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ABSTRACT

Groundwatetborne contaminationto coastal waters is growing risk in the
CanadiarMaritimes regiom. Groundwatecontaminantganenter themarineenvironment
directly as submarine groundwater discharge, or indirectlygrasindwaterderived
baseflowdischarged through surfageatercoursesin this study, thespatial patterns of
groundwatessurface water interactiorad theeffects of direct and incect groundwater
discharge on nitrate and bacterial contamination of a natural haslsveassessed on a
regional scaleThe Mabou Harboutrainage basim Cape Breton Island, Nova Scotias
a high density of agriculturdand and a historyof persistat microbial contamination.
Shoreline and floogblain piezometers werestalled andcontinuously monitored to
analyze temporal patterns in groundwaterface water interactior{(&Sis). Hydrograph
analysis and evaluation of thermal regimese used to agss th&Sls between thaajor
rivers Seepage meters were deployed at different locations to cordinedh submarine
groundwater dischargluxes. A 3D groundwater flow model was constructed using
MODFLOW-NWT and calibrated to historic static well watlevels in addition to the
baseflow of major rivers in thérainage basin

Model results, complemented by field data, yield important insights into the
regionalscale groundwater flow and transport to surface waterbdiéssilts suggest that
direct groundwater discharge only accounts34r the of total catchment dischargad
residence times are substantially longean survival times fomost faecal coliform
bacteria therefore, it is noexpected to be a significant contributor to the &aalt
contamination frequently observed in the harbd@onversely the relatively deep flow
paths associated widubmarine groundwater dischafggpass the naturalenitrification
zonescorrelatedwith shallow flow through riparian zoneand thus may pesnitrate
contamination risks

Model results indicate thahdirectgroundwaterdischargerepresents the largest
propation of total groundwater discharge-96%) andgiven the flushing rate of the
harbour, contributes to a larger proportion of th&al harbourwater volume (~5%).
Furthermorethe higher hydraulic gradientsund in the fluvial valleysin addition to the
permeake alluvial aquifers substantially reduce residence times to within the survival
limits of certain microorganisms, such that groundwhtanebacterialcontaminatiorvia
indirect groundwater dischargeplausibleManyof the fluvialvalleyswithin the drainage
basin presena deeply incised geomorphologshere groundwater floyaths are deeper
and bypass the denitrification processes associated with shallow flow through riparian
zones. Additionallythe Mabou and NE Mabou rivers displayédectrecharge river
aquifer syste characteristics withittle bank storagéo assist imitrate buffering

Becausenatural harbours are commonplace for rural agricultural communities in
coastal regions, these resuttay beapplicable to similar environments andhy be used
to improve landuse planning(e.g., distribution of agricultural activitiesh coastal
waterskeds.Given theresearch gap regardirsgibmarine groundwater discharngelow-
permeability environmentshe findings of this case study can be used to better understand
otherCanadian coastlines that are dominated by glaidial
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Chapter 1: INTRODUCTION

1.1 GROUNDWATER T SURFACE WATER INTERACTIONS : PATHWAY SFOR

GROUNDWATER T BORNE CONTAMINANTS IN COASTAL WATERSHEDS

Population density is approximately three times greater in caagjians than in
inland environments (Small & Nicholls, 2003hich creates a concentration of
anthropogenic contamination in coastal wdteds. Thigs becoming increasingly evident
in coastalwaters(Windom et al., 1992Chase et al., 200,lincluding in the Canadian
Maritimes (Schafer, 1973;Menon, 1988;Siah et al., 2003; Interactions between
contaminated aquifers astirface waterare ecognizedo be importantrivers ofwater
guality andthe health ofmarine ecosystemgBrunke and Gonser, 199Mayashi and
Rosenberry2002 Conant et al., 2019¥croundwater contamination often occurs within
shallow aquiferswhich interacs with surface watebodiesandthushavethe potential to

persistentlytransportignificantcontaminantdadsto surface watefWinter et al., 1998)

Within a coastal watershed, groundwéaterne contaminanfsom pollutedcoastal
aquifersare transported tthe marine environment directly as submarine groundwater
discharge (SGPBurnett and Dulaiova, 2003)r indirectly as groundwateterived
baseflow discharged through surface watercourtiest flow to the coas{Figure 1).
Historically, coastal contamination was thought to only occur from surface contaminant
loading via coastal riverfiowever, in recent years a new paradigm is emerging in which
coastal contamation is also acknowledged to be a subsurface phenomenon ti8GIyh

pathways (Sawyer et al., 2Q18lichael et al., 201) More investigation is required to



better understand SGD6s role in coast al

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

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

is partitionedinto direct and indirect groundwater dischardgghallower flow pathdocal

flow regine)tend to discharge into the nearest downgradiéstharge zonge.g., strears

ocean) whereas deeper flow paths (i.e., regional flow) may bypass several recharge and
discharge zonebefore dischargingnto a major discharge zone (e.gnagjor 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 aled telabastal
groundwater discharge (Paul et al., 1997; Desmarais et al., 2002; Boehm et al., 2004). This
thesis is focused on groundwagenface water interactions in a coastal waterstimebithe

effectstheymay have on nitrogen and bactefate and tansport
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1.1.1 Oceani Aquifer Interactions: SubmarineGroundwater Discharge

SGD is defined as, Athe flow of water ¢t
the seabed to the coast al ocean, regardl es
et al., D03). 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
comected (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 investigatedically
(Burnett and Dulaiova, 2003). Historically, geoscientists and oceanographers focused
research efforts on the dischargesofface wateinto the ocean. When coastal water
interactions with groundwater was considered, the focus was saltatasion (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 talsgnificant 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 defioitiSGD,
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 originConversely, fdrologists and hydrogeologists segar&GD 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 changester 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 satinestituents, will be referred to as SGD,

the freshwater component will be referred to as FS&1d the dane 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., 201Z%awyer 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 subsurfdgdal pumpingrefers to thenfiltration
of seawater associated with tloealizedoscillationof the hydraulic gradientluringtidal
cycles.The result of thisidal forcing across the beach fasehe development of an upper
saline plume Figure 2 and Robinson et al., 200@Research suggests that the primary
constituent ofSGD is circulated seawater indicating that these processes are significant
drivers of SGD Moore and Church, 1996 et al., 1999; Garrison et al., 2003). Tidal
pumping can drive circulated SGIDxesthat arean order of magnitude higher the8GD
(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., 2B&hinson et al., 200Abarca et i, 2013;

Heiss et al., 2014 lternatively, the residence time of FSGD varies but can be many orders



of magnitude higher, depending time flow path length anddepthbelow the phreatic

surface Bratton et al., 2004 ait et al., 2014).

Distance fromHte 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 jmweelationship with
ocean deptlraniguchi et al., 2002). As depth is related to distance from stiergyreatest
SGDfluxesgenerally occur near the shore wheeavater is shallower (Taniguchi et al.,
2002). The majority of FSGD occurs within tens of meters (m) of the shoreline (Sawyer et
a., 2016) and decreases exponentially with distdnoen the shorelingBokuniewicz,
1992).Under certain conditions, SGD may occur far offshéi@. instance, @icanic or
karstic bedroclchannels may behawas conduitghat can transfer fresgroundwater far
offshore via submarine springs (Johnson et al., 20@8¢litionally, confined aquifer
conditions mayresult inSGD occurringkilometers offshore where the aquifer outcrops

(Paldor et al., 2019).

FSGD rates depend on the coasiglifer hydraulic conductivityk) [m d*] 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
drivesthe SGD flux. For exarple, there hae been observable increases in the freshwater
flux following hurricane seasons (Menning et al., 2015). On a longer timescale, SGD rates
are strongly correlated with mulgear climate oscillations, such as El Nifio, due to their
impact on prepitation (Anderson and Emanuel, 2008he FSGD flux varies greatly,

often influenced by geology. For examdbgrcy fluxes for fractured bedrock springs can
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exceed metenserday Bokuniewicz et al., 2008but in diffuse discharge zones with lower
hydraulic conductivity, Darcy fluxes may be orders of magnitude lower (Deming et al.,
1992; Piekareldankowska, 1996). SGD is also generally diffuse and heterogeneous with
spatial patterns ranging in scale from meters to kilometers (Sawyer et al., 2016)alOn loc
scales, discharge may be focused into submarine springs by conduits, such as karsts, lava
tubes, bedrock fractures, and buried paleochanhklBigan et al., 2007Bokuniewicz et

al., 2008 Johnson et al., 2008

Figure 2: A conceptual model fodFSGD, circulated SGPand formation of the upper
saline plumgmodified from Robinson et al., 2018)he upper saline plume is
represented by the smallesemicircular cycling of saline groundwater through the
coastal mixingzone.



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, 20h@E 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 iotemaith 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)o@dwater is often enriched in nutrients relative to
surface water, so SGD may have a dramatic effect on water quality and ecosystem health.
For example, SGBDelated nutrient fluxes have been shown to affect the production and

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

1.1.1.2The Coastal Mixing Zone

The coastal mixing zone (CMZ), sometimes referred to asubierranean estuary
(Moore, 1999), describes a coastal aquifer where fresh and saline water and their different
constituents mix. The CMZ isssentially 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 tdluid composition (Moore, 1999). CMZs are different then
surficial mixing zones (i.e., estuaries) in that they have a much highesflsadidatio,

stable temperatures, and are enriched in reduced species such*d3afftitjuchi et al.,



2019). Because thHfeesh and saline endmembers are so distinct, the CMZ is often marked
by strong salinity, redgxand pH gradients that drive chemical reactions (Moore, 1999;
Charette and Sholkovitz, 2002). These chemical reactions have been shown to affect
contaminant lods, 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 organiaicarbo

to the marine environment (Santos et al., 2009). For example, Santos et al. (2009) found
that SGD nutrient and dissolved organic carbon (DfResinto 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

Regardingthe 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 Dulaiov8).2B%en with a
small flux per unit length of shoreline, SGD can be significant considering the shear
immensityof total coastline and the fact that SGD is active in areas where large rivers are
not present (Taniguchi et al., 2002). Researchers have iifsrdrd methods to estimate
the role of SGD in the global water flux, such as hydrograph separation (Zekster and
Loaiciga, 1993), basic calculations with hydrogeological assumptibiase( 1970;
Taniguchi et al., 2002), water balance (Zekster et al.,)18nA8 literature reviewGhurch,
1996 Taniguchi et al., 2002). The resulting estimate=generally 610% of total surface
water input into the ocedifaniguchiet al, 2002) On a local/regional scale, water balance
estimates are much more variabler Fstance, while using Radiug26 mass balance,

Moore (1996) estimated that SGD accounted for 40% of the freshwater flux to the South
8



Atlantic Bight during the study period. Furthermore, SGD may be more influential on the
hydrologic cycle in an island s&tg, 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 the spatially heterogeneous and temporally
dynamic natureof SGD processed aniguchi 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 f@onversely, it is not uncommon to see tlepiorted
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 alwootders 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 Streami Aquifer Interactions

Surface water and groundwasgistemsare often perceived as disconnected entities
and therefore studied separately (Kalbus et al., 2006); howewandyvatersurface water
interactions(GSls) between aquifers arglrface water bodiesan greatly influence the
mass budget argliality of both subsurfacandsurface water§ophocleous, 200&albus,
2006 Fleckenstein et al., 20L0For instancethe transitionzonebeneath the streams that
host exchange processes is referred to as the hyporheiazdhas beenacognized for
its impatance forflora, faunaand stream metabolism (Hynd$983; Brunke and Gonser,

1997).



The history of GSI reseech is relatively recentbeginning in the 1960s
(Fleckenstein et gl2010).Seminal research byoth (1962; 19631970 introduced links
between topography, geologgnd climateto form hydrogeologic environmesand the
different flow regimes(local, intermediate, and regionalyhich ultimately terminag at
discharge zone3 6th (1963) describes these flow systemslaeslocal flow regime which
flows towards nearbglischarge aresa(Figure 1); the regional flow regime whicfiows
great distances to major surfagater bodiegFigurel); and the intermediate flow regime
whichresides between local and regional flow systantsoften bypasses sevaedharge
and dscharge area3.heseflow regimesdrive the spatial patterns &fSls(Fleckenstein,
2010) Early work focused othe volumes of groundwat&om a resource management
perspective and havsince shifted to nearchannel and #thannel, processoriented
investigationsaddressinghe influence groundwater exchange habiogeochemistry and

ecology Sophocleous, 2002; Krause et al., 208@ckensteiret al., 201].

GSlsoccur under four general conceptual modgé)sgaining streasiwhere the
aquifer has a higher hydraulic hetidn the stream stagkiving groundwateidischarge
into the stream?2) losing strearm where thestreamstage exceedgroundwater head
causingsurface wateto rechargehe aquifey 3) flow-through channslwhere theaquifer
hydraulic head is higher on one side of the stream and lower on the other resulting in
groundwater discharge and recharge, respectivelydaddconnected streawherethe
aquifer and stream are separated by an unsaturatedarohthe ephemeral streamflow
infiltrates downwardsoward the aquifeat a relatively constant ra(8ophocleous, 2002

Woessner, 20Q0It is not uncommon for streams to have both gaining and losatigpise
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throughout the reach afstream (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 (Kadbat, 2006)The flow and
exchange of groundwaterasntrolledby the spatial distribution &€ in thealluvial aquifer

and chanel, the stream stage relative to the hydral&adswithin the aquifer (Winter et

al., 1998 Wroblicky et al., 1998 and the stream geomorphology (Woessner, 200¢.
direction offlow and magnitude of the flux are governed by the hydraulic gradient and

sedimenkK, respectively.

The exchanges between groundwater and strgamgswith climatic conditiongis
described ¥ (Brunke and Gonser, 199A)Vhen precipitation is loweffluent conditions
dominate, such thdtaseflow is the primary constituent of stream dischaCgaversely,
during periods of leavyprecipitation, resulting imigh quickflow, the hydraulic gradient
reversesand influent conditions dominate such that streamflow iafé#s banks and
recharges the aquifef.he amount of this bank storage is controlled by wla¢ershed
characteristicgn addition to theransmissivity T) [m?d] andstorativity (S) [unitless]of
the banks (Brunke and Gonser, 199Me alternating periods oéffluent and influent

conditions helpnoderatahedischargevariations of a rive(Brunke and Gonser, 1997

1.1.2.1 Importance toEcology

The hyporheic zone ipartiaularly important to stream and downstream ecology
and ischaracterized by strong biogeochemical actif@yimm and Fisher, 1984; Duff and
Triska, 1990 Triska et al., 1993)Water exchange withithe hyporheic zone facilitates

solute transportlegradation, transformation, precipitation, sorption (Kalbus et al., 2006)
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and material transformationéSophocleous, 2002)he exchange between surface water
and groundwater increasederaction between water and chemically reactive geologic
materials, which can strongly influencewater chemistry (Sophocleous, 200For
exampleyivers with less hyporheic exchangey not have a long enough residence time
for significant nutrient mineralizationto occur (Findlay, 1995) Hyporheic exchange
increases redence timesand dramaticallyinfluences the material transported from the
catchment to the se&i(dlay, 1995) Similar tothe denitrification that occurs in riparian
zones hyporheic exchangencluding bank storageuffers nitrate loads istream system

(Duff and Triska, 1990T7riska et al., 1993).

1.1.2.2 Importance toHydrological Cycle

Groundwagr discharge into streams aoither terrestriaburface water bodies acts
as indirect groundwater discharge to tnarine environment and is impantato the
hydrological cycleOn a global scale, baseflow accounts for approximately 10% and 30%
of precipitation and total runoff, respectively, and displays greajrgpbical variability
(Zekster and Loaiciga, 1993)These estimates suggest that baseflor indrect
groundwater discharg® the coastconstitutesapproximately 8% of total groundwater
discharge entering the marieavironmentOther studiedhiave showrthe ratio between
indirectanddirect groundwater discharge to be lovi@rcoastal weershedgi.e., indirect
groundwater is less dominaetg, Russoniello et al., 2016furthermore, theistribution
of groundwater discharge between baseflow and $@bwayshas been shown to be
sensitive tovater table depth, such tHaaseflowpathwayg aredominant when high water

tables are preserR(ssoniello et al., 2016).
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1.1.3 Groundwater 1 Borne Nitrate in CoastalWatersheds

Nutrients, such as nitrate, can accumulate to high levels in groundwater and persist
for decades (Nolan et al., 1988nthropogeniaitrate, which is a constituent dissolved
inorganic nitrogen (DIN) is generally sourced from fertilizer and sewagee(¥(adt al.,
1997) both ofwhich 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 SGEelated nutrient fluxesftenrival or exceed river input to
the oceanJohannes, 1980; Johannes & Hearn, 1985; Oberdorfer et al., 1990; Valiela et al.,
1990; Moore et al., 2002; Garrison et al., 2088mp and Van Cappellen, 2004; Moore et
al., 2008; Santos et al, 200&roundwater isalso generallymore 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 exXedGile,
accounts for half of the fluvial input ihampa Bay, yet contributes equally to the nutrient
load (Kroeger et al., 2007)urthermore,SGD-related nutrient fluxehave important
implicationsfor the health of marinecosystemandhavebeen identified aa possibleand

substantial driver of eutrdyication LaRoche et a]1997 Hu et al., 2006; Lee et.aR010).

Nutrient contamination via coastal groundwater discharge, particularly SGD, is a
legacy pollution issue due to the long residence time in coastal aquifers (Robinspn et al.
2018). For ingance, in Chesapeake Bay and Florida, it has been shown that nutrient
contaminated groundwater in the coastal aquifer has-ohedtdal residence time before
being discharged to the sea (Hu et al., 2006; Sanford and Pope, 2Bi&)gh fluvial

nutrient fuxes into the marine environmeare increasingDiaz and Rosenberg, 2008), the
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future implicationdor SGD-related DIN is still unknown, and it may take decades for the

changes to present themselves.

There are naturatitrate buffers found ircoastal watershedbat can influence
nutrientloading to coastal water bodieSor instanceit has been well established that
riparian zones are important buffers for nutrients originating from adjacent terrestrial
anthropogenic activities (HaycoandPinay, 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 flo (Simmons et al., 1992; StaandGillham, 1993; Nelson et
al., 1995; Gold et al., 1998) through soils rich in organic carbon and roots (Gold et al.,
2001). Additionally, a moderatewill support substantial flow while maintaining adequate
residence timdor 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)Regardingitratebuffers associated withGD pathwaysunder certain redox
condtions, the CMZ mayalsoattenuate high nutrient levels in fresh groundwater prior to
dischargeThe nitrogen fluxhrough the CM4s greatly dependent on the residence time
in themixing zoneand the redox conditions of the two water endmembers (Slomyaand

Cappellen, 2004).

The methodsfor determining groundwatdyorne nitrate loads are different
depending on the pathway for groundwater discharge (i.e., &@diaseflow) There is
moreuncertaintyassociated witlthe quantification of SGiassociated rtuent fluxesas

SGDis inherenly difficult to quantify and thenfluence ofthe CMZ on nutrientsis not
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always constrainedCurrently, the standard method of quantifying nutrient fluxes via SGD
is to multiply theFSGD flux by the nutrient concentrations in the groundwater (Robinson
et al., 2018). The issue with this method is that it neglectmtluencethatthe CMZ has
on nitrate loadsConversely, lte quantification of nutrient fluxes via groundwatderived
baseflow would be relatively egsas watercourses can be sampled during baseflow

conditions.

1.1.4 Groundwater i Borne Faecal Microbial Contaminantsin Coastal Watershed
Faecalmicrobes, including colifornbacteria are another common contaminant
within aquifersandare largely associated witbwage treatment and agricultur{ton et
al., 1997; Goss et al., 1998mieson et al., 2002Bacteria survival in the subsurface is
dependant on numerous variables including soil moisto®,type temperature, pH,
manure application methods, nutrieavailability, and microorganism competition
(Jamieson et al., 2002)he survival ofaecal calform bacteriaincludingEscherichia coli
(E. coli), in the saturated zonis generally less than55days (McFeters et al., 1974;
Keswick et al., 198Bitton et al., 1983Pekdeger & Matthess, 1983pwd & Pillai, 1997
Taylor et al., 2004 however, sonme pathogenic bacterissuch as Enterococcus
StreptococcuysandKlebsiellapneumoniaean persist for more than 200 days (McFeters et
al., 1974; Keswick et al., 198Bitton et al., 1983Powd & Pillai, 1997). Other studies
have shown th&. Coli, SalmonelleentericaserovarTyphimurium, and other pathogenic
bacteria survived up to 100 days or greater under saturated conditioi€ &Filip et al.,
1988). Regardless of the relativelyidrfate offaecal coliform bacterign the phreatic

zone,bacterialcontamination of aquifers in agricultural watersheds is prevalent (Goss et
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al., 1998).It should be noted thdaecal coliform bacteria are not always good indicator

for groundwater trasport of other faecal pathogens, particularly virusleat havethe
greatest transport potential due to their smaller size and gpeasgstence in the saturated

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

solute advection may be very high.

Several studies have been conducted omcrobial contamination of coastal
environmentsassociated witlgroundwater discharge, particula®GD. A link between
groundwater discharge and faecal indicator bactesisestablished itHuntington Beach,

CA, with the highestmicrobial loadsdetectedduring spring tidegBoehm et al., 2004)
Similarly, the correlationbetween periods of high SGD affakeca indicator bacteria
sourcedby sewagehave been observgifau et al.,, 2014)Faecal bacteria from waste
injection welkto the marine environment halsobeen observedutrequiredgroundwater
systems withhigh ad\ective rates andery short residence tim¢Raul et al., 1996Paul

et al. (1996)lsoconcluded 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 Bréstemd, Nova Scotia, Canada
was selected as the study site for this thgsgure3). MabouHarbouris representative of
the many natural harbours throughout the Maritime region of Canada in that the
surrounding landscape is overlain by glacial deposits, predominantly campbsd.
Natural harbours are commonplace for rural agricultural communities in coastal regions
which is evident in the Mabou Harbodrainage basinThe Cape Breton Partnership &
The Inverness/Victoria Federation of Agricultul€BP and IVFA n.d.) identified 58
agricultural operations within thdrainage basinovering a range of commoditiesith 36
of them specified as beef or dairy farnikirteenof these cattibearing farms are located
immediately adjacent to the harbour, according to the hafbmumdary defined in this
thesis The remainder are spread throughoutdheenage basiand areoften adjacent to
major rivers or their tributaries. The harbour also hosts an aquaculture industry with nine
oyster leaseand onelease for seeding sto¢kCBP 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 locateah the west coast of Cape Breton Islavith the mouth
of the harbur positionedat approxnately 46°5'15'N and61°28'24"W (Figure 3a). The
harbour is approximately 6.7 Knin areaincluding the tidalflats. Based on a spline
interpolation of bathymetric data, provided the Applied Geomatics Research Group
(AGRG, 2017), he harbour volume is approximately 284’ m>. Thetotal drainage basin

area is363.1 knt (excluding the harbourandis further broken down intthree sub
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catchments for theSouthwestMabou, NortheastMabou, and MabolRivers (herein
referred to as the Mabou rivers) additionto the harboursulcatchment containing the
smaller tributaries that discharge diredttyo the harbourKigure 3b; Table 1). For the
purpose of this thesis, the boundary betweemthjr rivers and the harbour was defined
as the point Were braidedtreamr significant poolingpeganover the tidally influenced
mudflats.The sub-catchmentelineationsvere deived fromNova Scotia Department of
Environment (2018and work completed for the CBP and IF{i\d.) by theDepartment
of NaturalResourcesThe subcatchmentserere-delineatedfrom the locations of river
mouths(as defined in this thes)susing theEnhanced Digital Elevation Model, Nova
Scotia, Canadéherein referred to as DENBervice Nova Scotia and Municipal Relations
[SNSMR, 2003) which was converted into a topographic maphe harbour
sulratchment followed by the Mabowand NE Mabou Rivesulratchmentshas the
greatest agricultural dengjithowever,the Mabou Riversubcatchmenhas the greatest
agricultural coverage(Table 1 and Environment and Agriculture Technology Research

Group of the Nova Scotia Community Colld@AT], 2018)
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Figure 3: A) Map of Cape Breton Island primary watersheds and location of the Mabou
Harbourdrainage basir{(grey); B) delineation of the Mabou Harbodrainage basirand
included sulcatchmerd. Catchment delineations were derived from Nova Scotia
Department of Environmeli2018) anda shapefile created by the DepartmeniNatural
Resources for CBP and IVFA (n.dW/atercoursesvere adapted from Department of
Lands and Forestry(2020)as described isection3.2.2.6.3

Table 1. Drainagebasinand subcatchment drainage areagricultural land coverage
and contribution to total agriculturen the Mabou Harbour drainage bas{EAT, 218)
Watershed boundaries derived frdMiova Scotia Department of Environment (2048
work completed for the CBP and IFVA (n.d.) by the Department of Natural Resource

Drainage area Agr. land Agr. contribution
Catchment ] ol (% [bof 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 experiencesemperatéhumid continentatlimate (Kottek et al.,
2006; Amani et al.,, 2019)with a high annualprecipitation. The close$ and most
representativelimate stationsvith relatively complete precipitation data for 2019 are Port
Hawkesbury Environment and Climate Change Candg@C(J climate 1D: 8204495and
CheticampHighlands National ParkeCCCclimate 1D:8200828) Following correction
for missing datathe estimated2019 annual precipitations are4%0 and 1587 mm,
respectively. For the purpose of this stuttheprecipitation déa will be averaged between
the twoclimate stations as Mabddarbour lies between themesulting in a estimated

2019 annual precipitation 4518 mm.

Mabou Harbour has a diverse and complex geology due to its location within an
orogenic belt and wariety of depositional environments associated with a history of plate
convergence, divergence, and glaciation (Baechler et al.,&@Fgure4). Furthermore,
the drainage basities within the Hallow Fault Systemvhich manifests as a complex
system of low angle thrust and high angle stskp faults (Baechler, 2015Barr et al.
(2017) was used t@nalyze the bedrock geology of the Mabou Harboamdge basin
Pre-Cambriamrmetamorphidasemetrockis uplifted formng theMabou Highlandsn the
northof the site along with Siluriarvolcanicsof variable compositios(Barret al., 2A.7).

The vast majority of thalrainage basiris compsed of Carboniferousiliciclastics,
carbonates, andvaporites(Barr et al., 2A7). Importantlithostratigraphic units found
within the drainage basin adesplayed inFigure4 anddescribed irTfable2. Carbonates
are often present #ise primary lithology, or as intercalatioqpspviding ample opportunity
for karstification to occurKarst landforms have been observed within dbenain with

the majority of the area categorized as high or medium risk of encountering karst flow
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systemsand landforms (Dragend McKinnon, 2019). Baechler & Boehner (2014)
estimated that approximately 23% of Cape Breton Isiarmmprisecbf some variation

of glaciated metzarbonates, carbonates, and evaporite lithostratigraphic units, which
could potentilly develop karst flow system€.oal deposits alé&kely present in theomain

with a former coal mine locatednmediatelyto the northwest.The drainage basin is
characterized by high religfith elevatiors ranging from335m above sea level (mast)
thenorthernhighlands ta bathymetric depth &3 mbelow sea level (mbsii) the deepest

portion of the harbouSNSMR 2003 AGRG, 2017)

The overburden material in the Mabou Harbdrainagebasinis heterogenous
both composition anthickness(Figure5). Thickness varies from tens of meters in the
lowlands to thin veneers overlaying outcropping bedrdble. majorityof the study areis
composed ofow-permeability materials such as silty or stony glacial till, or mak
organic deposits (Cann et al., 1968ea et al., 20Q06The overburden of the highlands and
fluvial valleysare generally characterized by coarser, more permeadtierials such as
colluvium, residuum, andlluvium (Stea et al., 2006)Coarsegrained glaciofluvialand
marine deposits are also present in the watershed, with the marine degposgented by

the sandy West Mabou Beaahthe mouth of the harbour &t et al., 2006).
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Sydney Mines Formation

Colindale Member ’

Margaree Member

Pomquet Formation
Hastings Formation
Windsor Group (undivided)
Hood Island Formation
Upper Middle Windsor Group (undivided)
Lower Middle Windsor Group (undivided)
Macumber Formation
Horton Group (undivided)
Ainslie Formation
Strathlorne Formation
Judique Facies
Creignish Formation
Port Ban Diorite
McDonald Glen Brook Formation
B MacLellan Brook Gneissic Complex
Upper McAulay Brook Formation
South Cape Highlands Formation
- Mabou Highlands Leucotonalite
I Gienora Brook Formation
Creignish Hills Pluton - Echt

[ Blues Brook Formation \ . 5,000
(Il | Meters

Figure 4. Bedrock geology of the Mabou Harbour drainage basin. Adapted Bamet
al. (2017).
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Table2: Important lithostratigraphic units in the Mabou Harbour drainage basid unit
descriptiongakenverbatimfrom Barr et al. (2A.7). All units are Carboniferous in age.

Lithostratigraphic

unit Parent Unit description

Margaree Port Hood Fine-grained greybrown sandstone with

Member Formation intercalateded-brown siltstone and shale.

Pomqguet Mabou Group Redbrown, minor grey siltstone and minoi

Formation interbedded reddisgrey to greygreen fine
grained sandstone, typically ripphearked.

Hastings Mabou Group Grey and dark gregiltstone and shale with

Formation buff, thin stromatolitic limestone; minor
anhydrite and gypsum in the subsurface;
locally [sic] intervals of red siltstone and
sandstone

Hood Island Upper Windsor  Redbrown siltstone, intercalated limeston:

Formation Group dolostone, and gypsum

Upper Middle Middle Windsor  Limestone, variably dolomitic and

Windsor Group Group fossiliferous with intercalated gypsum, fine
grained red sandstone, and siltstone

Lower Middle Middle Windsor  Anhydrite and gypsum, minor laminated

Windsor Group Group carbonate rocks

Ainslie Upper Horton Grey-green and rettrown sandstone

Formation Group interbedded with retirown and minor grey
siltstone and shale

Creignish Lower Horton Grey andgreenishgrey sandstone ranging

Formation Group conglomerate; reddisbrown 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 BdSitea et al.,
2006).
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1.3 RESEARCH OBJECTIVES

This thesisinvestigateshe spatial patternsf GSIswithin a coastatirainage basin
andevaluateshe potentialrisks associated wittlirect andndirectgroundwater discharge
on nitrate and microbial edamination of a natural harbourDirect and indirect
groundwater dischargeredefinedwith respect tdMabou Harbour and are used herein to
describe the mechanisms through which groundwater reaches the coastaDibecty
groundwaterdischargeis defined as SGD to the harbour and indirect groundwater
discharge is groundwater dischadgeto fluvial systemddraining into the harbouihe
following hypotheses are tested throughout thisishe
i) indirect groundwater dischargethe dominantmechanism for grundwater
to enter the harbour
i) indirect groundwater discharge is associated with the greatest risk for
groundwatetborne contaminants to enter the harbour due to a presumably
larger contribution relative to SGD; and
iii) provided SGD isadequatelylarge, direct groundwater discharge wik a
potential mechanisnfor nitrate contaminatignand possibly microbial

contaminationf residence times adetermined to bsufficiently short

A combination of field methods and modeling was employedest these
hypothesesStilling wells, thermal sensors, seepage meters, and piezometers installed in
floodplainsand coastal zones were used to characte@&is and their spatiotemporal
patterns.A simplified, steadystate threedimensionalgroundwater lbw model was

constructed toinvestigateflow paths and residence timesn addition to thespatial
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distribution and fluxes d&Sis on a regional scal®odel resultsvere then used to identify
hydrogeological and geomorphological conditi@ssociated withisks of groundwater

bornecontaminant transpotd surface waters.

There are several potential sources of nitrate and microbial contamination of
aquifers within the domain including manwaeplication, septic systems, and raw sewage
disposal predating regulatioAgriculture and manure spreading azemmon norpoint
source for DIN and pathogenic microorganisms in grountkvéReddy et al.1981, Goss
et al., 1988Jamieson et al., 20RpZ5iven the concentration of agriculture, particularly the
36 beef and dairy operations (CBP and IVFA, nttgiransporipotentialof agriculturally
sourcedgroundwatetborne contaminants (i.e., nitrate and faecal coliform bactieritie

harbour will ke dscussed.
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1.4 ORGANIZATION OF THESIS

This thesiswas prepared under theaditional format in accordance with the
Dalhousie Universitfraculty of Graduate Studies gdides It is the authais intention to
condensehe four chapters ohts document int@ single manuscript fosubmission to

Hydrogeology Journal

The introductory chapterGhapter ) includes a comprehensive literature review
for the fundamental concepts and processadated to the research objectiviasluding
GSis, SGD and groundwatelorne contaminant transpofihesite descriptiorfiollows the
literature reviewgcovering physiography, climalogy, hydrology,and geologyChapter 1
concludes witha summary of research objectiveesd briefly discusses thmethodology

for testing the hypotheses

Chapter 2and 3constitute the bulk of the thesiad follow the standard format for
a scientific papecontainingthe following sections: introduction, methodology, results,
discussionand conclusiophowever, tle literature revievis not reiterated from Chapter 1.
Chapter 2eportsresults fronthe fieldcampaigs directed toward characterizing GSls and
their spatiotemporal pattern€hapter 3focuses orthe simplified steadystate three
dimensionalgroundwaterflow model which provides insight into thow paths and
residence times, in addition to thpatial distribution o5SIs on a regional scalélost of
the discussion on the effects of direct and indirect groundwater discharge on harbour

contaminations found in Chapter &hich provides a regional analysis
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Chapter 2: INVESTIGATION OF GROUNDWATER T SURFACE WATER

INTERACTIONS USING MULTIPLE FIELD METHODS

2.1 INTRODUCTION

Throughout this investigation, numerdield methods were employe¢d evaluate
the spatiotemporal patterns of groundwaterface water interactioi&SlIs)in the Mabou
Harbour drainage basin, partiatly around theharbour and floodplains of the major
tributaries.Common techniques for assessi@&lsin marine andfluvial environments
were used in this studincludinghydrograph separation, piezometsegpage meterand
water samplingwater quality samplingesults presented in Appendix.IAlthough this
chapterstand alone as an independent figdtudy, the baseflow separation and seepage
meterdatawere also used to calibrate and validdélte numerical modeling exercige

Chapter3.

2.2 METHODOLOGY

2.2.1 Hydrograph Analysis

Hydrograph analsisis a commonly applied approafidr estimating groundwater
contributiors to streamand rivergHiscock and Bense, 201L4n this method, streamflow
is separated intthe two direct runoffconstituents, basefloand quickflow.Quickflow
consists ofsurfacerunoff and interflowthat rapidly entera watercourse following a
precipitation or snownelt event (Sophocleous, 2002Brodie and Hostetler, 2005
Conversely, baseflow i@ more persistanand consistent water source that feeds

watercourses betwegrecipitation or snowmekvents(Sophocleous, 2002Brodie and
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Hostetler, 200p As theMabou riversare not sourced frorakes it is assumed that the
baseflow is directly derived from groundter discharge into strearas demonstrated in

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

Stilling wells were installed in thilabou and NE MaboRivers towards their
mouthsas presented iRigure6. Anotherstilling well was installed near the mouth of the
SW Mabou Riverbut was displaced duringxtreme streanflow. The stilling wells
consisedofper f orABEmpdsh 88 e cl| amped thatwadridewinto e b ar
the deepest part of the chanfiéigure 7). Water Level Data Loggers HOBO, U20-001-
004), with a<0.14 cm resolution anchaximum water levetrrorof 0.6 cm were installed
in the stilling wells usinga measured length of fishing lin® continuously gage water
levels.Thelevel loggers were unvented and were therefore codeatl barometric data
recordedusing aWater Level Data LoggeHOBO, U20L-04) with a <0.14 cm resolution
and a maximum water level error@B cm The barometric logger wdastened to a tree,
near the Mabou River hydrometric station, in a ventilate@ R&sing By delineating the
gauged drainage areasingthe DEM (SNSMR 2003) it was determined thajauged
drainage areasovered87% and98% of the total Mabou and NE Mabou watersheds,
respectively.The Mabou rivers were gaugegeriodically during 20182020 (Figure 7);
however, stilling wells were only psent from Mays i October21,2019due to rivefice
conditions The datavereonly retrieved from the Mabou and NE Mabou Rivers, as the
SW Mabou River stilling wellvas washed awajuring aheavystreanflow. The majority
of the streangauging was completeusing a Flowtracker2 HandhekDV (SonTek
Figure 7), except for thefirst streamgauging exercisewhich were completed using a

pygmy currerimeterandthe conventionaturrentmeter methodRantz, 1982)
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The dream gaunpg results that were concurrent witbntinuousstage monitoring
were used teonstruct rating curves as a method of estimating strearb#éoween stream
gauging activitiesAs thestilling well elevationwassurveyedelative to the elevation of
the neighboring piezometer$,was possible t@dd stream gauging resultis the rating
curve followingthe removal othe stilling wells In such cases, the river stage was surveyed
usingtheneighboring piezometétop of casing)as a datunand therapplyinga correction
factor toconvert theriver stageto the correspondinggtilling well measurementStream
discharge was plotted against the stage measurements, relativeptesthae transducer
depth within the stilling well, and a powkaw trendline was fit to the observations to create
rating curves The use of powelaw equations tareate rating curves is a commonly
applied approach in hydrologi?¢terserdverleir, 2004;Di Baldassarre and Claps, 2011;
Domeneghetti et al., 2012)he rating curves weréhenappliedto convertthe continuous

data from the stilling wedlinto hydrographs.

The SWAT baseflow filter progranBflow; Arnold et al., 1995) was used to
separate I=seflow from quickflow. Recursive filters such asBflow, separatehigh
(quickflow) and low(baseflow)frequency signals from the hydrograpfhe equatiorof
the recursive filter is:

ro p 1

c (1)

C
C
C-

whereQq) andQq(-1) arequickflows [m® d] at thet andt-1 time-stegs [d], respectively,
Qu and Q1) arestream dischargdm?® d!] at thet and t1 time stepsrespectively and

bis the filter parametefArnold et al., 199% Previous studies hawencluded that &
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value of 0.92%ieldsrealistic results relative to manual technigu¢athan and McMahon,
1990 Arnold and Allen, 1999and is the default for BflowAs the filter is setup to work
with daily data,the hydrametric data, whichhada time resolution oll5 minuteswere

converted into daily averaggreamflow.

@ Stilling wells
¥ Harbour (Y : 4 )
— Rivers 9 A f‘ff x
—— Tributaries T
Gauged drainage area
1 Mabou B

il | 10,000
NE Mabou .
Meters]

Figure 6: Stilling well locationsand corresponding gauged drainage ar@ashe Mabou
Harbour drainage basinThe Mabou Harbour diinage basin was derived frohova
Scotia Department of Environment (20X8)d work completed for the CBP and IFVA
(n.d.) by the Department of Natural Resources.
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Figure 7: Installation ofa stilling well in the Mabou Riveduring May 2019(left imagg.
Stream gauging of the NE Mabou RiueMarch 202Q(right image) using &lowtracker2
HandheldADV (SonTek)

2.2.2 Piezometers

A series offloodplain and coastal zone piezometers were instétiedighout the
drainage basir(Figure 8) to investigate spatiotemporal patterns in groundwater flow
dynamicsand to facilitate groundwater samplifidne piezometers were completed itite
overburderwith depths presented iTable 3. Piezometer construction consisted2054
cm (L pPVC casingwith a25 cm screened intervdPiezometersvere installed using a
combination ofdrilling with eithera hand auger oBackpack Drill (Shaw)anddriving
with a sledgehammerPiezometerswere developed andsealed at the surface using
bentonite to prevenfiow along the borehole annulukevel loggers wre installed to
collect continuous dataver the majority of the 2019 field seasoAygust 28i October
21, 2019)to recordtemporalpatterns in head and hydraulic gradients between floodplains
or coastal zoneand their respective riveos coastline LevelData 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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installedat all locations, except fahe WWTPpiezometerFor the WWTPpiezometer, a
Titanium Water Level Data Logg€éHOBO, U20-001-01-Ti), with a<0.21 cm resolution
andmaximum water level error of 1 cm, wastalled.The NE MabolRiver piezometer
was completed 1 m away from the riverbank, gn@MabouRiver piezometeR.5 m away
The coastal piezometers are located 3.2 m, 7.1 m, and frosnmormalhigh tideat the
Lindy lower, south harbour, and Lindy upationsyespectivelyFigure8; Figure9). A
Virtuoso tidal logger(RBR), with an accuracy and resolution#§f.05% and 0.001% of
full scale, respectivelyas deployed near the mouth of the harbdl46C 05.080" W61°
27.622 Figure Al) to aid in the analysisf connectivity between the aquifer and ocean
which may manifest as tidal signals propagatimgughthe coastahquifers(Abarca etl.,
2013; Trglavcnik et al, 2018. FastFourier transformanalysis(FFT), using theMatlab
FFTW tool (Frigo and Johnson, 1998)as completed othe tidal loggeb &nd coastal
piezometed s t i meidestiéy damaant periodisignalsin the data and to facilitate

comparison of signals between the harbour and aquifer.

Table3: Piezometer screen interval deptihgasured with respect to teerface

Top of screefim] Bottom ofscreeqim]
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 distributiosurrounding the Mabotiarbour, and NE Mabou and
MabouRivers.Watercourses were adapted from Department of Lands and Forestry (2020)
as described in Sectid12.2.6.3
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Figure9: 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 anunderstanding of hydraulic properties, particulaHydraulic
conductivity K), is an important step in the analysis of a groundwater system. Within the
drainage basin, it is assumed that most of the GSls are taking place within the surficial
aquifers; theefore, it is vital to constrain the for the two predominant overburden types
associated with surface waterbodbich areglacial till and alluvium Slug or bail tests
are commonly applied approaches for measuing single well installations due 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.study, bail tests
were conducted in both silty glacial till and alluvium at the Lindy lower and NE Mabou
River piezometers, respectivelyhe Hvorslev method for partially penetrating unconfined
wells was applied to wellecovery data to estimaté (Hvorslev, 1951). The Hvorslev
method (1951) is a singleell test that can be applied to either slug or bail tests. This
method estimateK based on well recovery as indicated at any point by drawdown and
considers well geometry, such as standpipe rddiyfm], screen lengtid) [m] and screen

radius Rs) [m]. A simplified form of the Hvorslev solutiofi951)is as follows:

i1 12
o — 2)
cLY
where the variabl&, 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 estqwdtsilty glacial
till, and results were compared to the bail test. The basis of thisanetihat goundwater
levels in coastal aquifers fluctuate in response to tidal cycles, storm surges, and higher
frequency forces such as waves (Ferris, 195@avcnik 2018). The amplitude and lag of
these aquifer responses are dependent on numeraoss faccluding aquifer properties,
and characteristics of the ocean forces (Jacob, 195@horizontalpropagation of tidal
signals through aquifers can also be used to estikhatging the equation for confined

aquifers (Jacob, 1950):

. - “ 4
add 00 : QecT © 53 3)
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whereh(x,t) is the head within the aquifer [nH is the amplitude of the tidal signal [m],

x is the distance between the well and sea pig,thetidal signalperiod [d],t is time [d]

andD is diffusivity [m? d}]. Diffusivity is equal toK/Ss, whereSsis specific storage [r.

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:

® 0Q — “)
wherea is the amplitude of the tidal signal experienced within the aquifer [m]. Based on
field measurements at different points during the tidal cycleas estimated to be 8.2 m
and is relative to the mitideline. Sswas assumed to be 2:8.0* m for silt based ora
review oftheliterature (Younger, 1993sSs estimates from the bail tesiseassumed to
be unreliable due tthe small sample volume of the aquifhe use ofSs rather than
specific yield, as the storagarameter 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 effengtieod fo
evaluatng groundwateri surface water interaction3he termal regime of a river is
determinedby a number of different factorthat cangenerally be classified as: 1)
atmogpheric conditions; 2ppograpircal or geographical setting3) river hydraulicqe.g,
inflows and outflows)and 4) streambdtkat exchangdg€aissie, 2006)0ther factors such
asstreamaspecttree coverstream sizeandfluvial geomorphologyhavealso been shown
to impact stream temperaturddacan, 1958Mosley, 1983 Zwieniecki & Newton, 1999;

Torgasen et al., 2001; Caissie, 200Bugdale et al., 20)8As this investigation involves
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streams within the same drainage basopographical geographical, and streantbe
variablesare considerecklativelyconstant; thus, the hydraulics, or mixing of groundwater
and surface water sourges consideredo bethe main driver for differences in thermal
regimesbetweerthe Mabouivers. It should be noted thalthough climatic conditions are
similar between the different riverthere may alste variations in atmospheric loading

due todiffering degrees of canopy shading.

TidbiT MX Temper at ur e s4HABO, MR22G3)a with a0 QO r
resolution andan accuracy ot0.25G wereattached to rebeastakes and installed the
Mabourivers Streamtemperature measurements wileen every 30ninutes from June
207 October 22, 2019Simple regression modelgere used to qualitatively assess and
compare the groundwater dominance between the major rivers within the drainage basin.
Daily meanstreamvs. daily meanair temperatures wengotted,and a linear regression
line was fit to the pointdHourly ar-tempeature dataveregatheredand averageffom the
Northeast Margaree (AUT) climate stati@CCC climate 1D:8204154. This exercise
used dailytimescaleshowever, it should be noted that different scales will yield different
relationships (Caissie, 2006)he relationship between stream and air tempezas a
function of groundwater dominanc&he slope of this regression line is a qualitative
indicator of groundwater control, with high slopes and low intercepts indicating quiekflow
dominated conditionsmal low slopes and high intercepts indicating baseflimminated
conditions(e.g, Smith, 1981 Mackey and Berrie, 199Kelleher et al., 201,2Mayer,
2012. Anothertemperatureelated indicatoof groundwater dominance in streamflow is

the scale ofdaily variations in stream temperatuieor instance, daily variations are
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generally smaller fostreamswvhere groundwater discharge is dominant (Caissie, 2006)
Diel-variations in stream temperatunere plotted fromJune 20F October 22, 2019 for

the Mabouiversand compared.

2.2.5 SeepagéMeters

Seepage metersallow direct measurments of groundwateisurface water
exchangeand facilitatewater quality analysisf discharging wateiThe desigroriginated
in the 19406 fDuque et al., 2020ps a wayof measuring groundwater discharge in
lacustrine and fluvial settinghowever, iwvaslaterproposedor marine usdy Lee (197Y
to investigatesubmarine groundwater discharge@GD). Quantification of SGDto the
marine environmentparticularly the fresh component and associated solute |lbads,
driven theuse and development of seepage meter stughdsuines, 198&Glomp and Van
Cappellen, 2004 Wang et al.,, 2018 To date, seepagemeters are the dominant
methodology applied to thdirect quantification of SGD fluxes (Duque et al., 2020)
presumably for their simplicity and effectivenesdowever, there are numerous
disadvantages to seepage meters, includinghd)logistical compbaty and the large
amount of time associated with seepage meter studiesepage metergeld a point
estimate and do not account for the spatial heterogeneity in SGD (Michael, 2003)
seepage meterseasurdotal SGD rather thafieshSGD (FSGD) A solution to tke latter

issueis to analyzehe SGDchemisty to distinguishthe fresh ad saline components

The equipmentused in this investigatiooonsistedf the top portion of poly 55
gallon container drurthatis hydraulically connected to a plastic bag at the eradhadse

The drum is insertedeep enougimto the submarine sedentsto form an adequate seal
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(Figure10). As SGDdischarges into the druran equal volume ofvater is forced into the
plasticcollectionbag.The water within the collection bagas measuretbllowing a full
tidal cycle using a graduated cylindé&n facilitatesimple measurements, a quickease
connection and a shoff valve separatthe collection bag from the drui8eepage meters
were insalled in four different locations tdharacterizeheregionalscale heterogeneity in
geological and hydrogeological conditiqisgure11). Collectionbags were sampldtbm
October 6 October 9, 202@llowing each tidal cycle. Storm surges©@untober &esulted
in a reduction of sample frequen®ue tologistical constraintselated tcsite locatiorand
theimplicatiors of Covid-19 for the 2020 field seaspseepage meters were not installed
long enough to allow equilibration with SGD chemistiherefore, salinity and water
chemistry were not analyzed from the collection bags and the FSGD compemeairis

unknown.

Collection
bag

Figure 10: Instdlation and functioning of a seepage meter used in a marine environment
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[ Harbour [ Crystalline [ |Sand & Siltstone
® Seepagemeters [ | Gypsum | | Sandstone 1

.| Coarse Overburden [ Limestone [ | Sandstone 2

Fine Overburden [l Mudstone [_| siltstone

Figure 11: Seepageneter locations and hydrostratigraphic unitdUs;as described in
Section3.2.2.9. HSUs are presentedather than lithostratigraphic unitsas a simplified
geological model was employed for the numerical groundwater modeling described in
Section3.2.2 BedrockHSUs are derived fromBarr et al. (20%). Surficial HSUs are
derived from Stea et al. (2006).

2.2.6 Water BalanceEstimates
The baseflowestimats andprecpitation datavereused toestimate water budgets
during the 2019 field seasowater lmlancecomponentssuch asvapotranspiratiorET),
were estimatedsing the water balance equation (Hiscock and Bense, 2014):
0 OYOD O U (5)
whereP is precipitatiorfm yrl], ETis evapotranspiratiopm yr?], Qris surface runofand

interflow [m yrl], Qe is groundwater discharden yr'], andQa is artificial abstractions
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[m yrY]. This equation assumek)the groundwater divide corresponds with the drainage
divide, which isa commonly applied assumption in groundwater studies (Hiscock and
Bense, 2014Han et al., 2019 2) baseflow represents/erinegroundwater dischargand

3) that the change in storage between years is nklgifj.e., groundwater discharge is
equal tagroundwater recharyeOver longer timescales of multiple yeaisange in storage

is considered to be negiie (Hiscock and Bense, 2014), but due to a lack of continuous
data, this assumption was applied oveshartertime-period. To calculde the water
balancejt was assumed that artificial abstractiamsl consumptiom the drainage basin

such aspumped groundwaterare negligible The municipal supply well VM#3 is
currently approved for 396 ha* which would have a small impact oretivater balance

for the full drainage basi(i.e., only 0.09% of the dailgroundwater rechargestimated

with numerical modéhg [Section3.3.4). It was also assued that groundwater recharge
from regional flow outside of the drainage basin is negligidlsource of uncertainty in

this model is that although baseflow is useful in the assessment of recharge conditions
(Hiscock and Bense, 2014), it may actually casgof a combination of both interflow
andbaseflow(Rivard et al, 204). It should be acknowledged that the use of hydrograph
analysis as a means of estimating the groundwater component of streamflow may

overestimatgroundwatedischargethusimpacing recharge estimates

Annual waterbalanceestimatesarerequired for thecalibration ofa steady state
threedimensionalgroundwater flow model (Sectidh2.3.3; however,hydrometric data
could only be gathered during the period of May October21, 2019 due to riverce
conditions To address this issusgasonal datawas extrapolatedhto annualestimats

based ortemporal patterns observeddatchmentsvith similar BFI, geology, topography,
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and climate (Appendi xRiverand RivehirdhabbatEigueeb2n a n 6 s
were used to guide the extrapolation of the Mabou and NE Mabou Rivers, respectively.
Analysis of two-year data shows thatitlough precipitation, stream discharge, and
baseflow/precipitatiomatios vary between years, the proportioranhualbaseflow and
streamflow that occurs in the field seasoompared tothe offseasonappears to be
relatively consistent within @atchmentregardless of differences in annual precipitation
(Appendix 1) Despitethe similarities between he MacLennandés Cross
Inhabitants with the Mabou riverthe extrapolation of seasonal data basedionlar

catchments introduce®nsiderableincertainty taannual water budget estimates

50 .
Kilometers| y "V‘»/;/'

[ Cape Breton Island [ MacLennan's Cross
| Mabou Harbour BZZ% Gauged drainage area

[ River Inhabitants

Figure 12 Location ofthe Mabou Harbour drainage basin asdrrogate watershedsn
Cape Breton Island, Nova Scatfaurrogatewatershedoundariesveretakenfrom Nova
Scotia Department of Environment (201&augeddrainage areas were delineated
manually using th®EM (SNSMR, 2003J.heMabou Harbour drainage basinasderived
fromNova Scotia Department of Environment (204:8) work completed for the CBPdn
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 preserfegline13,
and afull summary of the stream discharge measurements are presented in Appendix I.
Correlation coefficierg of 0.996 and 0.971 for the Mabou and NE Mabou Rivesse
achievedrespectively, indicating strong relationship between tescharge andelative
stage The high correlation coefficients indicate that rating curvesuaifeciently accurate
for low discharges; however, due @&lack of observationat high dischargeshe rating
curve is notonstraired for high streamflowFor instance, #respective maximum gauged
discharges for the Mabou and NE Mabou Riverse 7% and% of themaximum
discharges determined by the rating cunidsing thegreatest peak flow onugust 28,
2019, quickflows determinedby hydrograph separationere approximately39% - 93%
and70% - 82% of total precipitatiorfor the Mabou and NE Mabou Rivenrgspectively
The lower and upper bounds of these ranges were determined Rsihddawlesbury
(ECCC climate ID: 8204495) and Cheticamp Highlands National Park (ECCC climate ID:

8200828)precipitationdata, respectively

The stream and baseflow hydrographs for the Mabou and NE Mabou Rivers and
their corresponding baseflow indexes (BFIs) aresented inFigure 14. The BFI is
substantially higher in the NE Mabou River watershed (0.68 vs. 0.46), presumably due to
coarsegrained overburden, includingsiduum colluvium, and alluvium, dominating the
surficial geology Figure5; Stea et al., 2006].heMabou and NE Mabou River BFégree

with 20172018 data for surgate watesheds with similartopography and surficial
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geology (i.e., River Inhabitantsn d Mac Lennano0s )t@€whiclghe SWATe s pect
Bflow filter program (Arnold, 1995)vas applieqTable A3; Table A2). Additionally, the

BFI for NE Mabou Rver agrees withBFIs determined for thaearby April Brook
watershed (®5; Turker, 1969)Visual inspection suggests tHaaseflow separatiorare
reasonablesuchthat baseflow curves meet the hydrograph approximately at the inflection
point ofrecession curves-(gure14 andBrodie and Hostetle2005. The convergencef

the baseflonand stream hydrographs at ttezession curve inflection poin¢duces the
influence of peak flow uncertainties draseflow estimates; however, there may be an
impact on BF$. Within the drainage basin,abeflow is considered to be completely
groundwateiderived as the headwatersaatercoursedo not originate from surface water
bodies. Figure 14a showsthat quickflow is more pronounced and prolonged in the Mabo
River relative to the NE Mabou River, where quickflow is briéigre 14b). This is
supported byhe differences in BF|swvhich suggests that groundwaitgerived baseflow
dominatesquickflow in the NE Mabou RiverDuring the fieldseason168 d) the tota
baseflow discharge wagspectively2.24x10” and 6.02x10° m? for the Mabou and NE

Mabou Riversorresponding tmeandaily discharges df.54and0.41m3s?, respectively.

57



>
~—
—_
)

e Observations |
9 -
8 A Q =18.485 x Rel.stagel"ll()j
R2=0.993 :
7 .‘.’
~ 6 4 |
v .
ERER
S’ ‘.
O 4 -
3 - .-‘-‘.
o
“] .
1 e >
4 I e | |
0 02 0.4 0.6 N
Relative stage (m)
B 10
) ® Observations |
0
8 - Q = 10.623 x Rel.Stage?378
7 -
=6 -
("".E 5 i
o 4 4
3
3 ..
1 - P
........... n® [ 4
0 puasssereeris : |
0 02 0.4 . -

Relative stage (m)
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Figure 14: Sream and baseflow hydrographs for the Mabou River (A) and NE Mabou
River(B) during the 2019 field seas@ilay 67 October 21)n addition to the mean daily
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Bflow filter program (Arnold et al., 19).
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2.3.2 Piezometers
2.3.2.1 River Piezometers

Thetime-seriesfor river stage andfloodplainhead atthe Mabou and NE Mabou
Riversarepresented ifrigurel5. The stages ofdthrivers display strongorrelationswith
their correspondingiezometer heads, indicating strong aquéfieeam connectivityThe
river stageandfloodplain heachre more similaat the NE Mabou Rivethan the Mabou
river station; however, the distance betwésspiezometer and riverbank is 60% less (1
m vs. 2.5 m)Figurel6 presents the relationship betwebahydraulic gradienffrom river
to floodplain and river stage for thelabou and NE Mabotivers.The two rivers exhibit
different temporal patterns in hydraulic gradieatsd responses to heayyrecipitation

events
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Figure 15: Floodplain piezometer and stage hydrographs for Mabou and NE Mabou rivers
(A and B, respectivelyin addition tothe mean dailyprecipitation datafrom thePort
Hawkesbury (ECCC climate ID: 8204495) an€heticamp Highlands National Park
(ECCC climate ID: 8200828)River stage is relative to the stilling wélansducerand

does not reflect the maximum depth within the chafdimedepth to the floodplaiwater
tableis generally<1.25 m at Mabou River and0.75 m at NE Mabou River.
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2.3.2.1.1 MabouRiveri Aquifer System

The Mabou River station experienced marginal differences between river stage and
floodplainhead during heavy streamflowith thedifferenceincreasingluring dry periods
(Figure 15a). The hydraulic gradient from river to the floodplainwas steepesturing
periods of low streamfloSep. 18, 2019 Oct. 2, 2019) and lowest during wet pesod
(remainder of 2019 dat&jgure 16a) with a mean value &.7% Following peak flows,
hydraulic gradient increases logarithmically until baseflow conditions stabiizly. on
Oct. 17, 2019, did # hydraulic gradient reverse over the 2.5 m distance bettireen
riverbank and piezometer; however, more frequent reversals may have octoserdo
the bankFor instance e inflection point and rising limb of the stalygdrograph slightly
precedeshat of the piezometer hydrograph suggesting ghatlient reversals occur in
closer proximityto the riverbankA reversal in hydraulic gradients would indicate that the
stream is temporarily recharging the fleplin aquifer, also known as bank storagedd,
1955). This strearderived groundwater is stored in the floodplain until stream stage
subsides and the groundwater flow direction returns to normal condffiodsl, 1955).
Stream stage and head were approximately equal during beaayilows (Figurel5a),
which may suggest thatreamderivedrecharge is the main driver in head changes under
such conditions, rather than rechafgem precipitation Alternatively, during smaller
precipitation events (e.gSep. 25, 2019)piezometer head exceeds the maxinmiver

stage, indicating thatcharge from precipitation dominaiesheseconditions

2.3.2.1.2 NE MabouRiveri Aquifer System
The NE Mabou River displaysmargnal differences between river stage and

floodplain head during dry periods (baseflow conditions) with differences increasing
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during high streamflow event&igure15b). These trends arepposite tahoseobserved

at the Mabou River station.The hydraulic gradientfrom river to the floodplainwas
highestduring high streamflow evengnd lowesduring periods of low streamflow (Sep.
14,2019 Sep. 25, 2019)ith a mean value @.8% Occasionally, during low streamflow
periods, hydraulic gradient fluctuated between positive and negafirigure 16b);
however the gradierg were within theombined error fronfoggers,elevation surveys of
piezometerand wells andtheability of the stillingwell to moderat high-frequency water
fluctuations The inflection point and rising limb of the piezometer hydrogrsigghtly
precees the river staghydrographandthe maximum head exceeds the maximum stage
at peak flow(Figure 15a). This observation in conjunction with the increased hydraulic
gradient duringhigh-dischargestreanlows suggests that rechargeom precipitation
dominatesver bank storagesuch that recharge from precipitation is so rapigrecedes
runoff. Following a significantprecipitationeventand high discharg@ressurdéiead in the

piezometer decreasegponentially

2.3.2.2 Coastali ZonePiezometers
The temporal relationships betwebarbour levels and the coastal piezometers

(Lindy lower, Lindy upper, and southtteur)are presented iRigurel?. There is a strong
correlation between the hydrographsgouth harbour and Lindy lowewhich are located
on the south andorth shores, respectiyelThe hydrograph for Lindy ugp exhibits a
extremelyslow recoveryfollowing well developmenand little fluctuationindicating that

it was completed in bbw-K material Diurnal and semdiurnal signals arenostevident
andcorsistentatLindy lower (Figurel7a). South harbour and Lindy uppdisplay diurnal

signals predominantlyduring periods of mixed tidalpatterns (Figure 17b and c,
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respectively)lt is possible that the periodic signalsservedatthe two wells furthest from

the harbouare due tmther forcege.g, atmospherig

During the study period, tHerbour experienced a mixed tigiattern whersemt
diurnal tides dominate budisplay asymmetry between the tidgsgure 17). In some
instancesthe asymmetry was sgreat that the tidal pattern resembled a diurnal cycle.
Although the harbour level as measurewith the Virtuoso tidal logger (RBR)never
reaches the water table at tinearestvell (Lindy lower), wave runup must be significant
ashead exceeds trsurfaceelevationon Sep. 7i 8, 2019(posttropical storm) indicating

that the station was inundated by the storm surge.

The results from th&FT performed on tidal cycles and coastal piezometers are
presented ifrigurel8andFigurel9, respectivelyAlthoughFFT results are in frequencies,
the discussion of resgliwill beregardingtheir associated periodasit is more intuitive.
The tides exhibited botkemidiurnal and diurnal tidal signals but did not align with the
frequencief the majortidal constituentgM2, S2, N2, K1, O1, P1, Q1, and $Higure
18). Instead, the harbour tides were dominated by3 1230, and 1255 hr semidiurnal
signals in addition to 23.24, an.2 hr diurnal signad. Overall, thefrequenciesietected
in the harbour were higher tharajortidal constituergdefined intheliterature Figurels;
Wolanski and Elliott, 201%)however, this may be due to the sampling frequency of the
tidal logger (30 minutes)rhe semidiurnal and diurnal signalsan also be seen the
harbour sea levairends(Figure 17). Furthermore the 14day spring/neap tidesan be
observedn the tidal dataKigurel17), whichare based on th&ynchronicityof the M2 and

S2tidal constituentsRarker, 2007)
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The FFT of the coastal piezometers shows a dominance offfeguency(long-
period)signals Figurel19). The strongestemidiurnal signal was detected at Lindy lower
(12.28 hr; Figure 19a), suggesting propagon of semidiurnal tidal signals The semt
diurnal signad decayedprogressivelywith increased distanc® the south harbour and
Lindy upper piezometers(Figure 19 and Figure 19c, respectively) both of which
exhibiteda periodof 11.92hr and do not correlate with tifeequency for thedominant
semidiurnal tide in thénarbour Lindy lower alsadisplays &3.68 hrdiurnal signakvhich
is not observed in the other coastal piezometéigufe 19). The diurnal signal periosl
detected in the further wells amt correlate with the tidal data suggesting that it may be
due to another procegsis also possible that the slight differences between the frequencies
obtained fronthe FFT and the theoretical figgncies associated with the tidal constituents
arean artifact of the data sampling intervédls minutesand 30 minutgfor thepiezomegrs

and tidal logger, respectively)
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Figure17: Coastal piezometdrydrographgLindyupper, Lindy lower, and south harbqur
Figure 8) relative tomeansea levelMean sea level was set to the metageobserved in
theVirtuosotidal logger(RBR)duringthe study periodThe effects of posttropical storm
are evident on September 8, 20%hich resulted in the inundation of the Lindy lower
piezometer.
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Figure 18 Results fromést Fourier transform analysis of tidal dataver thepiezometer
instrumentationperiod (Aug. 30- Oct. 21, 2019. Diurnal (Q1, O1, P1, Kljand semi
diurna (N2, M2, and S2)idal constituerd (Wolanski and Elliot, 2015Jo not alignwith
the tidal signals obseed in the harbour
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presented bylotted and dasheekrtical 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 Rigerre
A6 (Appendix IV)displays thdit between the straighine method and the field dafahe
K estimates for silty glacial till and alluvium are presentetiahle4. The geometric mean
was usedo average the two NE Mabou River teg$K follows a loghormal distribution
(i.e,, K-distribution is bound by zerp As expected, thalluvium yieldeda higher K
estimatethan the silty glacial till, but only by an order of magnitu@ieerewas strong
agreement between the Hvorslev and Jacob equations (JacobHi®%lev, 195]) for
the glacial till(0.015m d!vs. 0.02 m d?). Estimates for theilty glacial till are consistent
with regional studies (Cann et al., 19&3dvard et al., 2008Rivard et al., 2002, SLR
Consulting 2015. The estimate foalluvium isrelatively lowwithin thegenerally accepted
range<ited intheliterature (@menico and Schwartz, 199@ut agrees withegional data

(Rivard et al., 2008)

The K estimatiors from bail testsshould be considered a lower bowhae to the
discrepancy commonly observed between slug/bail tests and largetests{Butler Jr,
2019) This discrepancy may be due tmmerous factors, includingl) less well
development2) the influence ofwell constructionon well recovery 3) the small spatial
coverage and sample volummay not capture larger scale features thiwemceK; and4)
the fact that commoassumptionsinderlying conventional analysis techniqaesoften
not adhered tavith bail tests(Butler Jr, 2019)Well-construction is particularly important
in moderateo highK mediumsbecausdhe recovery may be impeded if well radius or

screen length imsufficient(Butler Jr, 2019)For instance ft e welleradius coupled with
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a7/80 dat aduld goteetidl have restrictedlow to the upper portion of the well

resulting in an underestimation kffor the alluvium

Table4: K estimates for silty glacial till and alluvium based tve Hvorslev method for
bail tests (1951) and thedob equation for tidal signal propagation (1950).

Piezometer Overburden type [EnS] tlcrz]ated K Method

Lindy Lower Silty glacial till 0.015 Hvorslev(1951)
Lindy Lower Silty glacial till 0.0 Jacoh(1950)
NE Mabou Alluvium 0.38+£0.22 Hvorslev(1951)

2.3.4 Thermal Analysis

Figure 20a exhibitsthe simple regression models for the Mabou, NE Mabou, and
SW Mabou Riverdased orair and water temperatudata collected frondune 20 to
Octadber 22, 2019The simple regression rdels explain 81% 83% of the variability in
stream temperatures, as indicated by the coefficients of determindn#sgdicated by
the shallover slope(0.51) NE Mabou River has the greatest groundwater dominance,
followed by the Mabo0.77)and SW Mabo0.99)Rivers.Similarly, they-interceptsare
5.39C, 4.12C, and 3.27C for the NE Mabou, Mabou, and SW Mabou Rivers,
respectivelyandarein agreement witlthe heirarchy ofgroundwater dominance inferred
from theslopesof the simple regression modelsgure20b exhibits the dieVariations in
temperature between the d¢hbr rivers.Based on the assumption thgtoundwater
dominated streams experience smaller-dilation in temperaturéCaissie, 2006)the
trends presented iRigure 20b suggest the same heirarchy gsbundwateidominance

between the three streamsindicated by the simple regression madels
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Both thesimple regression models and the -dhatiationsshow that theSW Mabou
River isstrongly correlateavith air temperaturéslope =0.99)indicating that the thermal
regime is controlled by atmospheric heat fluxdthough t is assumed that the regression
relationship is controlled by groundwatenflows, it may be complicated by
geomorpholigical conditions, such #ee widerand shallower river channel observed in
the SW Mabou RiverfFor instance, wle, shallowchannelswvould increase exposure to
meteorological conditionsConversely the NE Mabou Rivehasthe most moderated
temperaturgpresumablydue to highegroundwater discharg&imitations of assuming
these different thermal characteristics atee exclusivelyto differing degrees of

groundwater influence are discussed in se@idnl.2
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Figure20: A) Simple regression models of stream temperatures for the Mabou, NE Mabou,
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2.3.5 Seepage Meters

The seepage meter resudte presented iRigure21, and hesummary ofmeasured
SGD fluxesare givenin Table5. The resultsarepresened inDarcy fluxesfor individual
tidal cycles in addition to a storm surge lasting two tidal cydlbemean fluxes observed
at the differentseepage meter statiomaried by an order of magnitude. The maximum
observediux was2.2x102 m d! (seepage meten andthe minimum was.1x10* m d*
(seepage meten.3Some sites showed strong variabilitgtween tidal cyclesvhich can
beattributed to asymmetricéiles andpotentiallyrechargdollowing a precipitation event
during tidal cycle 3(Figure 21). Due to the storm surgsampling was not possible;
therefore, the storrdatawerecollected over two tidal cycles ameereexcluded from the
statistics.The mean Darcy fluand standard deviatidor SGDamong the four locations
was7.6x103%+ 6.9x103, The largestandard deviatio(@1% of meanflux) indicatesstrong
heterogeneity in SGDhowever, given the broad range of pblesK valuesin such a
heterogenous environmenthich can beorders of magnituddifferent within the same

sediment type, ik variation in SGD igeasonable
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Figure 21: Seepage meter results over the thtekl cycles(measured after each cycle)
in addition to storm datanfeasured following twi&dal cycles

Table5: Summary ofSGDresults fronthe seepage meter study.

Seepage meter AverageSGD[m d]
1 1.9x10°3 + 3.1x10*
2 1.4x102 + 7.6x10°3
3 3.5x10°% + 3.4x103
4 1.1x102%+ 3.6x10*
All seepage meters 7.4x10°%+ 6.0x10°

2.3.6 Water Balance

The precipitation and hydrometric datdong with the hydrograph analysiere
used to estimate the evapotranspiration, runoff, and recharge for the Mabou River and NE
Mabou River watershed3.able 6 presents the water balancemponentver the field

season in addition to estimates for the-s@ason Surface runoff and groundwater
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dischargevere calculated by normalizing thespectivedischargeestimatesi® yr] with
the drainage argan?]. Due to the uncertainty associated with theapdtation of seasonal
data, only results from the fiekkason will be discussetthis sectionThe offseason and
annual estimates are intended for model calibrat®ection3.2.3.3. The Qg/P ratios
provide insight intorecharge conditions; the NE Mabou watersheds the most
groundwater dominantvith an estimatedecharge coefficierassumeequal toQc/P) of
45% comparedo 23% in the Mabou River watershdgell was calculated by subtracting
streamflow Qr+ Qg) from P. The estimatedET was 15% higher in the Mabou River
watersheccompared to the NE Mabou River watershaad botHET estimatesrewithin
the potentiakET (PET) over the field seasaralculatedby the Penmain Monteith equation

(0.425 m; Appendix I).

Table6: Water balance for the Mabou River and NE Mabou River watersheds segmented
into seasonal and annual period3ff-season Q (Jan. 1- May 5, 2019, Oct. 22Dec. 31,

2019) was estimatg@st.)based on temporal patterns observed in Nova Scotia watersheds
(Appendix ).

P Qr Qo ET QP QalP oo
Ml [m [m  [ml [%] [%]
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 0.2 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 0.2 21 45 0.68
Off-season (est.) 0.87 031 0.46 0.1 35 53 0.60
Annual (est.) 1.52 0.45 0.75 0.3 28 50 0.63
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2.4 DiscuUssIiON& CONCLUSION

2.4.1 Groundwater i Surface Water Interactions
2.4.1.1 Oceani Aquifer Interactions

The head observations in coastal piezomeiteraddition to the FFT analysis
providesinsight into the connectivity betweehe coastal aquifer amatean(Figure 17;
Figurel8; Figurel9). Limited propagation of tidal sigreihdicates that the coastal aquifer
has lowdiffusivity and connectivity with theéharbour however the two systms are
hydraulically connected as displayed by the rapid increase inwigaa Lindy lower was
inundated duringa posttropical storm Eigure 17). This limited tidal influence on the
aquifer may result in a relativegmall upper saline plunmdue to tidal forcingRobinson
et al, 2006) andthus anarrowcoastal mixing zoneQMZ) between the fresh and saline
groundwater.The location andyeometryof the CMZ is typically dependent oriresh
rechargek, tidal range and sea levgbkuch that the widthas been reported to vainpm
<1 m tokilometers(Robinson et al., 199&lompandVan Cappellen, 2004&Robinson et
al., 2006. It is also conceivable thahe relatively low-K and steephydraulic gradient
compared toother coastal aquifexr would affect the landward extent tie CMZ. For
instance a steep gradient would limit tHerizontalextent of infiltrationdue to gradient
reversals during high tidégigure22). In addition to the lack of tidal influencgshwater
conditionsobservedt Lindy lower andLindy uppersuggest hat the CMZ does not extend
significantly beyond the intertidal zondwowever, the seaward extent is unknown.
Modelling and field studies of strongly confineohstal aquifers yielohixing zones on the
scale of kilometers during periods of transgres¢{@roen et al., 200Kooi et al., 2000;

Kooi and Groen, 2001 Presumably, isuch circumstances, tlteastline transgression is

76



more rapid thaisaline recharge or diffusion, resultimga laggingsaltwater wedgdn the
Mabou Harbour drainage basil,for the localglacial sedimentsnd shallow bedrock
(Appendix V) arewithin two orders of magnitudsuggesting thathe shallow bedrock
aquifer is not strongly confined; thereforesgitinlikely that there idisequilibriumbetween
the salaterinterfaceandthe current coastlinecationresulting in a relativelynarrow

CMZ.

The relativelylow magnitude of SGbbserved in the harbour, relative to values
cited inthe literature (Taniguchi et al., 20024hdicatesa low degree of oceainaquifer
connectivity in Mabou HarbourThe higher magnitude SGD fluxes reportedtire
literature may be du® research bias towards coastlines with conditiaciitating greater
SGD fluxes; therefore, thistsidy may be more applicable to coastal watershediswn
permeability environmentdt is also plausible that the decreased aquifer connectivity and
respnse to tidal cycles would result in a dispromoratdy small amount of circulated
seawatedue tothe reduced effect of tidal pumpinguture research could focus on the

effects of lowpermeabilityenvironments 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 reversalsA) Shallow hydraulic gradient; B) steep
hydraulic gradient, such as observed in Mabbow hydraulic conductivity irthe coastal
aquifer would also impact the landward infiltration of seawatering high tide.

2.4.1.2 Streami Aquifer Interactions

Both the Mabou and NE Mabou Rivers displayed strong stegpnfer
connectivity, due to thepermeable allual material in the fluvial valleysThe head
observationgrom floodplain piezometerselative to stream stageffers insight into the
groundwater dynamics duringpigh and low streamflowperiods Piezometer and
hydrometric data alsgield insight intoaquifer responsduring precipitation eventsThe
data fromthe 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 incresing hydraulic gradients and elevated piezometer heads relative to
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