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ABSTRACT 

Groundwater-borne contamination to coastal waters is a growing risk in the 

Canadian Maritimes region. Groundwater contaminants can enter the marine environment 

directly as submarine groundwater discharge, or indirectly as groundwater-derived 

baseflow discharged through surface watercourses. In this study, the spatial patterns of 

groundwater-surface water interactions and the effects of direct and indirect groundwater 

discharge on nitrate and bacterial contamination of a natural harbour were assessed on a 

regional scale. The Mabou Harbour drainage basin in Cape Breton Island, Nova Scotia has 

a high density of agricultural land and a history of persistent microbial contamination. 

Shoreline and flood-plain piezometers were installed and continuously monitored to 

analyze temporal patterns in groundwater-surface water interactions (GSIs). Hydrograph 

analysis and evaluation of thermal regimes were used to assess the GSIs between the major 

rivers. Seepage meters were deployed at different locations to constrain direct submarine 

groundwater discharge fluxes. A 3D groundwater flow model was constructed using 

MODFLOW-NWT and calibrated to historic static well water levels in addition to the 

baseflow of major rivers in the drainage basin.  

 

Model results, complemented by field data, yield important insights into the 

regional-scale groundwater flow and transport to surface waterbodies. Results suggest that 

direct groundwater discharge only accounts for 3% the of total catchment discharge, and 

residence times are substantially longer than survival times for most faecal coliform 

bacteria; therefore, it is not expected to be a significant contributor to the bacterial 

contamination frequently observed in the harbour. Conversely, the relatively deep flow 

paths associated with submarine groundwater discharge bypass the natural denitrification 

zones correlated with shallow flow through riparian zones and thus may pose nitrate 

contamination risks.  

 

Model results indicate that indirect groundwater discharge represents the largest 

proportion of total groundwater discharge (~96%) and given the flushing rate of the 

harbour, contributes to a larger proportion of the total harbour water volume (~5%). 

Furthermore, the higher hydraulic gradients found in the fluvial valleys, in addition to the 

permeable alluvial aquifers, substantially reduce residence times to within the survival 

limits of certain microorganisms, such that groundwater-borne bacterial contamination via 

indirect groundwater discharge is plausible. Many of the fluvial valleys within the drainage 

basin present a deeply incised geomorphology where groundwater flow paths are deeper 

and bypass the denitrification processes associated with shallow flow through riparian 

zones. Additionally, the Mabou and NE Mabou rivers displayed direct-recharge river-

aquifer system characteristics with little bank storage to assist in nitrate buffering.  

 

Because natural harbours are commonplace for rural agricultural communities in 

coastal regions, these results may be applicable to similar environments and may be used 

to improve land-use planning (e.g., distribution of agricultural activities) in coastal 

watersheds. Given the research gap regarding submarine groundwater discharge in low-

permeability environments, the findings of this case study can be used to better understand 

other Canadian coastlines that are dominated by glacial-till.   
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Chapter 1: INTRODUCTION  

 

1.1 GROUNDWATER  ï SURFACE WATER INTERACTIONS : PATHWAY S FOR 

GROUNDWATER  ï BORNE CONTAMINANTS  IN COASTAL WATERSHEDS 

Population density is approximately three times greater in coastal regions than in 

inland environments (Small & Nicholls, 2003), which creates a concentration of 

anthropogenic contamination in coastal watersheds. This is becoming increasingly evident 

in coastal waters (Windom et al., 1992; Chase et al., 2001), including in the Canadian 

Maritimes (Schafer, 1973; Menon, 1988; Siah et al., 2003;). Interactions between 

contaminated aquifers and surface waters are recognized to be important drivers of water 

quality and the health of marine ecosystems (Brunke and Gonser, 1997; Hayashi and 

Rosenberry, 2002; Conant et al., 2019). Groundwater contamination often occurs within 

shallow aquifers, which interacts with surface water bodies and thus have the potential to 

persistently transport significant contaminant loads to surface water (Winter et al., 1998).  

 

Within a coastal watershed, groundwater-borne contaminants from polluted coastal 

aquifers are transported to the marine environment directly as submarine groundwater 

discharge (SGD; Burnett and Dulaiova, 2003), or indirectly as groundwater-derived 

baseflow discharged through surface watercourses that flow to the coast (Figure 1). 

Historically, coastal contamination was thought to only occur from surface contaminant 

loading via coastal rivers; however, in recent years a new paradigm is emerging in which 

coastal contamination is also acknowledged to be a subsurface phenomenon through SGD 

pathways (Sawyer et al., 2016; Michael et al., 2017). More investigation is required to 
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better understand SGDôs role in coastal contamination, especially in Canada where there 

is a noted gap in research (Bobba et al., 2011).  

 

 

 

Figure 1: A conceptual model of how groundwater discharge within a coastal watershed 

is partitioned into direct and indirect groundwater discharge. Shallower flow paths (local 

flow regime) tend to discharge into the nearest downgradient discharge zone (e.g., streams, 

ocean), whereas deeper flow paths (i.e., regional flow) may bypass several recharge and 

discharge zones before discharging into a major discharge zone (e.g., major rivers, the 

ocean).  

 

Common anthropogenic contaminant types found in groundwater include organics, 

synthetic organic chemicals, pharmaceuticals, heavy metals, excess nutrients, and carbon 

(Sawyer et al., 2016; Robinson et al., 2018), but there is evidence that biological 

contaminants in the coastal setting, particularly faecal bacteria, are also related to coastal 

groundwater discharge (Paul et al., 1997; Desmarais et al., 2002; Boehm et al., 2004). This 

thesis is focused on groundwater-surface water interactions in a coastal watershed and the 

effects they may have on nitrogen and bacterial fate and transport. 
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1.1.1 Ocean ï Aquifer Interactions: Submarine Groundwater Discharge 

SGD is defined as, ñthe flow of water through continental and insular margins from 

the seabed to the coastal ocean, regardless of fluid composition or driving forceò (Burnett 

et al., 2003). Fluid composition is specifically addressed in this definition because there 

are both fresh and saline (circulated seawater) constituents in SGD. SGD is a global 

phenomenon and should occur in any place where the aquifer and sea are hydraulically 

connected (Burnett et al., 2003b) and where the hydraulic head in the adjacent aquifer or 

sediment is at least intermittently above sea level (Johannes, 1980). SGD has been observed 

since the Roman era (Kohout, 1966), but has only recently been investigated scientifically 

(Burnett and Dulaiova, 2003). Historically, geoscientists and oceanographers focused 

research efforts on the discharge of surface water into the ocean. When coastal water 

interactions with groundwater was considered, the focus was saltwater intrusion (Taniguchi 

et al., 2002). SGD was ignored because of the intrinsic investigation difficulty and the 

general lack of knowledge regarding its scientific importance (Taniguchi et al., 2019). 

However, SGD is gaining attention as it is now known to be a significant factor in the 

hydrological cycle, coastal biogeochemistry, and health of marine ecosystems (Taniguchi 

et al., 2002; Moore, 1999; Sawyer et al., 2016; Robinson et al., 2018).  

 

There is some disagreement among scientists regarding the definition of SGD, 

which may lead to confusion when interpreting research. For instance, oceanographers 

consider any water seeping from the land into the ocean to be SGD, regardless of meteoric 

or oceanic origin. Conversely, hydrologists and hydrogeologists separate SGD into fresh 

and saline constituents. For example, the saline portion of this discharge is often referred 
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to as circulated sea water (e.g., Moore, 1999). Other researchers dispute the term circulated 

seawater as it may obscure the important changes to water chemistry that occur in the 

porous media (Taniguchi, 2019). Some researchers have suggested a nomenclature so that 

SGD fluxes can be compared between different studies (Taniguchi et al., 2002). Herein, 

the total SGD, containing both fresh and saline constituents, will be referred to as SGD, 

the freshwater component will be referred to as FSGD, and the saline component will be 

referred to as circulated SGD. 

 

In general, SGD is driven by hydraulic, density, or thermal gradients (Kohout, 

1967; Li, 1999; Taniguchi, 2002; Santos et al., 2012; Sawyer et al., 2016). Hydraulic 

gradients between the coastal aquifers and sea level are the driving force for FSGD. 

Alternatively, tidal pumping, and convection cycles (e.g., thermal and density driven) force 

the circulation of seawater through the subsurface. Tidal pumping refers to the infiltration 

of seawater associated with the localized oscillation of the hydraulic gradient during tidal 

cycles. The result of this tidal forcing across the beach face is the development of an upper 

saline plume (Figure 2 and Robinson et al., 2006). Research suggests that the primary 

constituent of SGD is circulated seawater indicating that these processes are significant 

drivers of SGD (Moore and Church, 1996; Li et al., 1999; Garrison et al., 2003). Tidal 

pumping can drive circulated SGD fluxes that are an order of magnitude higher than FSGD 

(Li et al., 1999), and in some situations it is the main factor controlling the SGD rate 

(Taniguchi, 2002). The residence time of circulated seawater due to tidal pumping ranges 

from days to several weeks (Michael et al., 2005; Robinson et al., 2007; Abarca et al., 2013; 

Heiss et al., 2014). Alternatively, the residence time of FSGD varies but can be many orders 
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of magnitude higher, depending on the flow path length and depth below the phreatic 

surface (Bratton et al., 2004; Tait et al., 2014).   

 

Distance from the shore is the main control on SGD in addition to hydraulics and 

the flow domain geometry (Taniguchi et al., 2002). The magnitude of SGD is related to 

water depth, such that SGD appears to follow a decreasing power-law relationship with 

ocean depth (Taniguchi et al., 2002). As depth is related to distance from shore, the greatest 

SGD fluxes generally occur near the shore where seawater is shallower (Taniguchi et al., 

2002). The majority of FSGD occurs within tens of meters (m) of the shoreline (Sawyer et 

al., 2016) and decreases exponentially with distance from the shoreline (Bokuniewicz, 

1992). Under certain conditions, SGD may occur far offshore. For instance, volcanic or 

karstic bedrock channels may behave as conduits that can transfer fresh groundwater far 

offshore via submarine springs (Johnson et al., 2008). Additionally, confined aquifer 

conditions may result in SGD occurring kilometers offshore where the aquifer outcrops 

(Paldor et al., 2019). 

 

FSGD rates depend on the coastal aquifer hydraulic conductivity (K) [m d-1] and 

recharge patterns in the watershed (Sawyer et al., 2016). Recharge rates vary on storm, 

seasonal, and geological time scales, which will affect the hydraulic gradient that in turn 

drives the SGD flux. For example, there have been observable increases in the freshwater 

flux following hurricane seasons (Menning et al., 2015). On a longer timescale, SGD rates 

are strongly correlated with multi-year climate oscillations, such as El Niño, due to their 

impact on precipitation (Anderson and Emanuel, 2008). The FSGD flux varies greatly, 

often influenced by geology. For example, Darcy fluxes for fractured bedrock springs can 
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exceed meters per day (Bokuniewicz et al., 2008), but in diffuse discharge zones with lower 

hydraulic conductivity, Darcy fluxes may be orders of magnitude lower (Deming et al., 

1992; Piekarek-Jankowska, 1996). SGD is also generally diffuse and heterogeneous with 

spatial patterns ranging in scale from meters to kilometers (Sawyer et al., 2016). On local 

scales, discharge may be focused into submarine springs by conduits, such as karsts, lava 

tubes, bedrock fractures, and buried paleochannels (Mulligan et al., 2007; Bokuniewicz et 

al., 2008; Johnson et al., 2008). 

 

 

Figure 2: A conceptual model for FSGD, circulated SGD, and formation of the upper 

saline plume (modified from Robinson et al., 2018). The upper saline plume is 

represented by the smaller, semi-circular cycling of saline groundwater through the 

coastal mixing zone. 
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1.1.1.1 Importance to Ecology 

SGD, both fresh and saline, plays an important role in coastal ecosystems and 

chemistry (Moore, 1999). Like riverine water, SGD transports solutes to the oceans, 

affecting biogeochemical processes and conditions (Moore, 2010). Once discharged into 

the ocean, solutes may be released to the atmosphere, deposit on the ocean floor, or be 

taken up by living organisms (Sawyer et al., 2016). As groundwater is transported from the 

continent to the ocean, it dissolves solids, and interacts with microorganisms, which alters 

the chemical composition (Sawyer et al., 2016). The chemistry of the groundwater at the 

discharge zone is a product of microbial interactions, geochemistry of the subsurface, and 

residence time (Sawyer et al., 2016). Groundwater is often enriched in nutrients relative to 

surface water, so SGD may have a dramatic effect on water quality and ecosystem health. 

For example, SGD-related nutrient fluxes have been shown to affect the production and 

health of marine fauna and flora (Fujita et al., 2019).  

 

1.1.1.2 The Coastal Mixing Zone 

The coastal mixing zone (CMZ), sometimes referred to as the subterranean estuary 

(Moore, 1999), describes a coastal aquifer where fresh and saline water and their different 

constituents mix. The CMZ is essentially the transition zone at the interface between 

meteoric groundwater and intruding seawater. Similar to fluvial estuaries, CMZs host the 

interactions between saline water, freshwater, and aquifer materials, which impose 

important modifications to fluid composition (Moore, 1999). CMZs are different then 

surficial mixing zones (i.e., estuaries) in that they have a much higher solid-fluid ratio, 

stable temperatures, and are enriched in reduced species such as NH4
+ (Taniguchi et al., 
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2019). Because the fresh and saline endmembers are so distinct, the CMZ is often marked 

by strong salinity, redox, and pH gradients that drive chemical reactions (Moore, 1999; 

Charette and Sholkovitz, 2002). These chemical reactions have been shown to affect 

contaminant loads, such as nitrate, prior to discharge into the marine environment (Slomp 

and Van Cappellen, 2004; Santos et al., 2008). Seasonal variations in the biogeochemical 

conditions of the CMZ can lead to variability in the transfer of nutrients and organic carbon 

to the marine environment (Santos et al., 2009). For example, Santos et al. (2009) found 

that SGD nutrient and dissolved organic carbon (DOC) fluxes into the Gulf of Mexico were 

respectively 60% and 40% higher in the summer relative to winter. 

 

1.1.1.3 Importance to the Hydrologic Cycle 

Regarding the seaward component of the hydrologic cycle, hydrologists have 

traditionally fixated on surface water discharge into the ocean; however, SGD is now 

gaining recognition as an important process (Burnett and Dulaiova, 2003). Even with a 

small flux per unit length of shoreline, SGD can be significant considering the shear 

immensity of total coastline and the fact that SGD is active in areas where large rivers are 

not present (Taniguchi et al., 2002). Researchers have used different methods to estimate 

the role of SGD in the global water flux, such as hydrograph separation (Zekster and 

Loaiciga, 1993), basic calculations with hydrogeological assumptions (Nace, 1970; 

Taniguchi et al., 2002), water balance (Zekster et al., 1973), and literature review (Church, 

1996; Taniguchi et al., 2002). The resulting estimates are generally 6-10% of total surface 

water input into the ocean (Taniguchi et al., 2002). On a local/regional scale, water balance 

estimates are much more variable. For instance, while using Radium-226 mass balance, 

Moore (1996) estimated that SGD accounted for 40% of the freshwater flux to the South 
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Atlantic Bight during the study period. Furthermore, SGD may be more influential on the 

hydrologic cycle in an island setting, as it has been shown that the net discharge is generally 

greater per unit area of land for islands than for continents (Zekster and Everett, 2000; 

Moosdorf et al., 2015). 

 

SGD estimates vary widely due to the spatially heterogeneous and temporally 

dynamic nature of SGD processes. Taniguchi et al. (2002) compiled available SGD data 

on an international scale in an attempt to quantify global SGD and found that global SGD 

rates are generally less then 0.1 m d-1. Conversely, it is not uncommon to see that reported 

SGD rates from a coastal watershed exceed the local recharge rate, sometimes by more 

than two orders of magnitude (Taniguchi et al., 2002). There are two possible explanations 

for this discrepancy: 1) the areal extent of recharge zones is about two orders of magnitude 

greater than that for discharge zones; and 2) circulated saline groundwater discharge forms 

a significant component of the measured SGD (Taniguchi et al., 2002).  

 

1.1.2 Stream ï Aquifer Interactions 

Surface water and groundwater systems are often perceived as disconnected entities 

and therefore studied separately (Kalbus et al., 2006); however, groundwater-surface water 

interactions (GSIs) between aquifers and surface water bodies can greatly influence the 

mass budget and quality of both subsurface and surface water (Sophocleous, 2002; Kalbus, 

2006; Fleckenstein et al., 2010). For instance, the transition zone beneath the streams that 

host exchange processes is referred to as the hyporheic zone and has been recognized for 

its importance for flora, fauna, and stream metabolism (Hynes, 1983; Brunke and Gonser, 

1997).  
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The history of GSI research is relatively recent, beginning in the 1960s 

(Fleckenstein et al., 2010). Seminal research by Tóth (1962; 1963; 1970) introduced links 

between topography, geology, and climate to form hydrogeologic environments and the 

different flow regimes (local, intermediate, and regional), which ultimately terminate at 

discharge zones. Tóth (1963) describes these flow systems as: the local flow regime which 

flows towards nearby discharge areas (Figure 1); the regional flow regime which flows 

great distances to major surface water bodies (Figure 1); and the intermediate flow regime 

which resides between local and regional flow systems and often bypasses several recharge 

and discharge areas. These flow regimes drive the spatial patterns of GSIs (Fleckenstein, 

2010). Early work focused on the volumes of groundwater from a resource management 

perspective and have since shifted to near-channel and in-channel, process-oriented 

investigations addressing the influence groundwater exchange has on biogeochemistry and 

ecology (Sophocleous, 2002; Krause et al., 2009; Fleckenstein et al., 2010).  

 

GSIs occur under four general conceptual models: 1) gaining streams where the 

aquifer has a higher hydraulic head than the stream stage driving groundwater discharge 

into the stream; 2) losing streams where the stream stage exceeds groundwater head 

causing surface water to recharge the aquifer; 3) flow-through channels where the aquifer 

hydraulic head is higher on one side of the stream and lower on the other resulting in 

groundwater discharge and recharge, respectively; and 4) disconnected streams where the 

aquifer and stream are separated by an unsaturated zone and the ephemeral streamflow 

infiltrates downwards toward the aquifer at a relatively constant rate (Sophocleous, 2002; 

Woessner, 2000). It is not uncommon for streams to have both gaining and losing sections 
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throughout the reach of a stream (Kalbus et al., 2006). Seasonal variations or precipitation 

events can alter the hydraulic head conditions within the aquifer and the stage within the 

stream thereby affecting the direction of fluid exchange (Kalbus et al., 2006). The flow and 

exchange of groundwater is controlled by the spatial distribution of K in the alluvial aquifer 

and channel, the stream stage relative to the hydraulic heads within the aquifer (Winter et 

al., 1998; Wroblicky et al., 1998), and the stream geomorphology (Woessner, 2000). The 

direction of flow and magnitude of the flux are governed by the hydraulic gradient and 

sediment K, respectively.  

 

The exchanges between groundwater and streams vary with climatic conditions as 

described by (Brunke and Gonser, 1997). When precipitation is low, effluent conditions 

dominate, such that baseflow is the primary constituent of stream discharge. Conversely, 

during periods of heavy precipitation, resulting in high quickflow, the hydraulic gradient 

reverses and influent conditions dominate such that streamflow infiltrates banks and 

recharges the aquifer. The amount of this bank storage is controlled by the watershed 

characteristics, in addition to the transmissivity (T) [m2
 d

-1] and storativity (S) [unitless] of 

the banks (Brunke and Gonser, 1997). The alternating periods of effluent and influent 

conditions help moderate the discharge variations of a river (Brunke and Gonser, 1997).  

 

1.1.2.1 Importance to Ecology 

The hyporheic zone is particularly important to stream and downstream ecology 

and is characterized by strong biogeochemical activity (Grimm and Fisher, 1984; Duff and 

Triska, 1990; Triska et al., 1993). Water exchange within the hyporheic zone facilitates 

solute transport, degradation, transformation, precipitation, sorption (Kalbus et al., 2006) 
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and material transformations (Sophocleous, 2002). The exchange between surface water 

and groundwater increases interaction between water and chemically reactive geologic 

materials, which can strongly influence water chemistry (Sophocleous, 2002). For 

example, rivers with less hyporheic exchange may not have a long enough residence time 

for significant nutrient mineralization to occur (Findlay, 1995). Hyporheic exchange 

increases residence times and dramatically influences the material transported from the 

catchment to the sea (Findlay, 1995). Similar to the denitrification that occurs in riparian 

zones, hyporheic exchange, including bank storage, buffers nitrate loads in stream systems 

(Duff and Triska, 1990; Triska et al., 1993). 

 

1.1.2.2 Importance to Hydrological Cycle  

Groundwater discharge into streams and other terrestrial surface water bodies acts 

as indirect groundwater discharge to the marine environment and is important to the 

hydrological cycle. On a global scale, baseflow accounts for approximately 10% and 30% 

of precipitation and total runoff, respectively, and displays great geographical variability 

(Zekster and Loaiciga, 1993). These estimates suggest that baseflow, or indirect 

groundwater discharge to the coast, constitutes approximately 83% of total groundwater 

discharge entering the marine environment. Other studies have shown the ratio between 

indirect and direct groundwater discharge to be lower for coastal watersheds (i.e., indirect 

groundwater is less dominant; e.g., Russoniello et al., 2016). Furthermore, the distribution 

of groundwater discharge between baseflow and SGD pathways has been shown to be 

sensitive to water table depth, such that baseflow pathways are dominant when high water 

tables are present (Russoniello et al., 2016).  

 



13 

 

1.1.3 Groundwater ï Borne Nitrate in Coastal Watersheds 

Nutrients, such as nitrate, can accumulate to high levels in groundwater and persist 

for decades (Nolan et al., 1988). Anthropogenic nitrate, which is a constituent of dissolved 

inorganic nitrogen (DIN) is generally sourced from fertilizer and sewage (Valiela et al., 

1997), both of which excessively elevate DIN in coastal aquifers (Sawyer et al., 2016). 

Although it is difficult to quantify SGD and associated nutrient fluxes, it has been shown 

locally and regionally that SGD-related nutrient fluxes often rival or exceed river input to 

the ocean (Johannes, 1980; Johannes & Hearn, 1985; Oberdorfer et al., 1990; Valiela et al., 

1990; Moore et al., 2002; Garrison et al., 2003; Slomp and Van Cappellen, 2004; Moore et 

al., 2008; Santos et al, 2008). Groundwater is also generally more concentrated in DIN 

relative to surface water, so the chemical flux ratio between SGD and fluvial input is 

disproportionate to the corresponding discharge rates (Moore, 1999). For example, FSGD 

accounts for half of the fluvial input in Tampa Bay, yet contributes equally to the nutrient 

load (Kroeger et al., 2007). Furthermore, SGD-related nutrient fluxes have important 

implications for the health of marine ecosystems and have been identified as a possible and 

substantial driver of eutrophication (LaRoche et al., 1997; Hu et al., 2006; Lee et al., 2010). 

 

Nutrient contamination via coastal groundwater discharge, particularly SGD, is a 

legacy pollution issue due to the long residence time in coastal aquifers (Robinson et al., 

2018). For instance, in Chesapeake Bay and Florida, it has been shown that nutrient 

contaminated groundwater in the coastal aquifer has multi-decadal residence time before 

being discharged to the sea (Hu et al., 2006; Sanford and Pope, 2013). Although fluvial 

nutrient fluxes into the marine environment are increasing (Diaz and Rosenberg, 2008), the 
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future implications for SGD-related DIN is still unknown, and it may take decades for the 

changes to present themselves.  

 

There are natural nitrate buffers found in coastal watersheds that can influence 

nutrient loading to coastal water bodies. For instance, it has been well established that 

riparian zones are important buffers for nutrients originating from adjacent terrestrial 

anthropogenic activities (Haycock and Pinay, 1993; Gold et al., 2001; Burt et al., 2002; 

Rassam et al., 2008). Topography, hydraulic properties, and groundwater flow dynamics 

are important factors in the denitrification process. Maximum nitrate removal is associated 

with shallow groundwater flow (Simmons et al., 1992; Starr and Gillham, 1993; Nelson et 

al., 1995; Gold et al., 1998) through soils rich in organic carbon and roots (Gold et al., 

2001). Additionally, a moderate K will support substantial flow while maintaining adequate 

residence time for denitrification to occur (Rassam et al., 2008). Areas where these 

conditions are met generally coincide with flat lowlands, such as alluvial plains (Rassam 

et al., 2006). Regarding nitrate buffers associated with SGD pathways, under certain redox 

conditions, the CMZ may also attenuate high nutrient levels in fresh groundwater prior to 

discharge. The nitrogen flux through the CMZ is greatly dependent on the residence time 

in the mixing zone and the redox conditions of the two water endmembers (Slomp and Van 

Cappellen, 2004).  

 

The methods for determining groundwater-borne nitrate loads are different 

depending on the pathway for groundwater discharge (i.e., SGD or baseflow). There is 

more uncertainty associated with the quantification of SGD-associated nutrient fluxes as 

SGD is inherently difficult to quantify and the influence of the CMZ on nutrients is not 



15 

 

always constrained. Currently, the standard method of quantifying nutrient fluxes via SGD 

is to multiply the FSGD flux by the nutrient concentrations in the groundwater (Robinson 

et al., 2018). The issue with this method is that it neglects the influence that the CMZ has 

on nitrate loads. Conversely, the quantification of nutrient fluxes via groundwater-derived 

baseflow would be relatively easy, as watercourses can be sampled during baseflow 

conditions. 

 

1.1.4 Groundwater ï Borne Faecal Microbial Contaminants in Coastal Watersheds 

Faecal microbes, including coliform bacteria, are another common contaminant 

within aquifers and are largely associated with sewage treatment and agriculture (Sinton et 

al., 1997; Goss et al., 1998; Jamieson et al., 2002). Bacteria survival in the subsurface is 

dependant on numerous variables including soil moisture, soil type, temperature, pH, 

manure application methods, nutrient availability, and microorganism competition 

(Jamieson et al., 2002). The survival of faecal coliform bacteria, including Escherichia coli 

(E. coli), in the saturated zone is generally less than 55 days (McFeters et al., 1974; 

Keswick et al., 1982; Bitton et al., 1983; Pekdeger & Matthess, 1983; Dowd & Pillai, 1997; 

Taylor et al., 2004); however, some pathogenic bacteria such as Enterococcus, 

Streptococcus, and Klebsiella pneumoniae can persist for more than 200 days (McFeters et 

al., 1974; Keswick et al., 1982; Bitton et al., 1983; Dowd & Pillai, 1997). Other studies 

have shown that E. Coli, Salmonella enterica serovar Typhimurium, and other pathogenic 

bacteria survived up to 100 days or greater under saturated conditions at 10°C (Filip et al., 

1988). Regardless of the relatively brief fate of faecal coliform bacteria in the phreatic 

zone, bacterial contamination of aquifers in agricultural watersheds is prevalent (Goss et 



16 

 

al., 1998). It should be noted that faecal coliform bacteria are not always good indicators 

for groundwater transport of other faecal pathogens, particularly viruses, that have the 

greatest transport potential due to their smaller size and greater persistence in the saturated 

zone (Yates et al., 1985; Bitton and Harvey, 1992). Microbial transport, particularly 

bacteria, is primarily controlled by macropores and secondary porosity where attenuating 

processes, such as adsorption and mechanical filtration, are bypassed (Smith et al., 1985; 

Jamieson et al., 2002; Beven and Germann, 2013) and where porewater velocities and 

solute advection may be very high. 

 

Several studies have been conducted on microbial contamination of coastal 

environments associated with groundwater discharge, particularly SGD. A link between 

groundwater discharge and faecal indicator bacteria was established in Huntington Beach, 

CA, with the highest microbial loads detected during spring tides (Boehm et al., 2004). 

Similarly, the correlation between periods of high SGD and faecal indicator bacteria, 

sourced by sewage, have been observed (Yau et al., 2014). Faecal bacteria from waste 

injection wells to the marine environment has also been observed but required groundwater 

systems with high advective rates and very short residence times (Paul et al., 1996). Paul 

et al. (1996) also concluded that microbial transport was most rapid in areas where tidal 

pumping was influential.  
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1.2 SITE DESCRIPTION  

Mabou Harbour, in Inverness County of Cape Breton Island, Nova Scotia, Canada 

was selected as the study site for this thesis (Figure 3). Mabou Harbour is representative of 

the many natural harbours throughout the Maritime region of Canada in that the 

surrounding landscape is overlain by glacial deposits, predominantly composed of till. 

Natural harbours are commonplace for rural agricultural communities in coastal regions, 

which is evident in the Mabou Harbour drainage basin. The Cape Breton Partnership & 

The Inverness/Victoria Federation of Agriculture (CBP and IVFA, n.d.) identified 58 

agricultural operations within the drainage basin covering a range of commodities, with 36 

of them specified as beef or dairy farms. Thirteen of these cattle-bearing farms are located 

immediately adjacent to the harbour, according to the harbour boundary defined in this 

thesis. The remainder are spread throughout the drainage basin and are often adjacent to 

major rivers or their tributaries. The harbour also hosts an aquaculture industry with nine 

oyster leases and one lease for seeding stock (CBP and IVFA, n.d.). Unfortunately, the 

harbour has a history of persistent faecal bacterial contamination resulting in frequent 

closures to aquaculture operations.  

 

Mabou Harbour is located on the west coast of Cape Breton Island with the mouth 

of the harbour positioned at approximately 46°5'15"N and 61°28'24"W (Figure 3a). The 

harbour is approximately 6.7 km2 in area including the tidal flats. Based on a spline-

interpolation of bathymetric data, provided by the Applied Geomatics Research Group 

(AGRG, 2017), the harbour volume is approximately 2.84×107 m3. The total drainage basin 

area is 363.1 km2 (excluding the harbour) and is further broken down into three sub-
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catchments for the Southwest Mabou, Northeast Mabou, and Mabou Rivers (herein 

referred to as the Mabou rivers), in addition to the harbour subcatchment containing the 

smaller tributaries that discharge directly into the harbour (Figure 3b; Table 1). For the 

purpose of this thesis, the boundary between the major rivers and the harbour was defined 

as the point where braided streams or significant pooling began over the tidally influenced 

mudflats. The sub-catchment delineations were derived from Nova Scotia Department of 

Environment (2018) and work completed for the CBP and IFVA (n.d.) by the Department 

of Natural Resources. The subcatchments were re-delineated from the locations of river 

mouths (as defined in this thesis) using the Enhanced Digital Elevation Model, Nova 

Scotia, Canada (herein referred to as DEM; Service Nova Scotia and Municipal Relations 

[SNSMR], 2003), which was converted into a topographic map. The harbour 

subcatchment, followed by the Mabou and NE Mabou River subcatchments, has the 

greatest agricultural density; however, the Mabou River subcatchment has the greatest 

agricultural coverage (Table 1 and Environment and Agriculture Technology Research 

Group of the Nova Scotia Community College [EAT], 2018).  

 



19 

 

 

Figure 3: A) Map of Cape Breton Island primary watersheds and location of the Mabou 

Harbour drainage basin (grey); B) delineation of the Mabou Harbour drainage basin and 

included subcatchments. Catchment delineations were derived from Nova Scotia 

Department of Environment (2018) and a shapefile created by the Department of Natural 

Resources for CBP and IVFA (n.d.). Watercourses were adapted from Department of 

Lands and Forestry (2020) as described in Section 3.2.2.6.3. 

 

Table 1: Drainage basin and subcatchment drainage areas, agricultural land coverage, 

and contribution to total agriculture in the Mabou Harbour drainage basin (EAT, 2018). 

Watershed boundaries derived from Nova Scotia Department of Environment (2018) and 

work completed for the CBP and IFVA (n.d.) by the Department of Natural Resources. 

Catchment 
Drainage area 

[km2] 

Agr. land  

[km2]        [%] 

Agr. contribution  

[% of total] 

Harbour 46.4 9.5 20.5 30.8 

Mabou River 175.0 14.6 8.3 47.4 

NE Mabou River 25.5 2 7.8 6.5 

SW Mabou River 116.2 4.7 4.0 15.3 

Total 363.1 30.8 8.5 100 
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Mabou Harbour experiences a temperate/humid continental climate (Kottek et al., 

2006; Amani et al., 2019) with a high annual precipitation. The closest and most 

representative climate stations with relatively complete precipitation data for 2019 are Port 

Hawkesbury (Environment and Climate Change Canada [ECCC] climate ID: 8204495) and 

Cheticamp Highlands National Park (ECCC climate ID: 8200828). Following corrections 

for missing data, the estimated 2019 annual precipitations are 1450 and 1587 mm, 

respectively. For the purpose of this study, the precipitation data will be averaged between 

the two climate stations as Mabou Harbour lies between them, resulting in an estimated 

2019 annual precipitation of 1518 mm.  

 

Mabou Harbour has a diverse and complex geology due to its location within an 

orogenic belt and a variety of depositional environments associated with a history of plate 

convergence, divergence, and glaciation (Baechler et al., 2019 and Figure 4). Furthermore, 

the drainage basin lies within the Hallow Fault System, which manifests as a complex 

system of low angle thrust and high angle strike-slip faults (Baechler, 2015). Barr et al. 

(2017) was used to analyze the bedrock geology of the Mabou Harbour drainage basin. 

Pre-Cambrian metamorphic basement rock is uplifted forming the Mabou Highlands in the 

north of the site, along with Silurian volcanics of variable compositions (Barr et al., 2017). 

The vast majority of the drainage basin is composed of Carboniferous siliciclastics, 

carbonates, and evaporites (Barr et al., 2017). Important lithostratigraphic units found 

within the drainage basin are displayed in Figure 4 and described in Table 2. Carbonates 

are often present as the primary lithology, or as intercalations, providing ample opportunity 

for karstification to occur. Karst landforms have been observed within the domain, with 

the majority of the area categorized as high or medium risk of encountering karst flow 
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systems and landforms (Drage and McKinnon, 2019). Baechler & Boehner (2014) 

estimated that approximately 23% of Cape Breton Island is comprised of some variation 

of glaciated meta-carbonates, carbonates, and evaporite lithostratigraphic units, which 

could potentially develop karst flow systems. Coal deposits are likely present in the domain 

with a former coal mine located immediately to the northwest. The drainage basin is 

characterized by high relief with elevations ranging from 335 m above sea level (masl) in 

the northern highlands to a bathymetric depth of 23 m below sea level (mbsl) in the deepest 

portion of the harbour (SNSMR, 2003; AGRG, 2017).  

 

The overburden material in the Mabou Harbour drainage basin is heterogenous in 

both composition and thickness (Figure 5). Thickness varies from tens of meters in the 

lowlands to thin veneers overlaying outcropping bedrock. The majority of the study area is 

composed of low-permeability materials such as silty or stony glacial till, or mud-rich 

organic deposits (Cann et al., 1963; Stea et al., 2006). The overburden of the highlands and 

fluvial valleys are generally characterized by coarser, more permeable materials such as 

colluvium, residuum, and alluvium (Stea et al., 2006). Coarse-grained glaciofluvial and 

marine deposits are also present in the watershed, with the marine deposits represented by 

the sandy West Mabou Beach at the mouth of the harbour (Stea et al., 2006). 

  



22 

 

 

Figure 4: Bedrock geology of the Mabou Harbour drainage basin. Adapted from Barr et 

al. (2017). 
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Table 2: Important lithostratigraphic units in the Mabou Harbour drainage basin and unit 

descriptions taken verbatim from Barr et al. (2017). All units are Carboniferous in age.  

Lithostratigraphic  

unit 
Parent Unit description 

Margaree  

Member 

Port Hood  

Formation 

Fine-grained grey-brown sandstone with 

intercalated red-brown siltstone and shale. 

  
Pomquet  

Formation 

Mabou Group Red-brown, minor grey siltstone and minor 

interbedded reddish-grey to grey-green fine-

grained sandstone, typically ripple-marked. 

  
Hastings  

Formation 

Mabou Group Grey and dark grey siltstone and shale with 

buff, thin stromatolitic limestone; minor 

anhydrite and gypsum in the subsurface; 

locally [sic] intervals of red siltstone and 

sandstone. 

  
Hood Island  

Formation 

Upper Windsor 

Group 

Red-brown siltstone, intercalated limestone, 

dolostone, and gypsum. 

  
Upper Middle  

Windsor Group 

Middle Windsor 

Group 

Limestone, variably dolomitic and 

fossiliferous with intercalated gypsum, fine-

grained red sandstone, and siltstone. 

  
Lower Middle  

Windsor Group 

Middle Windsor 

Group 

Anhydrite and gypsum, minor laminated 

carbonate rocks. 

  
Ainslie  

Formation 

Upper Horton 

Group 

Grey-green and red-brown sandstone 

interbedded with red-brown and minor grey 

siltstone and shale. 

  
Creignish  

Formation 

Lower Horton 

Group 

Grey and greenish-grey sandstone ranging to 

conglomerate; reddish-brown conglomerate, 

pebble sandstone and coarse sandstone; 

abundant gabbroic dykes and sills. 
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Figure 5: Surficial geology map for the Mabou Harbour Drainage Basin (Stea et al., 

2006). 
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1.3 RESEARCH OBJECTIVES 

This thesis investigates the spatial patterns of GSIs within a coastal drainage basin 

and evaluates the potential risks associated with direct and indirect groundwater discharge 

on nitrate and microbial contamination of a natural harbour. Direct and indirect 

groundwater discharge are defined with respect to Mabou Harbour and are used herein to 

describe the mechanisms through which groundwater reaches the coastal body. Direct 

groundwater discharge is defined as SGD to the harbour, and indirect groundwater 

discharge is groundwater discharged into fluvial systems draining into the harbour. The 

following hypotheses are tested throughout this thesis: 

i) indirect groundwater discharge is the dominant mechanism for groundwater 

to enter the harbour; 

ii)  indirect groundwater discharge is associated with the greatest risk for 

groundwater-borne contaminants to enter the harbour due to a presumably 

larger contribution relative to SGD; and 

iii)  provided SGD is adequately large, direct groundwater discharge will be a 

potential mechanism for nitrate contamination, and possibly microbial 

contamination if residence times are determined to be sufficiently short. 

 

A combination of field methods and modeling was employed to test these 

hypotheses. Stilling wells, thermal sensors, seepage meters, and piezometers installed in 

floodplains and coastal zones were used to characterize GSIs and their spatiotemporal 

patterns. A simplified, steady-state, three-dimensional groundwater flow model was 

constructed to investigate flow paths and residence times in addition to the spatial 
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distribution and fluxes of GSIs on a regional scale. Model results were then used to identify 

hydrogeological and geomorphological conditions associated with risks of groundwater-

borne contaminant transport to surface waters.  

 

There are several potential sources of nitrate and microbial contamination of 

aquifers within the domain including manure application, septic systems, and raw sewage 

disposal predating regulation. Agriculture and manure spreading are common non-point 

sources for DIN and pathogenic microorganisms in groundwater (Reddy et al., 1981; Goss 

et al., 1988; Jamieson et al., 2002). Given the concentration of agriculture, particularly the 

36 beef and dairy operations (CBP and IVFA, n.d.), the transport potential of agriculturally 

sourced groundwater-borne contaminants (i.e., nitrate and faecal coliform bacteria) to the 

harbour will be discussed. 
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1.4 ORGANIZATION OF THESIS 

This thesis was prepared under the traditional format in accordance with the 

Dalhousie University Faculty of Graduate Studies guidelines. It is the authorôs intention to 

condense the four chapters of this document into a single manuscript for submission to 

Hydrogeology Journal. 

 

The introductory chapter (Chapter 1) includes a comprehensive literature review 

for the fundamental concepts and processes related to the research objectives including 

GSIs, SGD, and groundwater-borne contaminant transport. The site description follows the 

literature review, covering physiography, climatology, hydrology, and geology. Chapter 1 

concludes with a summary of research objectives and briefly discusses the methodology 

for testing the hypotheses.  

 

Chapter 2 and 3 constitute the bulk of the thesis and follow the standard format for 

a scientific paper containing the following sections: introduction, methodology, results, 

discussion, and conclusion; however, the literature review is not reiterated from Chapter 1. 

Chapter 2 reports results from the field campaigns directed toward characterizing GSIs and 

their spatiotemporal patterns. Chapter 3 focuses on the simplified, steady-state, three-

dimensional groundwater flow model which provides insight into the flow paths and 

residence times, in addition to the spatial distribution of GSIs on a regional scale. Most of 

the discussion on the effects of direct and indirect groundwater discharge on harbour 

contamination is found in Chapter 3 which provides a regional analysis. 
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Chapter 2: INVESTIGATION  OF GROUNDWATER ï SURFACE WATER 

INTERACTIONS  USING MULTIPLE FIELD METHODS 

 

2.1 INTRODUCTION  

Throughout this investigation, numerous field methods were employed to evaluate 

the spatiotemporal patterns of groundwater-surface water interactions (GSIs) in the Mabou 

Harbour drainage basin, particularly around the harbour and floodplains of the major 

tributaries. Common techniques for assessing GSIs in marine and fluvial environments 

were used in this study, including hydrograph separation, piezometers, seepage meters, and 

water sampling (water quality sampling results presented in Appendix II). Although this 

chapter stands alone as an independent field-study, the baseflow separation and seepage 

meter data were also used to calibrate and validate the numerical modeling exercise in 

Chapter 3. 

 

2.2 METHODOLOGY  

2.2.1 Hydrograph Analysis 

Hydrograph analysis is a commonly applied approach for estimating groundwater 

contributions to streams and rivers (Hiscock and Bense, 2014). In this method, streamflow 

is separated into the two direct runoff constituents, baseflow and quickflow. Quickflow 

consists of surface runoff and interflow that rapidly enters a watercourse following a 

precipitation or snowmelt event (Sophocleous, 2002; Brodie and Hostetler, 2005). 

Conversely, baseflow is a more persistent and consistent water source that feeds 

watercourses between precipitation or snowmelt events (Sophocleous, 2002; Brodie and 
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Hostetler, 2005). As the Mabou rivers are not sourced from lakes, it is assumed that the 

baseflow is directly derived from groundwater discharge into streams as demonstrated in 

the literature (e.g., Mau and Winter, 1997; Hannula et al., 2003). 

 

Stilling wells were installed in the Mabou and NE Mabou Rivers towards their 

mouths as presented in Figure 6. Another stilling well was installed near the mouth of the 

SW Mabou River but was displaced during extreme streamflow. The stilling wells 

consisted of perforated 3ò ABS pipes hose clamped to a 1ò rebar stake that was driven into 

the deepest part of the channel (Figure 7). Water Level Data Loggers (HOBO, U20-001-

004), with a <0.14 cm resolution and maximum water level error of 0.6 cm, were installed 

in the stilling wells, using a measured length of fishing line, to continuously gauge water 

levels. The level loggers were unvented and were therefore corrected with barometric data 

recorded using a Water Level Data Logger (HOBO, U20L-04) with a <0.14 cm resolution 

and a maximum water level error of 0.8 cm. The barometric logger was fastened to a tree, 

near the Mabou River hydrometric station, in a ventilated PVC casing. By delineating the 

gauged drainage areas using the DEM (SNSMR, 2003), it was determined that gauged 

drainage areas covered 87% and 98% of the total Mabou and NE Mabou watersheds, 

respectively. The Mabou rivers were gauged periodically during 2018-2020 (Figure 7); 

however, stilling wells were only present from May 6 ï October 21, 2019 due to river-ice 

conditions. The data were only retrieved from the Mabou and NE Mabou Rivers, as the 

SW Mabou River stilling well was washed away during a heavy streamflow. The majority 

of the stream-gauging was completed using a Flowtracker2 Handheld-ADV (SonTek; 

Figure 7), except for the first stream-gauging exercises which were completed using a 

pygmy current-meter and the conventional current-meter method (Rantz, 1982).  
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The stream gauging results that were concurrent with continuous stage monitoring 

were used to construct rating curves as a method of estimating streamflow between stream 

gauging activities. As the stilling well elevation was surveyed relative to the elevation of 

the neighboring piezometers, it was possible to add stream gauging results to the rating 

curve following the removal of the stilling wells. In such cases, the river stage was surveyed 

using the neighboring piezometer (top of casing) as a datum and then applying a correction 

factor to convert the river stage to the corresponding stilling well measurement. Stream 

discharge was plotted against the stage measurements, relative to the pressure transducer 

depth within the stilling well, and a power-law trendline was fit to the observations to create 

rating curves. The use of power-law equations to create rating curves is a commonly 

applied approach in hydrology (Petersen-Øverleir, 2004; Di Baldassarre and Claps, 2011; 

Domeneghetti et al., 2012). The rating curves were then applied to convert the continuous 

data from the stilling wells into hydrographs.  

 

The SWAT baseflow filter program (Bflow; Arnold et al., 1995) was used to 

separate baseflow from quickflow. Recursive filters, such as Bflow, separate high 

(quickflow) and low (baseflow) frequency signals from the hydrograph. The equation of 

the recursive filter is: 

ὗ  ‍ ὗ
ρ ‍

ς
ὗ ὗ  (1) 

where QQ(t) and QQ(t-1) are quickflows [m3 d-1] at the t and t-1 time-steps [d], respectively, 

Q(t) and Q(t-1) are stream discharges [m3 d-1] at the t and t-1 time steps, respectively, and 

ɓ is the filter parameter (Arnold et al., 1995). Previous studies have concluded that a ɓ 
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value of 0.925 yields realistic results relative to manual techniques (Nathan and McMahon, 

1990; Arnold and Allen, 1999) and is the default for Bflow. As the filter is setup to work 

with daily data, the hydrometric data, which had a time resolution of 15 minutes, were 

converted into daily average streamflow.  

 

 

Figure 6: Stilling well locations and corresponding gauged drainage areas in the Mabou 

Harbour drainage basin. The Mabou Harbour drainage basin was derived from Nova 

Scotia Department of Environment (2018) and work completed for the CBP and IFVA 

(n.d.) by the Department of Natural Resources. 
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Figure 7: Installation of a stilling well in the Mabou River during May 2019 (left image). 

Stream gauging of the NE Mabou River in March 2020 (right image) using a Flowtracker2 

Handheld-ADV (SonTek). 

 

2.2.2 Piezometers 

A series of floodplain and coastal zone piezometers were installed throughout the 

drainage basin (Figure 8) to investigate spatiotemporal patterns in groundwater flow 

dynamics and to facilitate groundwater sampling. The piezometers were completed into the 

overburden with depths presented in Table 3. Piezometer construction consisted of 2.54 

cm (1ò) PVC casing with a 25 cm screened interval. Piezometers were installed using a 

combination of drilling with either a hand auger or Backpack Drill (Shaw), and driving 

with a sledgehammer. Piezometers were developed and sealed at the surface using 

bentonite to prevent flow along the borehole annulus. Level loggers were installed to 

collect continuous data over the majority of the 2019 field season (August 28 ï October 

21, 2019) to record temporal patterns in head and hydraulic gradients between floodplains 

or coastal zones and their respective rivers or coastline. Level Data Loggers (HOBO, U20-

001-004), with a <0.14 cm resolution and maximum water level error of 0.6 cm, were 
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installed at all locations, except for the WWTP piezometer. For the WWTP piezometer, a 

Titanium Water Level Data Logger (HOBO, U20-001-01-Ti), with a <0.21 cm resolution 

and maximum water level error of 1 cm, was installed. The NE Mabou River piezometer 

was completed 1 m away from the riverbank, and the Mabou River piezometer 2.5 m away. 

The coastal piezometers are located 3.2 m, 7.1 m, and 17.5 m from normal high tide at the 

Lindy lower, south harbour, and Lindy upper stations, respectively (Figure 8; Figure 9). A 

Virtuoso tidal logger (RBR), with an accuracy and resolution of ±0.05% and 0.001% of 

full scale, respectively, was deployed near the mouth of the harbour (N46° 05.080' W61° 

27.622'; Figure A1) to aid in the analysis of connectivity between the aquifer and ocean 

which may manifest as tidal signals propagating through the coastal aquifers (Abarca et al., 

2013; Trglavcnik et al., 2018). Fast Fourier transform analysis (FFT), using the Matlab 

FFTW tool (Frigo and Johnson, 1998), was completed on the tidal loggerôs and coastal 

piezometerôs time series to identify dominant periodic signals in the data and to facilitate 

comparison of signals between the harbour and aquifer.  

 

Table 3: Piezometer screen interval depths measured with respect to the surface. 

 Top of screen [m] Bottom of screen [m] 

Mabou river 1.360 1.610 

NE River 1.650 1.900 

WWTP 1.810 2.060 

Lindy Lower 0.935 1.185 

Lindy Upper 1.730 1.980 

South Harbour 1.055 1.305 
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Figure 8: Piezometer distribution surrounding the Mabou Harbour, and NE Mabou and 

Mabou Rivers. Watercourses were adapted from Department of Lands and Forestry (2020) 

as described in Section 3.2.2.6.3. 
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Figure 9: The Lindy Lower piezometer located 3.2 m from the high tideline at the Pottinger 

residence within the MacEachern Bay of Mabou Harbour. 

 

2.2.3 Hydraulic  Conductivity Estimates 

Developing an understanding of hydraulic properties, particularly hydraulic 

conductivity (K), is an important step in the analysis of a groundwater system. Within the 

drainage basin, it is assumed that most of the GSIs are taking place within the surficial 

aquifers; therefore, it is vital to constrain the K for the two predominant overburden types 

associated with surface waterbodies, which are glacial till and alluvium. Slug or bail tests 

are commonly applied approaches for measuring K in single well installations due to the 

logistical simplicity (Butler Jr, 2019). Bail tests consist of rapidly removing water from a 

well, instantaneously changing the head, to which the well recovers at an exponential rate 
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dependent on factors such as screen length and aquifer properties. In this study, bail tests 

were conducted in both silty glacial till and alluvium at the Lindy lower and NE Mabou 

River piezometers, respectively. The Hvorslev method for partially penetrating unconfined 

wells was applied to well-recovery data to estimate K (Hvorslev, 1951). The Hvorslev 

method (1951) is a single-well test that can be applied to either slug or bail tests. This 

method estimates K based on well recovery as indicated at any point by drawdown and 

considers well geometry, such as standpipe radius (rw) [m], screen length (ls) [m] and screen 

radius (Rs) [m]. A simplified form of the Hvorslev solution (1951) is as follows: 

ὑ
ὶÌÎ 

ὰ
ὶ

ςὒὝ
 

(2) 

where the variable To is the basic time lag representing the time when the drawdown ratio 

equals 0.37 (Appendix IV). 

 

The analysis of tidal signal propagation was also used to estimate K of silty glacial 

till , and results were compared to the bail test. The basis of this method is that groundwater 

levels in coastal aquifers fluctuate in response to tidal cycles, storm surges, and higher 

frequency forces such as waves (Ferris, 1952; Trglavcnik, 2018). The amplitude and lag of 

these aquifer responses are dependent on numerous factors including aquifer properties, 

and characteristics of the ocean forces (Jacob, 1950). The horizontal propagation of tidal 

signals through aquifers can also be used to estimate K using the equation for confined 

aquifers (Jacob, 1950): 

Ὤὼȟὸ ὌὩ ίὭὲ
ς“ὸ

ὴ
ὼ
“

Ὀὴ
 (3) 
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where h(x,t) is the head within the aquifer [m], Ho is the amplitude of the tidal signal [m], 

x is the distance between the well and sea [m], p is the tidal signal period [d], t is time [d] 

and D is diffusivity [m2 d-1]. Diffusivity is equal to K/SS, where SS is specific storage [m-1]. 

By isolating the amplitude component of the above analytical solution, a diurnal tidal signal 

observed at the Lindy lower piezometer was analyzed using the simplified equation: 

ὥ ὌὩ  
(4) 

where a is the amplitude of the tidal signal experienced within the aquifer [m]. Based on 

field measurements at different points during the tidal cycle, x was estimated to be 8.2 m 

and is relative to the mid-tideline. SS was assumed to be 9.82×10-4 m-1 for silt based on a 

review of the literature (Younger, 1993) as SS estimates from the bail tests are assumed to 

be unreliable due to the small sample volume of the aquifer. The use of Ss, rather than 

specific yield, as the storage parameter in Equation (4) is predicated on the assumption that 

the glacial till functions as a confined aquifer in terms of how it transmits tidal signals. 

 

2.2.4 Thermal Analysis 

Thermal analysis of streams is a relatively inexpensive and effective method for 

evaluating groundwater ï surface water interactions. The thermal regime of a river is 

determined by a number of different factors that can generally be classified as: 1) 

atmospheric conditions; 2) topographical or geographical settings; 3) river hydraulics (e.g., 

inflows and outflows); and 4) streambed heat exchanges (Caissie, 2006). Other factors such 

as stream aspect, tree cover, stream size, and fluvial geomorphology have also been shown 

to impact stream temperatures (Macan, 1958; Mosley, 1983; Zwieniecki & Newton, 1999; 

Torgersen et al., 2001; Caissie, 2006; Dugdale et al., 2018). As this investigation involves 
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streams within the same drainage basin, topographical, geographical, and streambed 

variables are considered relatively constant; thus, the hydraulics, or mixing of groundwater 

and surface water sources, is considered to be the main driver for differences in thermal 

regimes between the Mabou rivers. It should be noted that although climatic conditions are 

similar between the different rivers, there may also be variations in atmospheric loading 

due to differing degrees of canopy shading. 

 

TidbiT MX Temperature 400ô Data Loggers (HOBO, MX2203), with a 0.01°C 

resolution and an accuracy of ±0.25°C, were attached to rebar-stakes and installed in the 

Mabou rivers. Stream-temperature measurements were taken every 30-minutes from June 

20 ï October 22, 2019. Simple regression models were used to qualitatively assess and 

compare the groundwater dominance between the major rivers within the drainage basin. 

Daily mean stream vs. daily mean air temperatures were plotted, and a linear regression 

line was fit to the points. Hourly air-temperature data were gathered and averaged from the 

Northeast Margaree (AUT) climate station (ECCC climate ID: 8204154). This exercise 

used daily timescales; however, it should be noted that different scales will yield different 

relationships (Caissie, 2006). The relationship between stream and air temperature is a 

function of groundwater dominance. The slope of this regression line is a qualitative 

indicator of groundwater control, with high slopes and low intercepts indicating quickflow-

dominated conditions and low slopes and high intercepts indicating baseflow-dominated 

conditions (e.g., Smith, 1981; Mackey and Berrie, 1991; Kelleher et al., 2012; Mayer, 

2012). Another temperature-related indicator of groundwater dominance in streamflow is 

the scale of daily variations in stream temperature. For instance, daily variations are 
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generally smaller for streams where groundwater discharge is dominant (Caissie, 2006). 

Diel-variations in stream temperature were plotted from June 20 ï October 22, 2019 for 

the Mabou rivers and compared. 

 

2.2.5 Seepage Meters 

Seepage meters allow direct measurements of groundwater-surface water 

exchanges and facilitate water quality analysis of discharging water. The design originated 

in the 1940ôs (Duque et al., 2020) as a way of measuring groundwater discharge in 

lacustrine and fluvial settings; however, it was later proposed for marine use by Lee (1977) 

to investigate submarine groundwater discharge (SGD). Quantification of SGD to the 

marine environment, particularly the fresh component and associated solute loads, has 

driven the use and development of seepage meter studies (Johannes, 1980; Slomp and Van 

Cappellen, 2004; Wang et al., 2018). To date, seepage meters are the dominant 

methodology applied to the direct quantification of SGD fluxes (Duque et al., 2020), 

presumably for their simplicity and effectiveness. However, there are numerous 

disadvantages to seepage meters, including: 1) the logistical complexity and the large 

amount of time associated with seepage meter studies; 2) seepage meters yield a point 

estimate and do not account for the spatial heterogeneity in SGD (Michael, 2003); and 3) 

seepage meters measure total SGD rather than fresh SGD (FSGD). A solution to the latter 

issue is to analyze the SGD chemistry to distinguish the fresh and saline components. 

 

The equipment used in this investigation consisted of the top portion of a poly 55-

gallon container drum that is hydraulically connected to a plastic bag at the end of a hose. 

The drum is inserted deep enough into the submarine sediments to form an adequate seal 
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(Figure 10). As SGD discharges into the drum, an equal volume of water is forced into the 

plastic collection bag. The water within the collection bag was measured following a full 

tidal cycle using a graduated cylinder. To facilitate simple measurements, a quick-release 

connection and a shut-off valve separate the collection bag from the drum. Seepage meters 

were installed in four different locations to characterize the regional-scale heterogeneity in 

geological and hydrogeological conditions (Figure 11). Collection bags were sampled from 

October 6 ï October 9, 2020 following each tidal cycle. Storm surges on October 8 resulted 

in a reduction of sample frequency. Due to logistical constraints related to site location and 

the implications of Covid-19 for the 2020 field season, seepage meters were not installed 

long enough to allow equilibration with SGD chemistry. Therefore, salinity and water 

chemistry were not analyzed from the collection bags and the FSGD component remains 

unknown. 

 

 

Figure 10: Installation and functioning of a seepage meter used in a marine environment. 
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Figure 11: Seepage meter locations and hydrostratigraphic units (HSUs; as described in 

Section 3.2.2.4). HSUs are presented, rather than lithostratigraphic units, as a simplified 

geological model was employed for the numerical groundwater modeling described in 

Section 3.2.2. Bedrock HSUs are derived from Barr et al. (2017). Surficial HSUs are 

derived from Stea et al. (2006). 

 

2.2.6 Water Balance Estimates 

The baseflow estimates and precipitation data were used to estimate water budgets 

during the 2019 field season. Water balance components, such as evapotranspiration (ET), 

were estimated using the water balance equation (Hiscock and Bense, 2014): 

ὖ ὉὝ ὗ ὗ ὗ  (5) 

where P is precipitation [m yr-1], ET is evapotranspiration [m yr-1], QR is surface runoff and 

interflow [m yr-1], QG is groundwater discharge [m yr-1], and QA is artificial abstractions 
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[m yr-1]. This equation assumes: 1) the groundwater divide corresponds with the drainage 

divide, which is a commonly applied assumption in groundwater studies (Hiscock and 

Bense, 2014; Han et al., 2019); 2) baseflow represents riverine groundwater discharge; and 

3) that the change in storage between years is negligible (i.e., groundwater discharge is 

equal to groundwater recharge). Over longer timescales of multiple years, change in storage 

is considered to be negligible (Hiscock and Bense, 2014), but due to a lack of continuous 

data, this assumption was applied over a shorter time-period. To calculate the water 

balance, it was assumed that artificial abstractions and consumption in the drainage basin, 

such as pumped groundwater, are negligible. The municipal supply well VMa-P3 is 

currently approved for 396 m3 d-1 which would have a small impact on the water balance 

for the full drainage basin (i.e., only 0.09% of the daily groundwater recharge estimated 

with numerical modeling [Section 3.3.4]). It was also assumed that groundwater recharge 

from regional flow outside of the drainage basin is negligible. A source of uncertainty in 

this model is that although baseflow is useful in the assessment of recharge conditions 

(Hiscock and Bense, 2014), it may actually comprise of a combination of both interflow 

and baseflow (Rivard et al, 2014). It should be acknowledged that the use of hydrograph 

analysis as a means of estimating the groundwater component of streamflow may 

overestimate groundwater discharge, thus impacting recharge estimates. 

 

Annual water balance estimates are required for the calibration of a steady state, 

three-dimensional groundwater flow model (Section 3.2.3.3); however, hydrometric data 

could only be gathered during the period of May 6 ï October 21, 2019 due to river-ice 

conditions. To address this issue, seasonal data was extrapolated into annual estimates 

based on temporal patterns observed in catchments with similar BFI, geology, topography, 
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and climate (Appendix I). The MacLennanôs Cross River and River Inhabitants (Figure 12) 

were used to guide the extrapolation of the Mabou and NE Mabou Rivers, respectively. 

Analysis of two-year data shows that although precipitation, stream discharge, and 

baseflow/precipitation ratios vary between years, the proportion of annual baseflow and 

streamflow that occurs in the field season compared to the off-season appears to be 

relatively consistent within a catchment, regardless of differences in annual precipitation 

(Appendix I). Despite the similarities between the MacLennanôs Cross River and River 

Inhabitants with the Mabou rivers, the extrapolation of seasonal data based on similar 

catchments introduces considerable uncertainty to annual water budget estimates. 

 

Figure 12: Location of the Mabou Harbour drainage basin and surrogate watersheds on 

Cape Breton Island, Nova Scotia. Surrogate watershed boundaries were taken from Nova 

Scotia Department of Environment (2018). Gauged drainage areas were delineated 

manually using the DEM (SNSMR, 2003). The Mabou Harbour drainage basin was derived 

from Nova Scotia Department of Environment (2018) and work completed for the CBP and 

IFVA (n.d.) by the Department of Natural Resources. 
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2.3 RESULTS 

2.3.1 Hydrograph Analysis 

The rating curves for the Mabou and NE Mabou Rivers are presented in Figure 13, 

and a full summary of the stream discharge measurements are presented in Appendix I. 

Correlation coefficients of 0.996 and 0.971 for the Mabou and NE Mabou Rivers were 

achieved, respectively, indicating a strong relationship between the discharge and relative 

stage. The high correlation coefficients indicate that rating curves are sufficiently accurate 

for low discharges; however, due to a lack of observations at high discharges, the rating 

curve is not constrained for high streamflow. For instance, the respective maximum gauged 

discharges for the Mabou and NE Mabou Rivers were 7% and 9% of the maximum 

discharges determined by the rating curves. During the greatest peak flow on August 28, 

2019, quickflows determined by hydrograph separation were approximately 89% - 93% 

and 70% - 82% of total precipitation for the Mabou and NE Mabou Rivers, respectively. 

The lower and upper bounds of these ranges were determined using Port Hawkesbury 

(ECCC climate ID: 8204495) and Cheticamp Highlands National Park (ECCC climate ID: 

8200828) precipitation data, respectively. 

 

The stream and baseflow hydrographs for the Mabou and NE Mabou Rivers and 

their corresponding baseflow indexes (BFIs) are presented in Figure 14. The BFI is 

substantially higher in the NE Mabou River watershed (0.68 vs. 0.46), presumably due to 

coarse-grained overburden, including residuum, colluvium, and alluvium, dominating the 

surficial geology (Figure 5; Stea et al., 2006). The Mabou and NE Mabou River BFIs agree 

with 2017-2018 data for surrogate watersheds with similar topography and surficial 
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geology (i.e., River Inhabitants and MacLennanôs Cross, respectively) to which the SWAT 

Bflow filter program (Arnold, 1995) was applied (Table A3; Table A2). Additionally, the 

BFI for NE Mabou River agrees with BFIs determined for the nearby April Brook 

watershed (0.65; Türker, 1969). Visual inspection suggests that baseflow separations are 

reasonable, such that baseflow curves meet the hydrograph approximately at the inflection 

point of recession curves (Figure 14 and Brodie and Hostetler, 2005). The convergence of 

the baseflow and stream hydrographs at the recession curve inflection point reduces the 

influence of peak flow uncertainties on baseflow estimates; however, there may be an 

impact on BFIs. Within the drainage basin, baseflow is considered to be completely 

groundwater-derived as the headwaters of watercourses do not originate from surface water 

bodies. Figure 14a shows that quickflow is more pronounced and prolonged in the Mabou 

River relative to the NE Mabou River, where quickflow is brief (Figure 14b). This is 

supported by the differences in BFIs, which suggests that groundwater-derived baseflow 

dominates quickflow in the NE Mabou River. During the field-season (168 d), the total 

baseflow discharge was respectively 2.24×107 and 6.02×106 m3 for the Mabou and NE 

Mabou Rivers corresponding to mean daily discharges of 1.54 and 0.41 m3 s-1, respectively. 
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Figure 13: Rating curves for the Mabou River (A) and NE Mabou River (B). Stage is 

relative to the pressure transducer elevation within the stilling wells. 



59 

 

 

Figure 14: Stream and baseflow hydrographs for the Mabou River (A) and NE Mabou 

River (B) during the 2019 field season (May 6 ï October 21) in addition to the mean daily 

precipitation data from the Port Hawkesbury (ECCC climate ID: 8204495) and Cheticamp 

Highlands National Park (ECCC climate ID: 8200828). Baseflow is obtained from SWAT 

Bflow filter program (Arnold et al., 1995). 
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2.3.2 Piezometers 

2.3.2.1 River Piezometers 

The time-series for river stages and floodplain heads at the Mabou and NE Mabou 

Rivers are presented in Figure 15. The stages of both rivers display strong correlations with 

their corresponding piezometer heads, indicating strong aquifer-stream connectivity. The 

river stage and floodplain head are more similar at the NE Mabou River than the Mabou 

river station; however, the distance between the piezometer and riverbank is 60% less (1 

m vs. 2.5 m). Figure 16 presents the relationship between the hydraulic gradient (from river 

to floodplain) and river stage for the Mabou and NE Mabou rivers. The two rivers exhibit 

different temporal patterns in hydraulic gradients and responses to heavy precipitation 

events.  
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Figure 15: Floodplain piezometer and stage hydrographs for Mabou and NE Mabou rivers 

(A and B, respectively) in addition to the mean daily precipitation data from the Port 

Hawkesbury (ECCC climate ID: 8204495) and Cheticamp Highlands National Park 

(ECCC climate ID: 8200828). River stage is relative to the stilling well transducer and 

does not reflect the maximum depth within the channel. The depth to the floodplain water 

table is generally <1.25 m at Mabou River and <0.75 m at NE Mabou River. 
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Figure 16: Hydraulic gradients relative to river stage for the Mabou and NE Mabou rivers 

(A and B, respectively). A positive hydraulic gradient indicates that piezometer head is 

higher than river stage. Distances between piezometer and riverbank are 2.5 m (A) and 1 

m (B). 
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2.3.2.1.1 Mabou River ï Aquifer System 

The Mabou River station experienced marginal differences between river stage and 

floodplain head during heavy streamflow, with the difference increasing during dry periods 

(Figure 15a). The hydraulic gradient, from river to the floodplain, was steepest during 

periods of low streamflow (Sep. 18, 2019 ï Oct. 2, 2019) and lowest during wet periods 

(remainder of 2019 data; Figure 16a) with a mean value of 2.7%. Following peak flows, 

hydraulic gradient increases logarithmically until baseflow conditions stabilize. Only on 

Oct. 17, 2019, did the hydraulic gradient reverse over the 2.5 m distance between the 

riverbank and piezometer; however, more frequent reversals may have occurred closer to 

the bank. For instance, the inflection point and rising limb of the stage-hydrograph slightly 

precedes that of the piezometer hydrograph suggesting that gradient reversals occur in 

closer proximity to the riverbank. A reversal in hydraulic gradients would indicate that the 

stream is temporarily recharging the flood-plain aquifer, also known as bank storage (Todd, 

1955). This stream-derived groundwater is stored in the floodplain until stream stage 

subsides and the groundwater flow direction returns to normal conditions (Todd, 1955). 

Stream stage and head were approximately equal during heavy streamflows (Figure 15a), 

which may suggest that stream-derived recharge is the main driver in head changes under 

such conditions, rather than recharge from precipitation. Alternatively, during smaller 

precipitation events (e.g., Sep. 25, 2019), piezometer head exceeds the maximum river 

stage, indicating that recharge from precipitation dominates in these conditions.  

 

2.3.2.1.2 NE Mabou River ï Aquifer System 

The NE Mabou River displays marginal differences between river stage and 

floodplain head during dry periods (baseflow conditions) with differences increasing 
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during high streamflow events (Figure 15b). These trends are opposite to those observed 

at the Mabou River station. The hydraulic gradient, from river to the floodplain, was 

highest during high streamflow events and lowest during periods of low streamflow (Sep. 

14, 2019 ï Sep. 25, 2019) with a mean value of 0.8%. Occasionally, during low streamflow 

periods, hydraulic gradient fluctuated between positive and negative (Figure 16b); 

however, the gradients were within the combined error from loggers, elevation surveys of 

piezometers and wells, and the ability of the stilling well to moderate high-frequency water 

fluctuations. The inflection point and rising limb of the piezometer hydrograph slightly 

precedes the river stage-hydrograph, and the maximum head exceeds the maximum stage 

at peak flow (Figure 15a). This observation in conjunction with the increased hydraulic 

gradient during high-discharge streamflows suggests that recharge from precipitation 

dominates over bank storage, such that recharge from precipitation is so rapid, it precedes 

runoff. Following a significant precipitation event and high discharge, pressure head in the 

piezometer decreases exponentially. 

 

2.3.2.2 Coastal ï Zone Piezometers 

The temporal relationships between harbour levels and the coastal piezometers 

(Lindy lower, Lindy upper, and south harbour) are presented in Figure 17. There is a strong 

correlation between the hydrographs for south harbour and Lindy lower, which are located 

on the south and north shores, respectively. The hydrograph for Lindy upper exhibits an 

extremely slow recovery following well development and little fluctuation indicating that 

it was completed in a low-K material. Diurnal and semi-diurnal signals are most evident 

and consistent at Lindy lower (Figure 17a). South harbour and Lindy upper display diurnal 

signals predominantly during periods of mixed tidal patterns (Figure 17b and c, 



65 

 

respectively). It is possible that the periodic signals observed at the two wells furthest from 

the harbour are due to other forces (e.g., atmospheric).  

 

During the study period, the harbour experienced a mixed tidal pattern where semi-

diurnal tides dominate but display asymmetry between the tides (Figure 17). In some 

instances, the asymmetry was so great that the tidal pattern resembled a diurnal cycle. 

Although the harbour level, as measured with the Virtuoso tidal logger (RBR), never 

reaches the water table at the nearest well (Lindy lower), wave runup must be significant 

as head exceeds the surface elevation on Sep. 7 ï 8, 2019 (post-tropical storm) indicating 

that the station was inundated by the storm surge. 

  

The results from the FFT performed on tidal cycles and coastal piezometers are 

presented in Figure 18 and Figure 19, respectively. Although FFT results are in frequencies, 

the discussion of results will be regarding their associated periods, as it is more intuitive. 

The tides exhibited both semi-diurnal and diurnal tidal signals but did not align with the 

frequencies of the major tidal constituents (M2, S2, N2, K1, O1, P1, Q1, and S1; Figure 

18). Instead, the harbour tides were dominated by 11.83, 12.30, and 12.55 hr semi-diurnal 

signals in addition to 23.24, and 25.1 hr diurnal signals. Overall, the frequencies detected 

in the harbour were higher than major tidal constituents defined in the literature (Figure 18; 

Wolanski and Elliott, 2015); however, this may be due to the sampling frequency of the 

tidal logger (30 minutes). The semi-diurnal and diurnal signals can also be seen in the 

harbour sea level trends (Figure 17). Furthermore, the 14-day spring/neap tides can be 

observed in the tidal data (Figure 17), which are based on the synchronicity of the M2 and 

S2 tidal constituents (Parker, 2007).  
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The FFT of the coastal piezometers shows a dominance of low-frequency (long-

period) signals (Figure 19). The strongest semi-diurnal signal was detected at Lindy lower 

(12.28 hr; Figure 19a), suggesting propagation of semi-diurnal tidal signals. The semi-

diurnal signals decayed progressively with increased distance to the south harbour and 

Lindy upper piezometers (Figure 19b and Figure 19c, respectively), both of which 

exhibited a period of 11.92 hr and do not correlate with the frequency for the dominant 

semi-diurnal tide in the harbour. Lindy lower also displays a 23.68 hr diurnal signal which 

is not observed in the other coastal piezometers (Figure 19). The diurnal signal periods 

detected in the further wells do not correlate with the tidal data suggesting that it may be 

due to another process. It is also possible that the slight differences between the frequencies 

obtained from the FFT and the theoretical frequencies associated with the tidal constituents 

are an artifact of the data sampling intervals (15 minutes and 30 minutes for the piezometers 

and tidal logger, respectively). 
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Figure 17: Coastal piezometer hydrographs (Lindy upper, Lindy lower, and south harbour; 

Figure 8) relative to mean sea level. Mean sea level was set to the mean stage observed in 

the Virtuoso tidal logger (RBR) during the study period. The effects of a post-tropical storm 

are evident on September 8, 2019, which resulted in the inundation of the Lindy lower 

piezometer. 
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Figure 18: Results from fast Fourier transform analysis of tidal data over the piezometer 

instrumentation period (Aug. 30 - Oct. 21, 2019). Diurnal (Q1, O1, P1, K1) and semi-

diurnal (N2, M2, and S2) tidal constituents (Wolanski and Elliot, 2015) do not align with 

the tidal signals observed in the harbour. 

 

Figure 19: Results from fast Fourier transform analysis of the Lindy lower (A), south 

harbour (B), and Lindy upper (C) piezometers over the piezometer instrumentation period 

(Aug. 30 - Oct. 21, 2019). Diurnal and semi-diurnal signals observed in the tidal data are 

presented by dotted and dashed vertical lines, respectively. 
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2.3.3 Hydraulic Conductivity Estimates 

A single bail test was conducted at Lindy lower and two at NE Mabou River. Figure 

A6 (Appendix IV) displays the fit between the straight-line method and the field data. The 

K estimates for silty glacial till and alluvium are presented in Table 4. The geometric mean 

was used to average the two NE Mabou River tests as K follows a log-normal distribution 

(i.e., K-distribution is bound by zero). As expected, the alluvium yielded a higher K 

estimate than the silty glacial till, but only by an order of magnitude. There was strong 

agreement between the Hvorslev and Jacob equations (Jacob, 1950; Hvorslev, 1951) for 

the glacial till (0.015 m d-1 vs. 0.021 m d-1). Estimates for the silty glacial till are consistent 

with regional studies (Cann et al., 1963; Rivard et al., 2008; Rivard et al., 20012; SLR 

Consulting, 2015). The estimate for alluvium is relatively low within the generally accepted 

ranges cited in the li terature (Domenico and Schwartz, 1990), but agrees with regional data 

(Rivard et al., 2008). 

 

The K estimations from bail tests should be considered a lower bound due to the 

discrepancy commonly observed between slug/bail tests and larger scale tests (Butler Jr, 

2019). This discrepancy may be due to numerous factors, including: 1) less well-

development; 2) the influence of well construction on well recovery; 3) the small spatial 

coverage and sample volume may not capture larger scale features that influence K; and 4) 

the fact that common assumptions underlying conventional analysis techniques are often 

not adhered to with bail tests (Butler Jr, 2019). Well-construction is particularly important 

in moderate to high-K mediums because the recovery may be impeded if well radius or 

screen length is insufficient (Butler Jr, 2019). For instance, the 1ò well-radius coupled with 
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a 7/8ò datalogger could potentially have restricted flow to the upper portion of the well, 

resulting in an underestimation of K for the alluvium.  

 

Table 4: K estimates for silty glacial till and alluvium based on the Hvorslev method for 

bail tests (1951) and the Jacob equation for tidal signal propagation (1950). 

Piezometer Overburden type 
Estimated K 

[m d-1] 
Method 

Lindy Lower Silty glacial till 0.015 Hvorslev (1951) 

Lindy Lower  Silty glacial till 0.021 Jacob (1950) 

NE Mabou Alluvium 0.38 ± 0.22 Hvorslev (1951) 

 

 

2.3.4 Thermal Analysis 

Figure 20a exhibits the simple regression models for the Mabou, NE Mabou, and 

SW Mabou Rivers based on air and water temperature data collected from June 20 to 

October 22, 2019. The simple regression models explain 81% - 83% of the variability in 

stream temperatures, as indicated by the coefficients of determinants (R2). As indicated by 

the shallower slope (0.51), NE Mabou River has the greatest groundwater dominance, 

followed by the Mabou (0.77) and SW Mabou (0.99) Rivers. Similarly, the y-intercepts are 

5.39°C, 4.12°C, and 3.27°C for the NE Mabou, Mabou, and SW Mabou Rivers, 

respectively, and are in agreement with the heirarchy of groundwater dominance inferred 

from the slopes of the simple regression models. Figure 20b exhibits the diel-variations in 

temperature between the three rivers. Based on the assumption that groundwater-

dominated streams experience smaller diel-variation in temperature (Caissie, 2006), the 

trends presented in Figure 20b suggest the same heirarchy of groundwater-dominance 

between the three streams as indicated by the simple regression models.  
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Both the simple regression models and the diel-variations show that the SW Mabou 

River is strongly correlated with air temperature (slope = 0.99) indicating that the thermal 

regime is controlled by atmospheric heat fluxes. Although it is assumed that the regression 

relationship is controlled by groundwater inflows, it may be complicated by 

geomorpholigical conditions, such as the wider and shallower river channel observed in 

the SW Mabou River. For instance, wide, shallow channels would increase exposure to 

meteorological conditions. Conversely, the NE Mabou River has the most moderated 

temperature, presumably due to higher groundwater discharge. Limitations of assuming 

these different thermal characteristics are due exclusively to differing degrees of 

groundwater influence are discussed in section 2.4.1.2. 
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Figure 20: A) Simple regression models of stream temperatures for the Mabou, NE Mabou, 

and SW Mabou Rivers; and B) daily variations in water temperature for the Mabou, NE 

Mabou, and SW Mabou Rivers. 
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2.3.5 Seepage Meters 

The seepage meter results are presented in Figure 21, and the summary of measured 

SGD fluxes are given in Table 5. The results are presented in Darcy fluxes for individual 

tidal cycles in addition to a storm surge lasting two tidal cycles. The mean fluxes observed 

at the different seepage meter stations varied by an order of magnitude. The maximum 

observed flux was 2.2×10-2 m d-1 (seepage meter 2) and the minimum was 3.1×10-4 m d-1 

(seepage meter 3). Some sites showed strong variability between tidal cycles, which can 

be attributed to asymmetrical tides and potentially recharge following a precipitation event 

during tidal cycle 3 (Figure 21). Due to the storm surge, sampling was not possible; 

therefore, the storm data were collected over two tidal cycles and were excluded from the 

statistics. The mean Darcy flux and standard deviation for SGD among the four locations 

was 7.6×10-3 ± 6.9×10-3. The large standard deviation (91% of mean flux) indicates strong 

heterogeneity in SGD; however, given the broad range of possible K values in such a 

heterogenous environment, which can be orders of magnitude different within the same 

sediment type, this variation in SGD is reasonable. 
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Figure 21: Seepage meter results over the three-tidal cycles (measured after each cycle) 

in addition to storm data (measured following two-tidal cycles) 

 

Table 5: Summary of SGD results from the seepage meter study. 

Seepage meter Average SGD [m d-1] 

1 1.9×10-3 ± 3.1×10-4 

2 1.4×10-2 ± 7.6×10-3 

3 3.5×10-3 ± 3.4×10-3 

4 1.1×10-2 ± 3.6×10-4 

All seepage meters 7.4×10-3 ± 6.0×10-3 

 

 

2.3.6 Water Balance 

The precipitation and hydrometric data, along with the hydrograph analysis were 

used to estimate the evapotranspiration, runoff, and recharge for the Mabou River and NE 

Mabou River watersheds. Table 6 presents the water balance components over the field 

season in addition to estimates for the off-season. Surface runoff and groundwater 
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discharge were calculated by normalizing the respective discharge estimates [m3 yr-1] with 

the drainage area [m2]. Due to the uncertainty associated with the extrapolation of seasonal 

data, only results from the field-season will be discussed in this section. The off-season and 

annual estimates are intended for model calibration (Section 3.2.3.3). The QG/P ratios 

provide insight into recharge conditions; the NE Mabou watershed was the most 

groundwater dominant, with an estimated recharge coefficient (assumed equal to QG/P) of 

45% compared to 23% in the Mabou River watershed. ET was calculated by subtracting 

streamflow (QR + QG) from P. The estimated ET was 15% higher in the Mabou River 

watershed compared to the NE Mabou River watershed, and both ET estimates are within 

the potential ET (PET) over the field season calculated by the Penman ï Monteith equation 

(0.425 m; Appendix I). 

 

Table 6: Water balance for the Mabou River and NE Mabou River watersheds segmented 

into seasonal and annual periods. Off-season QG (Jan. 1 - May 5, 2019, Oct. 22 - Dec. 31, 

2019) was estimated (est.) based on temporal patterns observed in Nova Scotia watersheds 

(Appendix I). 

 

P  

[m] 

QR  

[m] 

QG  

[m] 

ET  

[m] 

QR/P  

[%] 

QG/P  

[%] 
BFI 

Mabou River 

Field-season 0.65 0.18 0.15 0.32 27 23 0.46 

Off-Season (est.) 0.87 0.34 0.31 0.22 39 36 0.48 

Annual (est.) 1.52 0.52 0.46 0.54 33 30 0.47 

 

NE Mabou River 

Field-season 0.65 0.14 0.29 0.22 21 45 0.68 

Off-season (est.) 0.87 0.31 0.46 0.11 35 53 0.60 

Annual (est.) 1.52 0.45 0.75 0.33 28 50 0.63 
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2.4 DISCUSSION &  CONCLUSION  

2.4.1 Groundwater ï Surface Water Interactions  

2.4.1.1 Ocean ï Aquifer Interactions 

The head observations in coastal piezometers in addition to the FFT analysis 

provides insight into the connectivity between the coastal aquifer and ocean (Figure 17; 

Figure 18; Figure 19). Limited propagation of tidal signals indicates that the coastal aquifer 

has low-diffusivity and connectivity with the harbour; however, the two systems are 

hydraulically connected as displayed by the rapid increase in head when Lindy lower was 

inundated during a post-tropical storm (Figure 17). This limited tidal influence on the 

aquifer may result in a relatively small upper saline plume due to tidal forcing (Robinson 

et al., 2006), and thus a narrow coastal mixing zone (CMZ) between the fresh and saline 

groundwater. The location and geometry of the CMZ is typically dependent on fresh 

recharge, K, tidal range, and sea level, such that the width has been reported to vary from 

<1 m to kilometers (Robinson et al., 1998; Slomp and Van Cappellen, 2004; Robinson et 

al., 2006). It is also conceivable that the relatively low-K and steep hydraulic gradient 

compared to other coastal aquifers would affect the landward extent of the CMZ. For 

instance, a steep gradient would limit the horizontal extent of infiltration due to gradient 

reversals during high tides (Figure 22). In addition to the lack of tidal influence, freshwater 

conditions observed at Lindy lower and Lindy upper suggest that the CMZ does not extend 

significantly beyond the intertidal zone; however, the seaward extent is unknown. 

Modelling and field studies of strongly confined coastal aquifers yield mixing zones on the 

scale of kilometers during periods of transgression (Groen et al., 2000; Kooi et al., 2000; 

Kooi and Groen, 2001). Presumably, in such circumstances, the coastline transgression is 
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more rapid than saline recharge or diffusion, resulting in a lagging saltwater wedge. In the 

Mabou Harbour drainage basin, K for the local glacial sediments and shallow bedrock 

(Appendix IV) are within two orders of magnitude suggesting that the shallow bedrock 

aquifer is not strongly confined; therefore, it is unlikely that there is disequilibrium between 

the saltwater interface and the current coastline location resulting in a relatively narrow 

CMZ.  

 

The relatively low magnitude of SGD observed in the harbour, relative to values 

cited in the literature (Taniguchi et al., 2002), indicates a low degree of ocean ï aquifer 

connectivity in Mabou Harbour. The higher magnitude SGD fluxes reported in the 

literature may be due to research bias towards coastlines with conditions facilitating greater 

SGD fluxes; therefore, this study may be more applicable to coastal watersheds in low-

permeability environments. It is also plausible that the decreased aquifer connectivity and 

response to tidal cycles would result in a disproportionately small amount of circulated 

seawater due to the reduced effect of tidal pumping. Future research could focus on the 

effects of low-permeability environments on SGD processes, such as tidal pumping.  
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Figure 22: Potential effects of hydraulic gradient on seawater infiltration and landward 

migration during high tide gradient reversals. A) Shallow hydraulic gradient; B) steep 

hydraulic gradient, such as observed in Mabou. Low hydraulic conductivity in the coastal 

aquifer would also impact the landward infiltration of seawater during high tide. 

 

2.4.1.2 Stream ï Aquifer Interactions 

Both the Mabou and NE Mabou Rivers displayed strong stream-aquifer 

connectivity, due to the permeable alluvial material in the fluvial valleys. The head-

observations from floodplain piezometers, relative to stream stage, offers insight into the 

groundwater dynamics during high and low streamflow periods. Piezometer and 

hydrometric data also yield insight into aquifer response during precipitation events. The 

data from the Mabou River suggests that bank storage occurs during high streamflow 

events and within close proximity to riverbanks. Alternatively, the data from NE Mabou 

River exhibited increasing hydraulic gradients and elevated piezometer heads relative to 






























































































































































































































































































































