hz were very small 

(average of less than 1.3 degrees) we consider the impedances to be purely resistive. With 

this simplification, the resistivity, ρr, of each cylindrical core sample was calculated as 

follows: 

∗ . 
[15] 

The samples were selected on the basis of geological texture or areas of interest 

from geophysical logging. The cores were saturated with five different NaCl brine 

solutions with the brine conductivity varying from 150 to 3300 µS/cm. Resistivity 

measurements were taken at each brine solution. The results are plotted in Figure 3.13. 
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For calculating the formation factors only water conductivities up to 1180 µS/cm were 

used as the measured bulk conductivities at the higher water conductivities suffer from 

some form of systematic error. It is speculated that the pore water in the sample never 

reached the same salinity as the brine in which they were soaking. Samples were soaked 

in each brine solution for seven days, with the exception of the 3300 µS/cm brine, for 

which the samples were soaked for 14 days. 

 

Figure 3.13. Measurements of bulk conductivity versus pore water conductivity for 
Richibucto Formation sandstone core samples from boreholes UNB1 and UNB2. 

3.3.3 Electrical formation factor measurements 

Based on Archie’s Law (Equation 5), the curves in Figure 3.13 were expected to 

be linear, with slopes of 1/F, thereby providing a measurement of the formation factor for 
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each sample. However some slopes depart slightly from linearity; this may be attributable 

to non-fully equilibrated samples. Also none of the curves pass through the origin, 

suggesting that all samples have surface conductivity that cannot be ignored for low pore 

water conductivities. Equation [5] may be modified to incorporate the surface 

conductivity as follows: 

1
, 

[16] 

where, 

σs is the surface conductivity. 

Performing a linear regression on the data for each sample shown in Figure 3.12 

gives values for both 1/F (slope) and σs (y-intercept). Electrical formation factors for the 

11 samples varied from 10.2 to 32.0, with an average of 16.0 and a standard deviation of 

6.6 (Figure 3.14). There were two outliers with F values of 55 and 238. The F of 238 was 

due an anomalously low porosity of 2.4 %. 

 

Figure 3.14. A histogram of electrical formation factors measured in 9 samples of 
sandstone core from boreholes UNB1 and UNB2. Labels on each bin refer to the 
electrical formation factors at the upper limit of the bin. 
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With the average formation factor for the boreholes and an established 

relationship between bulk resistivity of the rock and chloride concentrations it becomes 

possible to obtain chloride estimates from the borehole resistivity logs. 
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Chapter 4: Modes of salt water intrusion as revealed by geophysical 
and borehole surveys 

This chapter presents an integrated interpretation of the two modes of salt water 

intrusion evident in ERI sections acquired in Richibucto, incorporating constraints from 

geological and geophysical logs as well as groundwater chemistry. In addition, estimates 

of in-situ pore water salinity are derived from the normal resistivity logs with the use of 

electrical formation factors acquired using core samples in the lab. 

4.1 Salt water intrusion in the Richibucto wellfield - pumping induced 
upconing 

A reasonable interpretation of the subsurface hydrogeology and the source of 

salinity in Richibucto’s production well PW1 can be made through interpretation of the 

2D ERI section for Line 4 (Figure 3.1) and of the geological and geophysical logs 

obtained in borehole UNB1 drilled along that line (Figure 3.3). The ERI section reveals 

the upper and lower sandstone aquifer as two resistive layers with a more conductive unit 

between the depths of 20 and 35 m. Comparing the ERI section to the UNB1 geological 

and resistivity logs it appears that this thick, moderately conductive layer in the resistivity 

model is an artifact of the ERI inversion code’s inability to resolve two thinner, more 

highly conductive shale layers separately. Another point of interest on the ERI section is 

the drop in resistivity observed at a depth of approximately 70 m. This drop can be 

explained, in part, by the presence of another shale to shaley sandstone layer at depths of 

67 – 78 m, characterized by low resistivities of 25 – 55 Ohm m in the geophysical well 

logs. However, it is also a consequence of the fact that sandstones below the shale have 
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an average resistivity that is at least a factor of two lower than the resistivity of the 

sandstones above. Comparing gamma emissions in the sandstones immediately above 

and below the lower shale shows that there is no reason to expect that they differ in clay 

content. Furthermore, laboratory measurements on core reveal that sandstone porosities 

above and below the shale are very comparable. As a result, assuming comparable 

electrical formation factors F, it would appear that pore waters beneath the lower shale 

are at least twice as saline as those above that layer. The fact that this is not observed in 

the borehole fluid conductivity log suggests that there is little or no flow of water from 

the formation into the borehole at depth. 

The most prominent anomaly on the ERI section in Figure 3.1 is the low 

resistivity zone below PW1. This anomaly does not conform to the layered strata known 

to exist in the area. Forward modelling was completed to assess the likelihood that this 

low resistivity zone could be the effect of local thickening of the shale or the presence of 

the vertical well casing of PW1. Both these hypotheses could not reproduce this 

conductive zone with reasonable shale thicknesses and well casing sizes (Mott et al., 

2011). The most likely explanation is considered to be upconing of saline water from 

depth. The presence of more saline water at depth below the lower shale layer is 

supported by the low resistivities present at the base of the ERI section and by resistivity 

logs from borehole UNB1 as outlined above. Quantitative estimates of increased pore 

water conductivities and salinities are presented in section 3.3.3 below. 

Although the shale layer might reasonably be expected to impede upward water 

movement, its vertical permeability would be increased by moderately to steeply dipping 

fractures. Examples of such fractures observed within the shale units include one at 
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23.05 m depth (dipping 53°) in borehole UNB2 (Figure 3.5), and two in borehole UNB1 

at 69.05 m depth (dipping 29°) and 19.80 m depth (dipping 16.5°) (Figure 3.3). A 

photograph of the latter is provided in Figure 3.2. 

4.2 Salt water intrusion along Richibucto coast - a natural gradient 

An interpretation of the subsurface hydrogeology along part of the Richibucto 

coast can be made by examination of the resistivity model for Line 1 (Figure 3.1) in light 

of the geological and geophysical logs obtained in borehole UNB2 (Figure 3.5). The 

resistivities measured by borehole logging are comparable to those inferred from the ERI 

model at the borehole location. An exception occurs between 22 and 27.5 m depth where 

a conductive shale layer is not resolved in the ERI inversion. The ERI method is unable 

to resolve the low resistivity shale bed at this depth because of its small thickness to 

depth ratio combined with larger electrode spacing than on Line 4. However, the 

transition from high to low resistivity within the sandstone at about 35 m depth in the 

resistivity log is reproduced in the ERI section.  

The ERI section exhibits a low resistivity zone at depth that dips inland. Given the 

flat-lying nature of the geology, combined with the dominant sandstone geology 

encountered in the deeper part of borehole UNB2, this low resistivity zone cannot be 

attributed to a transition from sandstone to shale. It is instead suggestive of a salt water 

intrusion wedge extending inland from the coast. Note that the eastern half of the line 

runs sub-parallel to the coast of a peninsula, which may explain flattening of the top of 

the wedge over the eastern part of this line. 
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Similarly, the low resistivities observed at shallow depths (< 20 m) on the 

easternmost third of the line are unlikely to be geological in origin; they are more likely a 

consequence of overland inundation by sea water in this very low-lying area, during 

times of exceptionally high tides or storm surges. 

In contrast to the near constant borehole fluid conductivity log obtained in the 

wellfield, borehole fluid conductivity at this coastal site increases abruptly below 35 m 

depth, providing evidence of a significant increase in groundwater salinity at depth. Two 

fluid conductivity logs were acquired at different times. The first, “FCond 25°C” (in red), 

was logged continuously with the Mount Sopris logging system at the same time as the 

other geophysical logs. The second, “TLC-Cond25°C” (in green), was logged three 

weeks later with a Solinst Model 107 TLC meter at 1 m intervals. Both have the same 

general shape with the Solinst tool conductivity being near constant at 4000 μS/cm for 

the upper portion of the borehole and increasing dramatically to 16000 S/cm at 35 m 

depth. The second log shows a smaller increase at a greater depth. Evidence from two 

water temperature-level-conductivity loggers emplaced in the borehole at depths of 8 and 

28 m (LeBlanc et al., 2012) suggests that this variability is likely a consequence of tidal 

effects; it appears likely that saline water repetitively entered the borehole through 

fractures at depth during times of high tide and displaced some of the fresher water above 

until the tide receded again. 

The geophysical logs in Figure 3.5 also include the locations of fractures, based 

on analysis of the optical televiewer data. The vast majority (80%) of fractures, such as 

those corresponding to bedding plane partings, are subhorizontal. The remainder of the 

fractures have dips as high as 67° with the steepest at 37.17 m depth. The fractures appear 
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to have no preferred orientation. The aperture track in the geophysical log (Figure 3.5) 

includes estimates of the apertures of fractures that appeared to be 2 mm or greater in the 

optical televiewer data. Three of the 96 fractures in borehole UNB2 were found to have 

significant apertures, ranging from 2 to 9 mm. We note that fractures occur at or near the 

top of each of the three shale layers encountered in borehole UNB2. Given the abrupt 

increase in borehole water conductivity observed between 35 and 40 m depth, we suspect 

that the fractures occurring at the tops of the shale layers at 41 and 52 m depth could be 

the dominant sources of saline water in this borehole. 

4.3 Conceptual models for SWI in Richibucto aquifers 

Conceptual models, with general groundwater flow directions for the Richibucto 

aquifers near the coast and within the wellfield, were made using the observations from 

the ERI surveys, geological and geophysical logging, and water conductivity logging. 

These models, shown in Figure 4.1, depict the two types of SWI seen in the Richibucto 

area. Below the shale layer in the left side of Figure 4.1 shows SWI under a natural 

gradient driven by the density contrast between fresh and salt water, while above the 

shale layer the SWI is attributed to inundation. The right side of Figure 4.1 shows SWI in 

the form of upconing due to pumping.  

In both models it is assumed that the upper most shale layer is a continuous 

aquitard while the lower most shale is not shown near the coast due to the lack of well 

control at those depths in that area. In Figure 4.1 the regional flow of fresh groundwater 

is assumed to be from right to left (i.e. from inland recharge areas towards the coast). The 

source of saline water near the location of UNB2 is believed to be the Richibucto 
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Harbour, while the source of deeper saline water beneath PW1 is less certain. As 

discussed in 2.3.2, this water could be associated with a deeper saltwater wedge 

originating from the Northumberland Strait (e.g. Green and MacQuarrie, 2014) or it may 

have an origin associated occurrence of remnant seawater, emplaced following the retreat 

of glaciers from this region approximately 13,000 years ago when relative sea level was 

significantly higher (e.g. Webb 1982). 

 

 

Figure 4.1. Conceptual models for the modes of SWI in the Richibucto area. On the 
left, a model of SWI under a natural gradient near the coast while on the right, an 
example of pumping induced upconing within the wellfield. 

4.4 Estimation of in-situ pore water conductivities and salinities from 
resistivity well logs 

In order to estimate in-situ groundwater salinities, the modified Archie’s Law 

(Equation [16]) was used in combination with the resistivities measured during borehole 

logging at the depths of the core samples taken from each hole. The long (64 inch) 

spacing normal resistivity measurement was used in order to minimize the influence of 
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the zone close the borehole that would have been flushed by the freshwater used during 

drilling. The method assumes that the core sample, 4 cm in length, is representative of the 

rock contributing to the borehole resistivity measurement. The error in this assumption is 

difficult to quantify but can be minimized by selecting core samples from portions of the 

borehole over which the long normal resistivity readings are relatively stable. Table 3 

shows the measured borehole log resistivities, and the equivalent bulk conductivities after 

correction from the in-situ temperature (obtained from the borehole temperature log) to a 

temperature of 25ºC using an estimated correction factor of 1.87% per degree Celsius 

(Hayashi, 2004). The electrical formation factors, F, were taken from the inverse of the 

slope of Equation [16]. The temperature-corrected bulk conductivities were substituted 

for r in Equation [16] in order to estimate the groundwater conductivities f  (corrected 

to 25ºC) presented in Chapter 3:. The inferred chloride contents, based on Equation [16] 

established in Section 3.2, are also presented. 

The inferred pore fluid conductivity at 50 m depth is 480 µS/cm and suggests 

fresh pore water with an inferred chloride concentration around 94 mg/L. This depth of 

50 m falls within the open production interval of PW1. The pore water conductivity and 

salinity estimates obtained for a depth of 65 m in borehole UNB1 (just 2.5 m above the 

lowermost shale) are 760 µS/cm and 180 mg/L, respectively (Figure 4.2). These values 

are slightly higher than those observed in groundwater samples taken from the wellfield 

at shallower depths (Figure 3.7) and the values reported in Green (2012). Below the 

lower most shale layer in UNB1 the inferred pore water conductivity values are three to 

ten times higher at 1790 and 4690 µS/cm. These values correspond to chloride 

concentrations of 500 and 1400 mg/L; well above the 250 mg/L drinking water guideline 
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(Figure 4.2). Upconing of this deeper groundwater into the producing aquifer via 

fractures in the shale layer could possibly account for the anomalously high 

conductivities observed in water from PW1 during the period of 1999 to 2001 when 

pumping rates were relatively high (Sean Sullivan, Town of Richibucto, pers. comm.). 

Table 3. Estimates of pore water conductivity based on long-spacing normal 
resistivity measurements in boreholes UNB1 and UNB2 and core measurements of 
electrical formation factor F. Fluid conductivities are reported for a temperature of 
25° C as is standard. Inferred chloride concentrations are also shown. 

Bore- 
hole Depth Temp 

R64 
Resistivity
(Measured) 

R64  
Cond. 

(25 deg C) 

Formation 
Factor  

F 

Surface	
Cond.

s 

Inferred 
Pore water 

Cond. 

Inferred 
Chloride 

Conc. 

  m oC Ohm m µS/cm  µS/cm µS/cm mg/L 

UNB1 50 7.2 219 68 18.0 40.3 480 94 
UNB1 65 7.2 192 78 19.4 32.4 760 180 
UNB1 83 7.4 76 196 14.7 29.1 1790 500 
UNB1 87 7.4 92 162 32.6 15.3 4690 1400 
UNB2 14 9.3 61 232 19.2 24.6 3290 960 
UNB2 16 9.2 58 295 55.2 15.9 12000 3600* 
UNB2 32 8 106 138 17.2 28.8 1320 350 
UNB2 36 8.2 44 331 23.2 37.8 5240 1600 
UNB2 39 7.8 37 398 21.6 34.4 6840 2000 
UNB2 43 7.4 26 573 18.7 44.6 6200 1800 
*The author acknowledges that this data point is outside the range of equation 5 and that 
it is extrapolated data. 
 

The values of inferred pore water conductivities from UNB2 vary almost by an 

order of magnitude but fall within the range of the borehole conductivity logs from 

Figure 3.5. The inferred chloride concentrations for this coastal well are all above the 

drinking water guideline of 250 mg/L. An inferred chloride concentration was not 

calculated for R1-18 due to its high formation factor of 238.  
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Figure 4.2. A modified Figure 3.7 showing the four estimations of water conductivity 
and chloride concentration above (50 and 65 m) and below (83 and 87 m) the 
lowermost shale layer plotted with the data from UNB2 and the data collected 
within the wellfield. 
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Chapter 5: Conclusions 

A geophysical study was performed in the region of Richibucto, New Brunswick 

with the objective of determining the modes and extent of SWI within the fractured 

sandstone aquifers. The field investigation included surface ERI, the drilling and coring 

of two boreholes, borehole geophysics and geochemical analysis of water samples from 

various monitoring wells and surface sites in the area. Laboratory work on core samples 

included measurements of porosity, resistivity and electrical formation factor.  

The laboratory measurements determined both porosities and electrical formation 

factors for the cores. The porosities of 94 samples of Richibucto Formation sandstone, 

taken from depths up to 87 m, ranged from 2.5% to 18.8% with an average of 14.2% and 

a standard deviation of 2.5%. Electrical formation factors for a subset of 9 samples varied 

from 10.2 to 32.0 with an average of 16.0 and a standard deviation of 6.6. These are 

thought to be the first measurements of electrical formation factor determined for the 

shallow sandstones that form important aquifers in the Carboniferous Maritimes Basin. 

The formation factors, combined with hydrogeochemical data, have been used to estimate 

variations in groundwater chloride concentrations with depth in two areas of salt water 

intrusion at Richibucto based on borehole resistivity logs. 

ERI surveys and borehole geophysics in the Richibucto area have revealed a salt 

water wedge extending inland from the coast in a very low-lying area. The coastal 

resistivity model shows two highly conductive zones extending in from the coast: one 

above 20 m depth extending about 200 m inland, and a second larger wedge-shaped zone 

located below a depth of 30 m and dipping inland across the full length of the section. 
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These conductive zones were confirmed to be caused by saline water pore with the use of 

the lithology and borehole geophysics acquired from the coastal well, UNB2. Water 

conductivity within the well (i.e., borehole fluid conductivity) measured up to 

16000 μS/cm while the conductivity of in-situ pore water was estimated at up to 

12000 μS/cm. 

The ERI surveys also show evidence of the elevated levels of salinity that have 

been observed in water extracted from a semi-confined sandstone at depths of 30 – 50 m. 

Forward modeling exercises indicate that anomalously low resistivities in the aquifer 

surrounding and underneath PW1 cannot be explained by either a well casing artifact or 

by local thickening of the confining shale layer. ERI survey results also suggest that the 

source of the elevated groundwater salinities below PW1 is likely salt water upconing 

beneath pumping wells. The presence of increased salinities at depth is confirmed by the 

observation that sandstones underlying a shale layer, approximately 80 m deep in 

borehole UNB1 located within Richibucto’s wellfield, have relatively low resistivities 

that cannot be explained by an increase in clay content or porosity. Interpretation of 

normal resistivity well logs from that borehole, constrained by electrical formation factor 

measurements on core samples, indicate that pore water conductivities at depths of ~80 m 

(i.e., below the deep shale layer) are in the range 1790 to 4690 μS/cm versus values of 

480 to 760 μS/cm in the sandstones above the deep shale layer. These conductivities 

yield salinity estimates of 500 to 1400 mg/L Cl- in the sandstones directly underlying the 

shale. It is worth noting that the presence of this deep shale layer, at least 5 m thick in 

borehole UNB1, has not prevented upconing of saline water beneath production well 

PW1 located just 120 m away. Shale aquitards therefore cannot be relied upon to protect 
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production wells from saline waters at depth. Sub-vertical fractures and laterally 

discontinuities, evident in the core samples and geological logs respectively, may provide 

the pathways for such vertical migration.  

One limitation of the ERI method for detecting and delimiting SWI in areas of 

interbedded sandstones and shales, such as the Maritimes Basin along the east coast of 

New Brunswick, is the lack of good geological control to distinguish between electrically 

conductive shales and saline water in the pore space of sandstone aquifers. In this study, 

geological control was provided by the data from a modest number of boreholes, 

including lithology, gamma ray, and normal resistivity logs. Another issue with the ERI 

is the requirement of long, straight, continuous profiles. These straight profiles would be 

harder to obtain in a more urban setting. 

These results show that ERI surveys can be an effective tool in identifying the 

extent and modes of salt water intrusion into the similar Carboniferous sandstone aquifers 

that underlie many coastal communities in eastern New Brunswick. With a 710 m survey 

line it was possible to model the subsurface to a depth of approximately 100 m, well 

below the production interval of 30 – 50 m. Another tool that could be used for detecting 

saline groundwater is airborne or ground electromagnetic (EM) surveys. The EM surveys 

could provide an increase in the depth of exploration and have more widespread coverage 

but require there to be little or no buried metallic infrastructure or power lines within the 

area.  

Repeat ERI surveys may be used to assess changes in the extent of salt water 

intrusion that may accompany climate change and sea level rise or other stressors such as 
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increased pumping. They may also be used for initial investigations for new sources of 

freshwater aquifers. 
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Appendix A: Modelling the effects of a well casing 

The expected influence of steel well casing on the ERI image was investigated 

using a forward modelling algorithm developed by Johnson et al. (1987), for a well 

casing in a uniform earth. This algorithm modelled the 26 m deep, 20 cm diameter well 

casing for PW1 as a series of line current sources and calculated their expected effects on 

each of the Wenner array measurements on the profile line 17 m away from the well. The 

expected changes in apparent resistivity, shown in the form of a pseudo-section in Figure 

A.1, amounted to a maximum of just 0.58%. Application of these corrections to the 

observed ERI data resulted in negligible changes to the model obtained by inversion, 

indicating that the well casing effect was insignificant (Figure A.2). 

 

Figure A.1. The percent change in apparent resistivity on the ERI Line 4 caused by 
the well casing from PW1. 
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Figure A.2. On top is a resistivity model for Line 4 before the application of well 
corrections. Below is a resistivity model for Line 4 after the application of well 
corrections. The differences between the two models are insignificant. 
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Appendix B: Geophysical Logs for Additional Boreholes in the 
Richibucto Area 

In addition to logging UNB1 and UNB2, three other boreholes in the Richibucto 

area (04TW-1, MW08-01, and MW08-03, see Figure 2.6) were logged with the 

equipment described in Section 3.1. The data from these holes aided in the interpretation 

of nearby ERI line but due to the lack of complementary core they did not contribute to 

establishing the in-situ pore water conductivities and salinities from resistivity well logs. 

These boreholes were cased up to 30 m depth as they were constructed primarily for 

water sampling and hydraulic head data within the water production depth. 

Monitoring well 04TW-1 is located 45 m offline at 348 m along ERI Line 4. It 

had an open interval of 28.8 m and was the only hole in which the shale layer was 

sampled with the normal resistivity borehole tool prior to the coring of UNB1 and UNB2 

which was very useful for forward modelling. The logs for 04TW-1 (Figure B.1) show 

resistivity and gamma logs that are expected for shale and sandstone in the area. The fluid 

conductivity remains fairly constant throughout the open interval of the hole. 
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Figure B.1 Geophysical and geological logs for borehole 04TW-1. Grey shading 
highlights shale layers. The logs are, from left to right, gamma count, self potential 
and single point resistance, normal resistivity, borehole fluid conductivity, lithology 
and fractures. Lithological units present in this hole are sandstone (yellow) and 
shale (black). Lithology determined by chip samples from MGI (2004) 

Monitoring well MW08-01 is located approximately 80 m offline at 540 m along 

ERI Line 2. It had an open interval of 24.9 m. The logs for MW08-01 (Figure B.2) show 

resistivity and gamma logs that are expected for shale and sandstone in the area. A thin 

shale layer was indentified at a depth of approximately40 m that did not appear on 

previous logs. The fluid conductivity remains constant throughout the open interval of the 

hole. 

Monitoring well MW08-03 is located 5 m offline at 510 m along ERI Line 3. It 

had an open interval of 21.7 m. The logs for MW08-03 (Figure B.3) show resistivity and 
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gamma logs that are expected for sandstone in the area. The fluid conductivity increases 

sharply at the bottom of the hole. 

 

Figure B.2 Geophysical and geological logs for borehole MW08-01. The logs are, 
from left to right, gamma count, self potential and single point resistance, normal 
resistivity, borehole fluid conductivity, lithology and fractures. Lithological units 
present in this hole are sandstone (yellow) and shale (black). Lithology determined 
by chip samples from Stantec (2009), shale layer inferred from geophysical logs. 
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Figure B.3 Geophysical and geological logs for borehole MW08-03. The logs are, 
from left to right, gamma count, self potential and single point resistance, normal 
resistivity, borehole fluid conductivity, lithology and fractures. The lithological unit 
present in this hole is sandstone (yellow). Lithology determined by chip samples 
from Stantec (2009) 



 

 

 

 

Curriculum Vitae 

Candidate’s full name: Eric Brian Mott 

Universities attended:  University of New Brunswick 

   B.Sc.E. Geological Engineering, 2010 

Publications: 

Mott, E., Butler, K., Green, N., MacQuarrie, K., 2011, Application of ERI to the 

investigation of seawater intrusion at Richibucto, New Brunswick. Proceeding of 

GeoHydro 2011. Water and Earth: the Junction of Quaternary Geoscience and 

Hydrogeology. 

Mott, E., and Butler, K., 2012, Salt Water intrusion in a coastal sandstone aquifer 

at Richibucto, New Brunswick as revealed by geophysical and borehole surveys, In: 

MacQuarrie, K., Butler, K., Mott, E., and Green, N., 2012, A case study of coastal 

aquifers near Richibucto, New Brunswick: Saline groundwater occurrence and potential 

impacts of climate change on seawater intrusion, Report submitted to Atlantic Climate 

Adaptation Solutions Association (ACASA), 89 p., Available for download at 

www.atlanticadaptation.ca. 

Conference Presentations: 

Mott, E., Green, N., Butler, K., MacQuarrie, K., 2010, Preliminary interpretation 

of electrical resistivity tomography (ERT) surveys investigating seawater intrusion at 

Richibucto, eastern New Brunswick. Atlantic Geoscience Society 37th Colloquium, 

February 11-12, 2011, Fredericton, New Brunswick 


