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Abstract

Domestic water wells in Eastern Ontario were identified in potentially vulnerable fractured and
karst bedrock aquifers using geologic and geochemical data. A novel methodology is presented
that evaluates 3’Cs and ?1°Pbey as local indicators of groundwater vulnerability. The method is
designed to determine the vulnerability of a specific well. Suspended sediment samples and
well-bottom sediment samples were collected from both potentially vulnerable and non-
vulnerable wells. Surface soil samples were also collected from West Rural Ottawa and the
Township of Alfred & Plantagenet in Ontario, Canada. Gamma spectroscopy was used to
analyze the samples and quantify the presence of the radionuclides in cps and cps/g. The
spectral data indicate no significant difference in the activities of 21°Pbex among samples, but a
significant difference in the activities of $3’Cs was observed between surface soil samples and
well-bottom sediment samples collected from vulnerable wells. The data suggest that 21°Pbg
does not act as a good indicator of vulnerable aquifers because of its geogenic origin. The
anthropogenic origin of $37Cs precludes this issue, and while 37Cs was detected in measurable
guantities at the surface, its use as an indicator of vulnerable aquifers is limited by hydrologic

and geologic controls that prevent infiltration in vulnerable terrains.
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1. Introduction

The protection of groundwater resources to ensure access to clean drinking water is paramount
for all communities. In Canada, approximately 30% of the population is reliant on groundwater
as the sole source of potable water (Environment Canada, 2013). However, a wide range of
human activities including agriculture, industry, and land development put groundwater at risk.
Protection of groundwater resources is particularly challenging in rural areas where residents
depend on domestic wells, that are not subject to the same regulations regarding water testing
and quality standards that municipal systems are. These unregulated private water systems can
unknowingly become compromised when harmful pathogens and contaminants are introduced

into the groundwater.

Groundwater in karst and fractured bedrock aquifers is particularly vulnerable to
contamination. In these environments there may be high permeability connections between
the surface and the sub-surface that can facilitate rapid recharge and infiltration. The fractures,
channels, and conduits that characterize these systems can quickly transport surface-sourced
contaminants into the aquifers (Hamilton et al., 2017; Igbal & Krothe, 1995). Overburden cover
on bedrock can protect karst and fractured bedrock aquifers by removing or reducing the risk of
contamination (Allen & Morrison, 1973; Conboy & Goss, 2000), so groundwater vulnerability is
heightened in areas of thin overburden cover. It is essential to identify hydrogeologically
vulnerable aquifers in order to protect groundwater resources and reduce or mitigate the risk

to human health.

Previous investigations have studied how vulnerable aquifers store and transmit water. Tracer
tests are commonly used to gain understanding of the physical, chemical, and biological
processes that control transport from a point of input to a point of output. Tracers can be
artificially injected into an aquifer and may include dyes (Levison & Novakowski, 2012), salts
(Goldscheider et al., 2008), or bacteriophages (Rossi et al., 1998) or tracers may naturally occur

such as specific conductance (Ravbar et al., 2011), suspended sediment (Massei et al., 2002), or



stable water isotopes (Abbott et al., 2000). Artificial and natural tracers have also been used
together to enhance physical characterization of groundwater systems (Auckenthaler et al.,
2002; Einsiedl, 2005; Mudarra et al., 2014). Groundwater vulnerability models have been
developed with Geographic Information Systems using spatial information to systematically
guantify the intrinsic vulnerability of an aquifer. Groundwater vulnerability models such as
DRASTIC (Aller et al., 1987) and GOD (Foster, 1987) use physical parameters to characterize the
hydrogeological setting and to assess the vulnerability of an aquifer. These models have been
expanded to account for the distinct hydrogeological behaviour and properties of karst aquifers
in specific models such as EPIK (Doerfliger et al., 1999), Pl (Goldscheider et al., 2000) and KAVI

(van Beynen et al., 2012).

In the coming years, growing populations are likely to stress aquifers with mounting demands
for withdrawals. Expanding human activity will also increase the risk of groundwater
contamination. It is necessary to develop practical and reliable methods to characterize and
understand the complexity of vulnerable environments (Levison & Novakowski, 2012) and
guide decisions regarding development and land use (Foster et al., 2013), while maintaining
safe drinking water supplies. It is particularly important to improve vulnerability assessment
methods in fractured bedrock and karst aquifers because of the unique challenges that
accompany the heterogeneity and anisotropy of these systems (Catani et al., 2020; Machiwal et

al., 2018).

1.1 Background and Literature Review

1.1.1. Characterization of Fractured Bedrock and Karst Aquifers

Low permeability crystalline and sedimentary rocks are present on every continent and cover
approximately 30 million km? of Earth’s land-surface (Krasny & Sharp, 2007). In many of these
hydrogeological environments, the rock matrix has insufficient connected primary porosity and
hydraulic conductivity to allow for groundwater utilization (Gustafsson, 1994). However,

substantial groundwater flow can occur in bedrock aquifers along secondary porosity features



that offer preferential flow paths (Sudicky & Frind, 1982). These features — including joints,
fissures, shear zones, bedding planes, faults, and other discontinuities — occur at a variety of

scales and herein are collectively referred to as fractures.

Early hydrogeological investigations revealed marked differences between porous and
fractured media. Pirson (1953) addressed these differences by presenting the concept of two
domains within fractured media — (1) intergranular porosity between mineral grains in the
matrix blocks; and (2) relatively permeable fractures. In general, a porous medium that exhibits
both domains is referred to as a dual-porosity or dual-permeability system (Krasny and Sharp,
2007). Depending upon the relative hydraulic properties of the matrix blocks and fractures, the

medium can be further classified into one of four gradational categories (Figure 1-1).

i

K> 0 Km=0 Kf>>Km
S£>0 Sm=0 Sf< Sm

Figure 1-1. Gradational hydrogeological classification of fractured media (modified from Streltsova,
1976; Krasny & Sharp, 2007). (A) Purely fractured media; (B) Fractured media; (C) Doubly porous media;
(D) Heterogeneous media. K¢ and K., are the hydraulic conductivities and Sf and S, are the storativities of
the fractures and matrix, respectively.

In purely fractured media the matrix has nearly negligible porosity and permeability, leaving
hydraulic conductivity and fluid storage to occur almost completely in the fractures. In
fractured media, the matrix is responsible for fluid storage, but again flow is dominant in the
fractures. In a doubly porous media, the matrix permeability can be relatively similar to fracture

permeability, but storage continues to occur predominantly in the matrix. Finally, formations



termed heterogeneous can occur in media where fractures become filled with material that has
a different permeability than the matrix rock. This distributes fluid storage more evenly
between the matrix and the fractures and restricts flow through the fractures, while promoting
flow through the matrix. It is important to understand the specific conditions in a given aquifer,
as variable hydraulic characteristics between matrix blocks and fractures affects transport

properties.

In carbonate rocks, karst weathering features may develop where there is extensive chemical
dissolution along secondary porosity features. The majority of karst aquifers form in soluble
carbonate rocks such as limestone, composed primarily of the mineral calcite (CaCOs), and
dolostone, composed primarily of the mineral dolomite (CaMg(CO3s)2) (Klimchouk et al., 2000).
These carbonate rocks are exposed over approximately 10% of the ice-free continental regions
on Earth and are believed to underly significantly more (Ford & Williams, 2007). As shown in
equations 1 and 2 below, both calcite and dolomite undergo chemical dissolution in the
presence of acidic water. In the natural carbonate geochemical system, these reactions are
primarily driven by carbon dioxide (CO;), which dissolves to form a weak acid that is introduced

with meteoric water that percolates through the soil cover (Plummer et al., 1976).

(1) H,O + CO> + CaCO3 «— Ca?"+2HCOs
(2) 2H,0 + 2C0O; + CaMg(COs), +—> Ca?*+ Mg?* + 4HCO3

As groundwater travels along preferential flow paths established by pre-existing secondary
porosity features, the very act of flow causes progressive chemical dissolution and the
enlargement of void space (Ford and Williams, 2007). This dissolution is the most important
process in the development of a karst aquifer, as it creates an interconnected network of
fractures through which groundwater flow can occur (Freeze & Cherry, 1979; Kresic, 2013). This
network is closely tied to other karst features such as sinking streams, caves, springs, and

sinkholes, creating a strong hydraulic connection between the surface and the sub-surface



(Vesper et al., 2013). As such, in addition to movement through fractures and matrix domains,
conceptualizations of groundwater flow in karst aquifers must also consider flow through
dissolution features. This distinction commonly results in karst aquifers being described as a

triple permeability or triple porosity system (Singhal & Gupta, 2010; White, 2017).

The nature of fractured crystalline bedrock and karst aquifers yield highly complex
heterogenous and anisotropic hydrogeological environments (Figure 1-2). In these aquifers,
substantial groundwater movement can occur rapidly and over large distances because of high
permeability preferential flow paths (Allen & Morrison, 1973; Personne et al., 1998). Transport
times can vary dramatically based on flow conditions, as it is typical for peak flow velocities to
be up to 100 times greater than base flow velocities (Vesper et al., 2013). Further, under a given
set of flow conditions groundwater movement in the matrix blocks and fractures may occur
independently, but under a separate set of conditions groundwater movement in the matrix
blocks and fractures may be closely linked. This complexity can be especially problematic when
a contaminant is introduced into the aquifer, as it may result in irregular and unpredictable

distribution of the contaminant (Malard et al., 1994).

Extensive hydrogeological characterization of the abundance, development, and connectivity of
fractures, channels, and conduits is needed to understand groundwater flow. This requires data
collection related to individual fracture properties such as orientation, density, aperture
(width), roughness, and length (Berkowitz, 2002; Singhal & Gupta, 2010). Moreover, at the
scale of hydrogeologic interest, factors such as in situ fluid distribution, changing stress
conditions, and geologic heterogeneity must also be considered in characterization (Neuman,
2005). However, the inaccessible nature of buried fractured and karst aquifers prevents this
type of comprehensive analysis. Consequently, field techniques are typically developed to
measure a response to the presence of fractures, instead of the physical aspects of the
fractures themselves (Berkowitz, 2002). This can make it difficult to obtain accurate data, which
may limit our ability to predict the occurrence and interconnectivity of fractures, and our

understanding of flow within the fracture network.



(A)

(B)

Figure 1-2. Conceptual diagrams depicting the high permeability connection between the surface and
sub-surface in two aquifer systems. (A) A fractured bedrock aquifer. (B) A karst aquifer where the black
infilled regions represent dissolution-enlarged secondary porosity features. Diagrams are not to scale.



It is thus well established that fractured crystalline bedrock and karst aquifers, particularly with
thin overburden cover, are vulnerable to contamination (Ford & Williams, 2007; Lapcevic et al.,
2017; Singhal & Gupta, 2010; Vesper et al., 2013; White, 2017). Additional and varied
methodologies are necessary to aid in understanding the complexity that accompanies these

systems and in determining the vulnerability of a specific well or aquifer.

1.1.2. Behaviour and Applications of *3’Cs and 21°Pb

The attenuation and transport of natural and anthropogenic radionuclides has been studied
over the past 50 years following an increase in global nuclear activity. In particular, the
particulate-reactive radionuclides *3’Cs and %1°Pb have been used extensively in tracer studies
concerned with the deposition, erosion, and transport of soil particles in the unsaturated zone
(Davis et al., 1984; Mizugaki et al., 2006; Putyrskaya et al., 2020; Wallbrink & Murray, 1993;
Walling & He, 1999; Y. Zhang et al., 2014). Other research focuses on 13’Cs and 21°Pb as
environmental contaminants and examines their fate and transport in saturated media

(Ohtsuka et al., 1988; Sidle, 2009; Turner et al., 2006).

Cesium-137 is a relatively long-lived anthropogenic radioisotope with a half-life of 30.17 years.
It was produced primarily as a result of thermonuclear weapons testing, from the 1950s to the
1970s, that released plumes of radioactive debris into the lower stratosphere (Kiss et al., 1988;
Yan et al., 2012). Atmospheric currents facilitated widespread global circulation of 13’Cs, though
this dispersion remained largely confined to the latitude belt of the test site (Di Stefano et al.,
2019). More recently, 13’Cs has been released into the atmosphere as a result of the nuclear
accidents at Chernobyl (1986) and Fukushima (2011). However, the low altitude of the emission
plumes has restricted the impact of these events to a local scale (Di Stefano et al., 2019; Ritchie
& McHenry, 1990). In all cases, the movement of 3’Cs from the atmosphere to the ground
surface (i.e., fallout) occurs largely with precipitation (Davis et al., 1963; Kiss et al., 1988; Yan et
al., 2012). Yearly fallout records indicate a distinct maximum deposition peak in 1963, prior to
the Test Ban Treaty, with generally decreasing fallout rates thereafter (Hirose et al., 2008;

Ritchie & McHenry, 1990).



Lead-210 is a naturally occurring radioisotope that also has a relatively long half-life of 22.6
years. It is one of the radioactive daughter nuclides of the 28U decay series and is derived from
the decay of ?2°Ra, via 222Rn, and a series of short-lived nuclides (Figure 1-3). Radium-226 is
found ubiquitously in soils and rocks and acts as a source for the continuous production of 2'°Pb
(Walling and He, 1999; Sidle, 2009). The ?!°Pb that is generated in situ by the decay of ??°Ra is
called supported %1°Pb and is in equilibrium with the parent 22°Ra (Figure 1-4). However, 222Rn
can outgas to the atmosphere from soils and rocks where it decays to 21°Pb that then adsorbs
onto aerosols and is returned to Earth’s surface with precipitation as fallout 2'°Pb (Lewis, 1977;
Wallbrink & Murray, 1993; Y. Zhang et al., 2014). This is referred to as unsupported or excess

210pp and it is not in equilibrium with the parent 2?°Ra (Figure 1-4).
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Figure 1-3. Portion of the 238U decay series with various radioactive decay modes and nuclide half-lives.
The #2°Ra, 2%2Rn, and 21°Pb isotopes are highlighted (modified from Sidle, 2009).



Once in contact with soil at the surface, both 21°Pb and 37Cs adsorb strongly and rapidly to

cation exchange sites on clay minerals and organic material (Sankar et al., 2018; Sidle, 2009;

Spezzano et al., 1994). It is generally accepted that this tendency renders both nuclides

essentially non-exchangeable and immobile (Kiss et al., 1988; Ritchie et al., 1973; Zapata &

Nguyen, 2009). As such, loss by biological uptake or natural chemical processes can be assumed

to be negligible (Dalham et al., 1975; Karamanos et al., 1975; Ritchie & McHenry, 1990). This

behaviour also limits downward infiltration into the soil profile, which results in an exponential

decrease in concentration with depth. It has been shown that '3’Cs remains concentrated in the

upper 5cm to 10cm of the soil profile, even decades after initial deposition (Koarashi et al.,

2019; Ritchie et al., 1973). Similarly, it has been shown that ?'°Pb tends to accumulate in the

upper organic-rich fraction of the soil profile (Benninger et al., 1975; Zapata & Nguyen, 2009).

Long-term mobility of both 37Cs and 2'9Pb within the environment is therefore predominantly

associated with physical redistribution of soil particles (Kiss et al., 1988; Walling and He, 1999;

Sankar et al., 2018).
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Figure 1-4. Representation of ?°Ra decay to supported (**°Pbs,p) or excess (*°Pbg,) 21°Pb.



Early transport models assumed that because of the strong tendency for particulate-reactive
radionuclides like 37Cs and %'°Pb to adsorb to mineral surfaces, they were essentially immobile
(Buddemeier & Hunt, 1988). However, testing at contaminated sites indicated that these
radionuclides tend to be associated with the mobile colloidal and particulate fractions of
groundwater (Flury et al., 2002; Kersting et al., 1999; Penrose et al., 1990). Field and laboratory
evidence suggests that strongly adsorbed radionuclides can be transported by fine particulates
(Grolimund et al., 1996; Saiers & Hornberger, 1996; Vilks & Baik, 2001), as they are generally
smaller than pores in permeable and fractured media. A majority of these studies focus on
migration in saturated porous media, largely in the context of radioactive waste management

and groundwater contamination.

Research related to particulate-facilitated transport of radionuclides in fractured media is far
less extensive and conclusive (W. Zhang et al., 2012). In particular, the irreversibility of
radionuclide sorption (Rumynin & Nikulenkov, 2016; Tran et al., 2018) and the main
mechanisms of transport (Froidevaux et al., 2010; W. Zhang et al., 2012) remain uncertain.
These unknowns are both discussed by (Smith & Degueldre, 1993) in their presentation of two
transport models specific to radionuclide transport at the high-level waste repository in the
crystalline basement of northern Switzerland. More recently, Tang and Weisbrod (2010)
presented the reversibility of radionuclide adsorption and variable means of transport in their
comparison of cesium and lead transport in a natural chalk fracture. Most notably, Sidle (2009)
proposed that high hydraulically conductive units transporting clay and colloid sized particles
with adsorbed radionuclides may be responsible for the elevated concentrations of 13’Cs and
excess 1°Pb in the shallow groundwater wells in the Shaker Valley Catchment, Maine, USA.
These findings are particularly relevant to the present investigation as Sidle (2009) suggests that
rapid colloidal transport and fracture flow may facilitate the accumulation of *37Cs and excess

210pp at depth in media with high hydraulic conductivity.
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1.2. Hypothesis and Research Objectives

It is proposed that elevated levels of 13’Cs and 2°Pb will occur in surface soils and consequently
will be detected at elevated levels in sediment-laden samples taken from vulnerable wells. In
contrast, it is proposed that 3’Cs and 2°Pb will be detected at very low levels in sediment-laden

samples taken from non-vulnerable wells.

The primary objective of this research was to develop a novel geochemical method using 13’Cs
and excess 21°Pb to assess aquifer vulnerability in fractured bedrock and karst geologic settings.

The approach was to:

1) characterize the distribution of known parameters of hydrogeological vulnerability in
the study areas to identify potentially vulnerable and non-vulnerable locations

2) determine if a qualitative difference could be identified between the radionuclide
indicators in potentially vulnerable and non-vulnerable locations, and

3) determine if a quantitative difference could be measured between the radionuclide

indicators in potentially vulnerable and non-vulnerable locations

1.3. Study Areas

This research was conducted in two regions of southeastern Ontario. The first of these areas,
the Township of Alfred and Plantagenet, is located 60km to the east of the City of Ottawa along
the southern shore of the Ottawa River. The second area, West Rural Ottawa, extends from the
City’s western most limit to the urban serviced boundary in the east (Figure 1-5). The West
Rural Ottawa study area is bounded in the north by the Ottawa River and the southern
boundary was determined by practical financial and time constraints on the sampling activities
for the 2019 West Ottawa Groundwater Study. Within the study areas, villages are primarily
serviced by water treatment plants pumping water from the Ottawa River. Outside of serviced

zones, homeowners rely on private water wells for potable water.
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Both areas are located in a mixed wood plains ecozone with cold winters and warm summers.
The coldest month is January and the warmest month is July, with average temperatures of -
10.2°C and 21.2°C, respectively (Environment Canada, 2021). Data collected from the Ottawa
weather station from 1981 to 2010 indicates that annual precipitation averaged 919.5mm/yr.
Approximately 19% of this precipitation fell as snow and 81% fell as rain (Environment Canada,
2021). The majority of groundwater recharge in southeastern Ontario occurs from mid-March
to early May as the snowpack melts, temperatures rise, evapotranspiration is low, and soil
moisture is close to saturation (Armstrong & Dodge, 2007; Singer et al., 2003). It is estimated by
Natural Resources Canada that in the Ottawa area only 10% of the precipitation that falls
infiltrates into the ground, with the balance lost to evapotranspiration or runoff (City of Ottawa,

2011).
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Figure 1-5. Location of the study areas in Eastern Ontario, Canada. Universal Transverse Mercator (UTM)
co-ordinates provided using North American Datum 1983 (NAD83) in Zone 18N.
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1.3.1. Bedrock and Surficial Geology

Both study areas are located within the limits of the former Ottawa Embayment, a former
sedimentary basin that experienced a marine incursion persisting from the Late Cambrian to
Upper Ordovician periods. Within this basin, Paleozoic sedimentary rocks were deposited
unconformably over Precambrian Canadian Shield crystalline basement rocks. These basement
rocks, such as metamorphic gneiss and marble with igneous intrusions of pegmatitic syenite,
were formed during the Grenville Orogeny that occurred from 1.3 to 1.0 Ga. Tectonic activity
and physical/chemical erosion in eastern Ontario has resulted in pervasive fracturing of the
Precambrian and Paleozoic bedrock (Brunton and Dodge, 2008). Outcrops of bedrock are found
with irregular distribution across the West Rural Ottawa study area and in the northeastern

region of the Alfred and Plantagenet study area.

The Paleozoic sedimentary rocks found in the study areas can be broadly described as
transitioning from sandstone and dolostones in the Upper Cambrian and Lower Ordovician to
interbedded limestones, shales, and siltstones in the Middle to Upper Ordovician. Figure 1-6
and Figure 1-7 show the Paleozoic units in the study areas in ascending order of deposition,
beginning with the Nepean Formation in the Late Cambrian and ending with the Billings and
Carlsbad Formations in the Upper Ordovician. The Nepean Formation is predominantly
guartzose sandstone with some conglomerates (Armstrong & Dodge, 2007). It is
disconformably overlain by shallow marine carbonate rocks of the Beekmantown Group, made
up of the Lower Ordovician March and Oxford formations. The March Formation is composed
of interbedded sandstones and dolostones, while the conformable Oxford Formation is
composed of some sandstone, fine-grained dolostone, and shaly dolostone (Johnson et al.,

1992).
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Figure 1-6. Bedrock geology in the Township of Alfred & Plantagenet. Universal Transverse Mercator (UTM) co-ordinates provided using North
American Datum 1983 (NADS83) in Zone 18N. Data obtained from OGS Miscellaneous Data Release 219.
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Figure 1-7. Bedrock geology in West Rural Ottawa. Universal Transverse Mercator (UTM) co-ordinates
provided using North American Datum 1983 (NAD83) in Zone 18N. Data obtained from OGS
Miscellaneous Data Release 219.
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The Rockcliffe Formation was deposited unconformably above the Oxford Formation during the
Middle Ordovician, following the progression of basin development (Johnson et al., 1992). It is
composed of interbedded quartz sandstone and shale, with some limestone present in the
upper portion of the formation (Johnson et al., 1992). The Ottawa Group, also deposited in the
Middle Ordovician, lies disconformably above the Rockcliffe Formation (Armstrong and Dodge,
2007). This group is made up of the Gull River, Bobcaygeon, Verulam, and Lindsay Formations,
all of which are observed in the study area. The Shadow Lake Formation is also found in the
Ottawa Group, but it does not crop out in southeastern Ontario. These formations are difficult
to distinguish due to repeating beds of highly fossiliferous interbedded limestone and shale
units, which indicates constant deposition in a deepening marine environment (Johnson et al.,
1992). Finally, under continually depressed basin conditions in the Upper Ordovician, the
Billings and Carlsbad formation shales were deposited. The Billings Formation is characterized
as a dark blue to black shale with interbeds of limestone and calcareous siltstone, while the
Carlsbad Formation is described as a grey shale with interbeds of fossiliferous siltstone and

bioclastic limestone (Armstrong and Dodge, 2007).

The sequence of Paleozoic sedimentary rocks is generally flat and relatively undeformed
compared to the underlying Precambrian basement rocks (Johnson et al., 1992). However,
during the Late Mesozoic, rifting activity occurred in association with the breakup of Pangaea
and the opening of the Atlantic Ocean. The tensional forces likely reactivated the failed triple
junction of the St. Lawrence rift system in addition to creating new fault lines. This resulted in
block faulting, which formed the Ottawa-Bonnechere Graben and produced complex regional
stratigraphy. The areas exhibiting the most extreme faulting are located near the shore of the

modern-day Ottawa River.

During much of the Quaternary Period, eastern Ontario was affected by multiple glacial
advances, the latest being the Wisconsinan glaciation (~75 to 11 ka). The physiography of the
region determined the patterns of ice flow during glacial advance, which eroded underlying

Precambrian and Paleozoic bedrock. Glaciation resulted in the widespread deposition of glacial
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till. The texture and composition of both the shield-derived and carbonate-derived silty to
sandy till was affected by the bedrock geology from which the unconsolidated sediments were
eroded. After deposition, the till was subsequently reworked in estuarine, lacustrine, and fluvial

environments (McCormack and Therrien, 2014).

Following the last glacial maximum at 18 ka, the Laurentide Ice Sheet began to melt, revealing
an isostatically depressed basin. This allowed for the incursion of the Atlantic Ocean through
the St. Lawrence Gulf, which formed the Champlain Sea (Figure 1-8). This marine water body
occupied the St. Lawrence Lowlands from approximately 12 ka to 9.5 ka, with conditions
becoming progressively shallower as isostatic rebound of the crust occurred. By 9.5 ka the
Champlain Sea had drained, conditions had shifted from marine to alluvial, and the proto-

Ottawa River was formed.

The Champlain Sea deposited massive grey to brown silty clays with lenses of silt and sand
(Quigley et al., 1983), known as the Champlain Sea mud. The sediments are very fine-grained
rock “flour” generated from glacial abrasion of the underlying bedrock. Mineralogically, the non
clay minerals consist of quartz, feldspar, amphiboles, and carbonates, while the clay minerals
are reported as predominantly illite and chlorite, with some smectite and vermiculite (Quigley
et al., 1983). The Champlain Sea mud is also reported to contain abundant organic carbon
(Fulton, 1987). Additionally, O’Shaughnessy and Garga (1994) report a high cation retention for
divalent cations such as Mg?*and Ca?* on the solid phase clays, with a much lower cation
retention for monovalent cations such as Na*. The Champlain Sea mud is expected to act as a
confining layer, which affects the recharge and infiltration of surface water into underlying

aquifers.
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Figure 1-8. Maximum geographic extent of the Champlain Sea at 12 ka (from Sanford 1993 based on
Occhietti 1989).

The distribution of Quaternary surficial deposits across the study areas are shown in Figure 1-9
and Figure 1-10. Based on the nature of the surficial deposits, Chapman and Putnam (1984)
identified nine physiographic regions in eastern Ontario. Two of these physiographic regions are
found within the Township of Alfred and Plantagenet. The low-lying Winchester Clay Plains are
found in the eastern portion of the Township and consist of fine-grained glaciomarine deposits
interspersed with ridges of rock, till, and sand. The Russell and Prescott Sand Plains are found in
the western portion of the Township and are dominated by coarse grained glaciomarine and

glaciofluvial deposits, intermixed with clays. An additional two physiographic regions identified
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by Chapman and Putnam (1984) occur within the West Rural Ottawa study area. The Ottawa
Valley Clay Flats, consisting of fine-grained glaciomarine deposits, interrupted by till deposits
and Paleozoic bedrock, are found along the shore of the Ottawa River. Finally, the Smiths Falls
Limestone Plain is found in the southern portion of the study area, where overburden is thin

and discontinuous, exposing the bedrock.
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Figure 1-9. Surficial geology in the Township of Alfred & Plantagenet. Universal Transverse Mercator (UTM) co-ordinates provided using North
American Datum 1983 (NADS83) in Zone 18N. Data obtained from OGS Miscellaneous Data Release 128.
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Figure 1-10. Surficial geology in West Rural Ottawa. Universal Transverse Mercator (UTM) co-ordinates

provided using North American Datum 1983 (NAD83) in Zone 18N. Data obtained from OGS
Miscellaneous Data Release 128.
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1.3.2. Previous Indications of Groundwater Vulnerability

The Jessup’s Falls Escarpment outcrops with an east-west orientation in the Township of Alfred
and Plantagenet. This feature was produced during the rifting of the Ottawa-Bonnechere
Graben in the Late Mesozoic and has been subject to extensive chemical dissolution (Brunton
and Dodge, 2008). There are several well-known karst features and landforms that occur along
the escarpment. Limestone pavement with near vertical fractures, bedding-plane joints, and
solution enlarged voids are all observed (Dyck et al., 2019). Taken together, these features
indicate that a direct high-permeability connection exists between the surface and the sub-
surface. Due to the rural nature of the study area, there are few opportunities for groundwater
testing using pre-existing water wells. However, seven domestic wells, located along a 2.2 km
segment of the escarpment, were monitored by Dyck et al. (2019). The investigation focused on
changes in hydraulic head, specific conductance, and O and H isotopic ratios, as they may

indicate a high-permeability connection.

A time-series profile showing hydraulic head and specific conductance data from one of the
seven wells monitored by Dyck et al. (2019) is presented in Figure 1-11. The data display a
consistent inverse relationship between hydraulic head and specific conductance. It is also
reported that the maximum change in both parameters occurs within 24 to 72 hours following
a precipitation event (Dyck et al., 2019). These observations demonstrate that the changes in
hydraulic head and specific conductance are closely coupled, and that an increase in hydraulic
head is caused by rapid infiltration of meteoric water into the aquifer following a precipitation

event.
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Figure 1-11. Hydraulic head and specific conductance data recorded in wells located in a vulnerable karst
terrain in the Township of Alfred and Plantagenet (from Dyck et al., 2019).

The isotopes of O and H in the water molecules of precipitation, surface, and groundwater
represent another tool that can be used to identify rapid infiltration and flow through fractured
and karst bedrock terrains. Dyck et al., (2019) monitored time series of O and H isotopic ratios
in precipitation and groundwater in an effort to identify high-permeability and rapid-transit-
time connections between surface and groundwater. Figure 1-12 shows &80 profiles for
samples collected over a two-month period from precipitation and from groundwater that
discharges into a quarry adjacent to one of the seven monitored wells. Most notably, the
precipitation and groundwater profiles show a coincidental decline in 6§80 following a two-day
55 mm precipitation event, in mid-late October. This event produced a signal, marked in the red
box, which indicates a near-simultaneous link between the isotopic composition of meteoric

water and groundwater, suggesting a high-permeability connection between surface water and
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groundwater. The relatively low magnitude for the signal in the groundwater §*80 profile is due

to dispersion and mixing (Dyck et al., 2019).
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Figure 1-12. §0 time-series from samples of precipitation and from groundwater collected from karst
fractures at the base of a quarry (from Dyck et al., 2019).
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Within the West Rural Ottawa study area, thin soils and the presence of karst features suggest
the potential for groundwater vulnerability. The presence of thin soils, defined as less than two
meters of overburden, has been mapped over more than 60% of the study area. (Figure 1-13).
This was determined following a regional characterization of groundwater geochemistry, which
identified distinct groundwater quality issues associated with thin to absent overburden
(Colgrove, 2016). In addition, known, inferred or potential karst features have been mapped
over approximately 50% of the study area (Figure 1-14). Known karst is mapped where karst
features have been observed directly, inferred karst is mapped where features are presumed
from known karst, and potential karst is mapped where the terrain may be susceptible to
karstification (Brunton and Dodge, 2008). However, direct observation of surficial karst features
in the study areas is limited due to glacial erosion and/or overburden cover on bedrock. As

such, buried karst systems may be far more extensive than mapped (Hamilton et al., 2017).
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Figure 1-13. Areas mapped with less than two metres of overburden in West Rural Ottawa.
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Figure 1-14. Distribution of known, potential, and inferred karst in West Rural Ottawa (GRS005, Brunton

and Dodge, 2008).
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2. Methods

2.1. Selection of Sampling Points

The sites identified for vulnerability testing in the Township of Alfred and Plantagenet were pre-
selected based on the information presented in Section 1.3. The sites identified for vulnerability
testing in West Rural Ottawa were selected based on data collected as part of the 2019 Ontario
Groundwater Geochemistry Program (OAGGP). A brief description of relevant aspects of the
OAGGP sampling program is given below, followed by a description of the vulnerability

identification process.

The 2019 West Rural Ottawa Groundwater Study area was overlaid with a 2 x 2 km? uniform
grid with the intent to collect a bedrock groundwater sample from each cell and an overburden
groundwater sample from cells in areas without thin soils. Of the 307 groundwater samples
that were collected, 263 were from wells finished in bedrock and 44 were from wells finished in
overburden material (Figure 2-1). Data gaps exist where grid cells did not contain wells and in
those with low population density, typical of areas that are predominantly agricultural, heavily
forested, or overlain by wetlands. In most instances the wells tested were pre-existing private
wells, which allow for rapid and relatively inexpensive testing. This sample selection method
may introduce bias because domestic wells are generally intended to provide a good quality
source of water, so it is probable that wells in aquifers with poor water quality are not
represented proportionately. Additional information on the sampling biases inherent to the

OAGGP protocol is provided by Hamilton and Lee, 2012.
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Figure 2-1. Location of groundwater samples obtained in West Rural Ottawa (n=307). Black circles
represent samples from wells finished in bedrock (n=263) and white circles (n=44) represent wells
finished in overburden material. Universal Transverse Mercator (UTM) co-ordinates provided using
North American Datum 1983 (NADS83) in Zone 18N. Data obtained from OGS Miscellaneous Data Release
219.
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At each site interviews were conducted with homeowners to gather details about the
construction of the well, the use of the water, the presence of any treatment systems, and any
historical water quality or quantity issues. Following this, a visual inspection of the well head
was conducted, GPS coordinates were recorded, and the well collar stick-up and static water
level were measured. Where the well depth could not be confirmed with a Ministry of the
Environment (MOE) well record or pump installation record, the depth of the well was also
measured. Water drawn from an untreated tap was then purged through a polyvinyl chloride
supply hose and manifold with outlets to a 120L purging bucket, a sampling hose, and a flow
through cell containing a YSI (YSI EXO 1) multi-parameter probe (Figure 2-2). This probe
measured and logged temperature, pH, specific conductance, oxidation-reduction potential
(ORP), dissolved oxygen, and turbidity. Samples were only collected once the temperature
reading was stable within 0.1°C, typically after the purging bucket had been filled twice
(~240L).

Untreated Purging
Tap Bucket

)

J PVE Supply Hose Hose Manifold Garden Hose | |

sampling TSI EXO 1 l
Hase Probe

Figure 2-2. Schematic of sampling and measurement apparatus used when collecting OAGGP
groundwater samples. Diagram not to scale.

The YSI EXO 1 was calibrated daily for pH and dissolved oxygen. The pH probe was calibrated
with a three-point calibration at pH 4, 7, and 10. The dissolved oxygen probe was calibrated to a
zero-oxygen standard solution and a water sample with 100% oxygen. The YSI EXO 1 was
checked daily for electrical conductivity and turbidity. The specific conductance probe was

tested with a 1413 pS/cm solution and calibrated when required. The turbidity probe was
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tested with a 0 NTU standard and a 126 NTU standard and calibrated when required. The ORP

probe was checked weekly against a standard solution of +250 mV.

Methane (CHa) and carbon dioxide (CO2) measurements were made within 24 hours by
measuring the dissolved gas content in the headspace of temperature-equilibrated sample
bottles. Methane measurements were made using two sensors. The low-level sensor measured
methane between 0 and 25 000 ppmV and the high-level sensor measured up to 50 volume %
CHa. The low-level sensor was checked daily and calibrated when required using a 25 000 ppmV
CHa gas standard. The high-level sensor was checked weekly and calibrated when required
using a 50 volume % CHs gas standard. Carbon dioxide measurements were made with a single
sensor that was checked daily and calibrated when required using a 2.5 volume % CO; gas
standard and fresh air as 0%. The concentration of dissolved gas was then estimated using
Henry’s Law and the measured temperature and headspace gas concentrations (Mclntosh et
al., 2014). Hydrogen sulfide (H;S) content was measured in the field using the methylene-blue
method and a HACH colour disc test kit. A blank of deionized water was compared through a
rotating colour wheel to a prepared sample of the groundwater. No measurements were made
at sites where free oxygen was present and ORP was positive or where H;S wasn’t detected by

smell.

The selection of sites identified for inclusion in the study to test the use of excess 2:°Pb and
137Cs as tracers for identifying vulnerable aquifers in West Rural Ottawa followed a process of
hierarchical elimination illustrated in Figure 2-3. Only groundwater samples with a complete
geochemical data set and which were collected in wells finished in bedrock were considered.
Wells treated with an aerator were eliminated as aeration is typically applied ahead of the
pressure tank tap without a bypass, making it impossible to obtain an untreated sample. The
remaining wells were divided into one of two groups of potentially vulnerable or non-
vulnerable sampling sites based on whether or not there was more than 2 m of overburden.
This was determined using the GPS measurements recorded at the well head and the City of

Ottawa’s overburden ArcGIS layer.
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Figure 2-3. Flow chart showing site selection methodology for vulnerable and non-vulnerable sites.
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Within the two groups, the presence of dissolved oxygen and carbon dioxide were used to
evaluate the connectivity to the ground surface (atmosphere). As the only available source of
dissolved oxygen is the atmosphere, recently recharged groundwater should be near saturation
with respect to dissolved oxygen. Elevated levels of carbon dioxide likely occur when recharge
occurs through a soil zone and therefore are also used to indicate recently recharged
groundwater. As per Hamilton et al., (2017) the carbon dioxide and dissolved oxygen
parameters were combined, with equal weighting, into a single CO,-0; factor. This factor
supported the identification of areas subject to rapid recharge where there is a strong
connection between the surface and the subsurface. The third quartile of the CO,-0; factor
(14.3) was used as a threshold to identify potentially vulnerable regions. Those samples with an
overburden thickness greater than 2 m and a CO,-O; factor less than 14.3 were eliminated as
potential sampling locations. The final elimination step in selecting potentially non-vulnerable
sampling sites was to eliminate sites with dissolved oxygen values that were greater than 2.0%,
as anything below that could be reasonably explained by calibration error but anything above

that was not consistent with a potentially non-vulnerable environment.

Those samples with an overburden thickness less than 2 m and a CO,-0; factor greater than the
third quartile were eliminated as potentially vulnerable sampling locations. It is important to
note that unlike dissolved oxygen, carbon dioxide in groundwater has more than one source.
Examples include dissolution of calcite or dolomite and oxidation of organic matter and
methane. In most instances either carbon dioxide or methane will be the dominant gas in the
system, and they are present in oxidizing and reducing environments, respectively (Hamilton et
al., 2017). However, in cases where they co-exist at significant levels it is likely a result of (1) a
methanotrophic environment leading to partial oxidation of methane or (2) both gases being
produced from fermentation of hydrogenous organic matter (Hamilton et al., 2017). In these
instances (Figure 2-4), the presence of carbon dioxide has no relationship with recharge timing
or groundwater movement. Any remaining samples that were not classified as potentially non-
vulnerable that had a partial pressure of carbon dioxide (PCO;) greater than 0.01 atm and

methane greater than 3 ppmv were eliminated. Samples with hydrogen sulfide greater than
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0.02 ppm and samples with the presence of any dissolved oxygen and anomalously low ORP
were also removed, as these geochemical characteristics are indicative of reducing

environments.
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Figure 2-4. PCO; as a function of dissolved CH, in all bedrock wells sampled in West Rural Ottawa
(n=263). Red dashed lines show thresholds above which samples were eliminated from the site selection
process.

2.2. Sediment Sampling and Preparation

2.2.1. Suspended Sediment

Samples of suspended sediment were collected by attaching the polyvinyl chloride supply hose
to the previously identified untreated tap at each site. The sampling apparatus was modified to
include a Geotech Polycarbonate In-Line Filter Holder (Figure 2-5). The filter holder contained a
0.45 um cellulose acetate filter paper (142 mm diameter), through which approximately 20 L of
water was passed. Once the sample was collected, each filter membrane was stored in a plastic

Petrie dish and then dried in a field glove box for 48 hrs.
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Figure 2-5. Schematic of hose and in-line filter set up used to collect sediment samples. Diagram not to
scale.

2.2.2. Surface Soils

Samples of surface soil were collected from nine locations across the two study areas indicated
in Figure 2-6 and Figure 2-7. Sample locations were chosen in forest covered areas where the
surface soil was likely undisturbed for at least several decades. Two samples were collected
from the top layer of soil at each location, after the removal of surficial detritus, and were
stored in plastic Zip-loc bags. Leaves, twigs, and stones were separated from the sample and
then the samples were dried at 100°C for 12 hrs. After drying, the samples were sieved to < 37

pum and prepared for gamma spectroscopy analysis.
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Figure 2-6. Sampling locations for surface soil samples in the Township of Alfred & Plantagenet. Universal Transverse Mercator (UTM) co-
ordinates provided using North American Datum 1983 (NAD83) in Zone 19. Data obtained from OGS Miscellaneous Data Release 128.
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Figure 2-7. Sampling locations for surface soil samples in West Rural Ottawa. Universal Transverse
Mercator (UTM) co-ordinates provided using North American Datum 1983 (NADS83) in Zone 18N. Data
obtained from OGS Miscellaneous Data Release 128.
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2.2.3. Well-bottom Sediment

Samples of sediment from the bottoms of the wells were also collected from sites identified as
potentially vulnerable and non-vulnerable. To collect these samples, a 12.7 mm copper tube,
with a ball valve fitted to the end, was lowered on aircraft cable to the bottom of the well
(Figure 2-8). Once at the bottom of the well, the probe was raised and lowered several times to
fill the tube with a sediment slurry. The probe was then carefully pulled to the surface and the
contents were emptied in a sample bottle. This process was repeated as necessary to collect a
substantial sample from each well. After allowing the sediment in the samples to settle to the
bottom of the bottle, the excess water was decanted to isolate the sediment slurry. The sample
was then dried at 100°C for 4 hrs. After drying, the samples were sieved to < 105 pm and

prepared for gamma spectroscopy analysis.

-

Figure 2-8. Schematic of the probe used to collect sediment from the bottom of wells. Diagram not to
scale.
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2.2.4. Sample Preparation for Analysis

Suspended sediment samples: The dried papers were folded and rolled in an identical manner,
to maintain consistent geometry, and then inserted into scintillation vials. The vials were

capped and then inserted in the gamma spectrometer for analysis.

Soil and Well-bottom Sediments: Each of the surface soil and well-bottom sediment samples
were weighed, placed in vials and prepared for gamma counting following a simple and non-
destructive technique that allows for the simultaneous analysis of *3’Cs, total 2'°Pb and other
photo peaks used to estimate supported 21°Pb activity. Using a method modified from
Manolopoulou et al. (2003), each sample was mixed with 2% by weight activated carbon, which
is an adsorbent of 222Rn. The vials were centrifuged for 15 min at 4000 rpm to ensure consistent
geometry. All of the vials were then sealed with 12.7 mm of epoxy resin and capped. The epoxy
seal traps and retains the 222Rn produced by ??°Ra decay (Putyrskaya et al., 2015; Schelske et al.,
1994). All of the vials were then stored for 28 days to establish secular equilibrium between

226Ra, 222Rn, and their progenies.

2.3. Gamma Spectroscopy

Activities of gamma-emitting radionuclides were determined using data collected from an Ortec
High Purity Germanium Gamma Spectrometer (Model LS-1116) at the University of Ottawa and
data were analyzed using MAESTRO version 6.08 software. Samples were counted in
scintillation vials for 24 hrs (86400 s), consistent with previously reported methods (Joel et al.,
2017; Nisti et al., 2009). To confirm that a longer counting time would not result in a significant
difference in radionuclide activities, a paper blank and a suspended sediment sample were each
counted three times for 48 hrs. It was determined that, for each of *3’Cs and 21°Pb, the average
gross counts observed over 48 hrs were approximately double the average gross counts
observed over 24 hrs. Therefore, it was concluded that a longer counting time did not yield a
significant benefit. A two-point energy calibration was conducted using high purity potassium

chloride and calibrated using the 4°K 1460 keV y-emission and the 511 keV annihilation peak.
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No corrections were made for detector efficiency and self absorption as it was decided that
these corrections would result in relatively small changes in radionuclide activities and would

not alter the interpretation of the results.

For analysis of the suspended sediment samples, the activities of 3’Cs and ?1°Pb were
measured from the 661.66 keV and 46.65 keV y-emissions. The region of interest for 13’Cs was
defined as nine channels centered on the 661.66 keV peak and nine background channels at
low- and high-energy positions adjacent to the photo peak (Figure 2-10). The region of interest
for 219Pb was defined as eleven channels centered on the 46.65 keV peak and eight background
channels at low- and high-energy positions adjacent to the photo peak. The differences in the
widths of the photo peaks were chosen to give a reasonably good fit to the Gaussian shape in
the region of interest. Similarly, the difference in the widths of the background regions were

chosen to minimize error in the subtraction of underlying background radiation.

Additional photo peaks were considered in the analysis of surface soil and well-bottom
sediment samples to differentiate between supported and unsupported 21°Pb. Using gamma
spectroscopy, supported 2%Pb activity can be estimated by analyzing one of the several y-
emissions of 22Ra, 2*Pb, or 21*Bi. Unsupported 2!°Pb activity can then be obtained by
subtracting the estimated supported activity from total activity. The use of the 2?°Ra peak is
difficult because, although gamma emissions occur at five discrete energies during the decay of
226Ra, only the 186.2 keV y-emission has a sufficiently high branching ratio (3.64%) (IAEA, 2009)
to be measurable. However, without additional corrections this peak is unresolvable from the
235 185.7 keV y-emission, which is present in all natural samples (Patricio & Bonotto, 2021;

Putyrskaya et al., 2015).

Alternatively, supported 21°Pb can be determined from one of several y-emissions of the
daughter radionuclides ?'*Bi or 21*Pb. Given the low radioactivity of the samples and higher
detector efficiency at lower energies, 21*Pb was used to estimate supported 2°Pb activity. The

two most abundant ?1#Pb y-emissions occur at 295.2 keV (18.4%) and 351.9 keV (35.6%) (IAEA,
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2009). When considering the impact of unresolved interference from other peaks, it is expected
that the 234Pa 293.7 keV y-emission may contribute about 7.9% of the total counts in the 295.2
keV photopeak, while the 21!Bi 351.1 keV y-emission may contribute only about 1.6% of the
total counts in the 351.9 keV photopeak (Joshi, 1987). Therefore, because of the lower level of
interference and the higher branching ratio, the 351.9 keV photopeak was used to derive
concentrations of 22°Ra and estimate the activity of supported 2!°Pb. The region of interest for
214pp was defined as eleven channels centered on the 351.9 keV photo peak and eight
background channels at low- and high-energy positions adjacent to the photo peak (Figure 2-

10).

For each radionuclide measured in the samples, the counts, corrected for Compton scattering,
were determined using a method modified from Schelske et al. (1994). In each instance, the
average counts in the two shoulder regions were subtracted from the average counts in the
photo peak region, and then multiplied by the number of channels in the photo peak region
(Figure 2-10). The average background counts in the photo peak region for the blanks were
determined in the same way. Net counts for each radionuclide were then found by subtracting

Compton corrected background counts in the blanks from Compton corrected sample counts.
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Figure 2-9. Components of an idealized ?'°Pb region of interest used to determine count rates.

Prior to interpretation, each of the radionuclide net count values were corrected to a counting
duration of exactly 1 day (86400 s) and their respective branching ratios (Table 2-1). The net
count values for the soils and well-bottom sediments were also corrected to the sediment
mass. To evaluate a signal measured using gamma spectroscopy methods, limits of detection
must be determined (Figure 2-11). Following Currie (1968), the critical level (Lc) was determined
a posteriori to delineate the level above which a signal is detected. This value was calculated as
1.6408, where og is the standard deviation of the mean net signal of the blank. For the
suspended sediment analysis, the Lc was found to be 25 cps for 13’Cs and 41 cps for 21°Pb (Table
2-1). For the surface soil and well-bottom sediment analysis the Lc was found to be 17 cps/g for
137Cs and 65 cps/g for 21°Pb. The detection limit (Lp) was determined a priori and denotes the
level above which the analytical procedure can produce reliable detection (Currie, 1968). This
value was calculated as 2Lc. For the suspended sediment analysis, the Lp was found to be 50 cps
for 137Cs and 82 cps for 21°Pb. For the surface soil and well-bottom sediment analysis the Lp was

found to be 34 cps/g for 13’Cs and 130 cps/g for 21°Pb.
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Table 2-1. Critical level (Lc) and Detection Limit (Lo) determined for *’Cs and ?'°Pb

Radionuclide Critical Level (L¢) Detection Limit (Lp)
Suspended Sediment Analysis (cps)
137¢Cs 25 50
210pp 41 82
Surface Soil and Well-bottom Sediment Analysis (cps/g)
137¢Cs 17 34
210pp 65 130

Table 2-2. y-emission energies, central energy channels, and branching ratios for selected radionuclides
(IAEA, 2009)

Radionuclide y-emission Energy (keV) Branching Ratio (%)
210pp 46.65 4.25
235 185.7 57.0
226R 4 186.2 3.64
234pa 293.7 7.9
214pp 295.2 18.4
211j 351.1 1.6
214pp 351.9 35.6
187Cs 661.66 85.1

2.3.1 Preparation and Analysis of Blanks

Suspended Sediment Analysis: Blanks were prepared prior to sample analysis. Initially, two
paper blanks were prepared for the suspended sediment analyses, along with two drying
blanks, and two empty scintillation vials. Each was counted on the gamma spectrometer for 24
hrs. The paper blanks were filter papers removed from their packaging and inserted
immediately into empty scintillation vials. The drying blanks were filter papers left in the field
glove box for 48 hrs and then inserted into empty scintillation vials. Using the average counts
for each of the regions of interest, it was determined that the empty scintillation vials produced

the majority of the signal, with negligible contribution from the paper. Therefore, an additional
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six empty scintillation vials were counted for 24 hrs, for a total of eight blanks, in order to

guantify the background radiation in the regions of interest for all samples.

Soils and Well-bottom Sediment: Blanks were prepared for analysis of the soils and well-bottom
sediment using five scintillation vials, each with approximately 0.0160 g of activated carbon, a
septum, 13mm of epoxy resin seal, and a cap — as for the samples. These were counted on the

gamma spectrometer for 24 hrs.

43



3. Results and Discussion
3.1 Results of Hierarchical Elimination

The locations of the suspended sediment sampling sites are shown in Figure 3-1 and Figure 3-2,
where there are 20 potentially vulnerable and 4 potentially non-vulnerable locations. The final
sampling sites were selected by prioritizing those with associated MOE well records.
Additionally, the potentially vulnerable sampling sites were selected by prioritizing those with
high dissolved oxygen over those with high carbon dioxide, as the former must be sourced at
the point of infiltration. Suspended sediment samples were collected from sampling sites where
the well depth ranged from 13.9 m to 90.9 m below ground surface (bgs) and were found in
areas where the deepest unit penetrated was one of either the Gull River, Lindsay, Rockcliffe,
or Nepean formations or the Precambrian basement. In wells classified as potentially
vulnerable, the overburden thickness ranged from 0 m to 3.6 m bgs with an average of 1.4 m,
while in wells classified as potentially non-vulnerable the overburden thickness ranged from 0

m to 18.3 m bgs with an average of 8.7 m.

The locations of the well-bottom sediment sampling sites are shown in Figure 3-3 and 3-4,
where there are 9 potentially vulnerable and 10 potentially non-vulnerable locations. The final
sampling sites were selected using data that had been updated through quality assurance and
quality control procedures, and by prioritizing those with associated MOE well records.
Additionally, the potentially vulnerable sampling sites were selected by prioritizing those with
higher dissolved oxygen than carbon dioxide, those with thin soil cover, and where total
coliforms were recorded above 5 MPN/100mL. Well-bottom sediment samples were collected
from sampling sites where the well depth ranged from 16.4 m to 83.2 m bgs and were found in
areas where the deepest unit penetrated was one of either the Gull River, Lindsay, Oxford,
Bobcaygeon, or Verulam formations or the Precambrian basement. In wells classified as
potentially vulnerable the overburden thickness ranged from 0 m to 3.7 m bgs and an average
of 1.0 m, while in wells classified as potentially non-vulnerable the overburden thickness ranged

from 0 m to 36.6 m bgs with an average of 13.1 m. The single potentially non-vulnerable well
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with no overburden cover was included because it had also been included in the suspended

sediment sampling, so it was useful as a replicate.
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Figure 3-1. Sampling locations for suspended sediment samples in the Township of Alfred & Plantagenet. Universal Transverse Mercator (UTM)

co-ordinates provided using North American Datum 1983 (NADS83) in Zone 18N. Geologic data obtained from OGS Miscellaneous Data Release
219.
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Figure 3-2. Sampling locations for suspended sediment samples in West Rural Ottawa. Universal
Transverse Mercator (UTM) co-ordinates provided using North American Datum 1983 (NAD83) in Zone
18N. Geologic data obtained from OGS Miscellaneous Data Release 219.
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Figure 3-3. Sampling locations for well-bottom sediment samples in the Township of Alfred & Plantagenet. Universal Transverse Mercator (UTM)
co-ordinates provided using North American Datum 1983 (NADS83) in Zone 18N. Geologic data obtained from OGS Miscellaneous Data Release
219.
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Figure 3-4. Sampling locations for well-bottom sediment samples in West Rural Ottawa. Universal
Transverse Mercator (UTM) co-ordinates provided using North American Datum 1983 (NAD83) in Zone
18N. Geologic data obtained from OGS Miscellaneous Data Release 219.
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3.2 Suspended Sediment

Measurements of $3’Cs range from -36 cps to 42 cps (Figure 3-5A) with data points from all
wells falling below the Lp of 50 cps. Negative values in this dataset, and all other 3’Cs datasets,
result from subtracting the established background values from samples that were detected in
such low quantities that they cannot be reliably distinguished from the background. There is no
apparent relationship between the depth of the wells (Figure 3-6A) or the overburden thickness
and the measurements of *3’Cs activity (Figure 3-6A). However, positive values were only found
in those wells where the Lindsay or the Gull River Formations were the deepest unit
penetrated. As previously mentioned, these formations contain repeating beds of highly
fossiliferous interbedded limestone and shale units, which may be susceptible to karstification.
The results indicate that measurements of 13’Cs cannot be reliably distinguished from the
background, so this analytical procedure is not effective at distinguishing between potentially

vulnerable and non-vulnerable wells.

Measurements of total 21°Pb range from -72 cps to 227 cps and all except one of the values that
are greater than the Lp (82 cps) are from potentially vulnerable wells (Figure 3-5B). Negative
values in this dataset, and all other 21°Pb datasets, result from subtracting the established
background values from samples that were detected in such low quantities that they cannot be
reliably distinguished from the background. There is no apparent relationship between the
depth of the wells (Figure 3-7A) and the measurements of 21°Pb, but higher measurements
appear to be associated with thinner overburden cover (Figure 3-7B). In those wells where the
Lindsay Formation is the deepest unit penetrated, all of the values are above the Lp while
values from wells that end in the Gull River, Rockcliffe, and Nepean formations or the
Precambrian basement, range widely from -69 cps to 227 cps. These results indicate that the
measurements of 2!%Pb in the samples can be reliably distinguished from the background in
some instances and that higher 21°Pb values occur in wells that are designated as vulnerable,
due to thin overburden. However, since the 2!°Pb measurements from the suspended sediment

did not distinguish between supported and excess 21°Pb, it is not possible to determine if the
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elevated values in the areas of thin overburden are a result of infiltration of surface-derived,

excess 210pp.

The outcome from the analysis of the suspended sediment samples demonstrates that the total
counts are very low which leads to unsatisfactorily high counting error. As a result,
methodological improvements were implemented to increase the sediment mass, and thereby

total counts, and to distinguish between supported and excess 2°Pb.
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Figure 3-5. Measurements of (A) *¥’Cs and (B) total ?!°Pb in suspended sediment samples collected from
potentially vulnerable (green circle) and non-vulnerable wells (red square). Black lines indicate the
detection limit (Lp) calculated.
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Figure 3-6. Measurements of *¥’Cs in suspended sediment samples collected from all wells compared to
(A) well depth and (B) overburden thickness.
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Figure 3-7. Measurements of total 2!°Pb in suspended sediment samples collected from all wells
compared to (A) well depth and (B) overburden thickness.
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3.3 Surface Soils and Well-bottom Sediment

Measurements of $3’Cs in surface soil samples range from 102 cps to 377 cps (Figure 3-8A). All
of the data from the surface soil samples are above the Lp (34 cps). Measurements of 37Cs in
well-bottom samples range from -31 cps to 162 cps (Figure 3-8A). The data in Figure 3-8 are not
corrected for mass as this presentation allows for the assessment of the measured values with
respect to the detection limit. Values for one sample from each of the wells designated as
potentially vulnerable and non-vulnerable are also above the Lp. There is no apparent
relationship between '3’Cs and the depth of the wells (Figure 3-9A) or the overburden thickness
(Figure 3-9B). The single detectable data point in a well classified as potentially vulnerable was
from a well where the Gull River Formation was the deepest unit penetrated. As previously
mentioned, this formation contains repeating beds of highly fossiliferous interbedded
limestone and shale units, which may be susceptible to karstification. However, the inability to
detect 37Cs in the remainder of the wells suggests that sediment with adsorbed *3’Cs is not
being transported into the aquifers in sufficient quantities to allow for quantification with this

sampling and analytical procedure.

The data in Figure 3-10 are corrected for mass and presented in cps/g, herein referred to as
activities. The mean of each population is indicated by the horizontal line. While many of the
data points fall below the Lp, a one-way ANOVA was used to test the null hypothesis that all
three groups have the same mean value, and that random variation explains the observed
differences. The p-value of the one-way ANOVA is 0.019. Therefore, at a threshold of p-value <
0.05, the null hypothesis is rejected, suggesting that not all population means are equal. A
Tukey’s multiple comparison test is used to identify which of the population means differs
significantly from the others. The difference in the population means, 95% confidence intervals,
and p-values adjusted for multiple comparisons are shown in Figure 3-11. A statistically
significant result (p-value < 0.05) was only found in the comparison between potentially
vulnerable wells and surface soil samples. Therefore, the results suggest that this analytical
procedure is not effective at distinguishing between potentially vulnerable and non-vulnerable

wells.
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Figure 3-8. Measurements of (A) 1¥’Cs and (B) #'°Pbg, in surface soil (blue triangle) and well-bottom
sediment samples collected from potentially vulnerable (green circle) and non-vulnerable wells (red
square). Black lines indicate the detection limit (Lo) calculated.
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Figure 3-9. Measurements of ¥’Cs in well-bottom sediment samples collected from all wells compared

to (A) well depth and (B) overburden thickness.
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Figure 3-11. Difference in mean levels of 3’Cs and 95% confidence intervals for Tukey’s multiple
comparisons test. “SS” refers to surface soil samples, “NV” refers to potentially non-vulnerable well-
bottom sediment samples, and “V” refers to potentially vulnerable well-bottom sediment samples.
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Measurements of 21%Pbgy in surface soil samples range from 196 cps to 895 cps (Figure 3-8B). All
of the data from the surface soil samples are above the Lp (130 cps). Measurements of 21°Pbg, in
well-bottom samples range from -36 cps to 1324 cps (Figure 3-8B). Most of the data points
from the wells classified as potentially vulnerable and non-vulnerable fall below the Lp. The
results suggest a relationship with well depth (Figure 3-12A); with elevated activity of 21°Pbg
associated with relatively shallow wells, but there is no apparent relationship between 21°Pbg,
activity and the overburden thickness (Figure 3-12B). In those wells where the Precambrian
basement was the deepest unit penetrated, all of the data points are substantially above the Lp.
Other data points that are substantially above the Lp include those in wells where the deepest
unit penetrated was the Lindsay or Gull River formation. All of the surface soil data points are
above the Lp, which demonstrates that 21°Pbgy is present at the surface in quantities that are
detectable using this analytical procedure. However, the inability to distinguish between
vulnerable and non-vulnerable wells on the basis of 2!°Pbg, activity suggests that the influx of
210pp with surface-derived suspended sediment cannot be distinguished from 219Pbe, generated
from decay of 222Rn that is sourced and transported in the aquifer and subsequently

accumulated in the well-bottom sediment.
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Figure 3-12. Measurements of 2!°Pbg, in well-bottom sediment samples collected from all wells
compared to (A) well depth and (B) overburden thickness.
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The data in Figure 3-13 are corrected for mass and presented in cps/g, herein referred to as

activities. The mean of each population is indicated by the horizontal line. A one-way ANOVA is

used to test the null hypothesis that all three groups have the same mean value of ?1°Pbg, and
random variation explains the difference between the means. The p-value of the one-way
ANOVA is 0.433. Therefore, the null hypothesis is not rejected, and the population means are
considered to be equal. The results suggest that this analytical procedure is not effective at

distinguishing between potentially vulnerable and non-vulnerable wells.
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Figure 3-13. Activities of 2°Pbg, in surface soil (blue triangle) and well-bottom sediment samples
collected from potentially vulnerable (green circle) and non-vulnerable wells (red square). Black lines
indicate the sample mean.
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3.4 Mobility of Radionuclides
3.4.11%Cs

The contrast between activity of 3’Cs in the well-bottom sediment samples versus the surface
soil samples indicates that the low levels of 137Cs activity reported in the well-bottom sediment
samples result from ineffective transport from the surface to the depths of the aquifers. Since

the origin of 13’Cs in overburden material is exclusively from atmospheric fallout, it is expected

that the first barrier in downward infiltration results from characteristics of the soil profile.

It may be that even in areas with thin overburden cover, there is not adequate physical
redistribution of soil particles to facilitate the movement of *3’Cs adsorbed to particulate
fractions into the underlying aquifer. Jagercikova et al. (2015) compiled ninety-nine vertical
137Cs soil profiles sampled from varying locations in the Northern hemisphere between 1992
and 2007. It was found that the depth of the 37Cs activity peak was between 0 cm and 12 cm,
while the maximum depth at which 37Cs was detectable ranged from 12 cm to 60 cm
(Jagercikova et al., 2015). This is consistent with Abraham et al. (2018) who reported that at a
site with high-infiltration in Germany, the peak of *3Cs activity in the soil profile was found
between 6 cm and 9 cm, and the maximum detectable activity at a depth of 84 cm. A third
study that considered forty-five Hungarian soil monoliths ranging from 0 cm to 150 cm in depth,
reported that detectable activities of 13’Cs were only present in the upper 30 cm of the profiles
(Szabo et al., 2012). These studies support the explanation that where overburden material
covers vulnerable fractured or karst bedrock aquifers, 3’Cs may not migrate to a depth where

infiltration to underlying aquifers can occur.

In areas where there is no overburden cover, it may be that 37Cs migration is inhibited by other
physical factors. For instance, the mobile colloidal and particulate fractions may accumulate
within the irregularities of fracture surfaces, terminal flow paths, or other void spaces. Factors
related to well construction such as the depth of the well casing or the length of the screen may
also impact migration of fine particulates into the well-bottom. Additionally, even though

preferential flow paths exist in fractured bedrock and karst aquifers, it may be that the
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adsorbed 37Cs on fine particulates is not transported along these high permeability fractures to

the extent that measurable amounts can accumulate in the well-bottom.

3.4.2 21%pp

The results demonstrate that the measured net counts of 21°Pbg, are not an effective indicator
of potentially vulnerable and non-vulnerable wells. The low levels of 21°PbEx reported in the
potentially vulnerable well-bottom samples and the statistically insignificant difference
between the potentially non-vulnerable well-bottom samples suggest that this may be due to
the mobility of the parent 222Rn in the aquifer system. As shown in Figure 1-4, 222Rn gas is
released from the decay of a 22°Ra atom. Though ??°Ra does not easily diffuse, a significant
activity of 22°Ra can accumulate along fracture surfaces, due to its long half-life of 1600 years,
where it adsorbs onto ion exchange minerals (Wood et al., 2004). When the ??°Ra in the mineral
matrix decays to the daughter 222Rn it becomes more readily diffusible and is released to the
groundwater and to fracture voids in the unsaturated zone. Also, when the ??°Ra atom decays
to 222Rn, the energy generated can carry the 222Rn recoil nucleus approximately 40 nm, resulting
in one of three scenarios (Figure 3-14): (1) it can travel this distance and remain embedded
within the same grain; (2) it can migrate into an adjacent grain; or (3) it can be released into an
open pore space (Tanner, 1980; Schumann, 1993; Krupp et al., 2017). As such, a distance of
only a few millimeters from the fracture’s edge can reasonably contribute to the total 22Rn
concentration within the aquifer void space or groundwater (Skeppstrom and Olofsson, 2007).
The ratio of the number of radon atoms that remain embedded within a radium-bearing grain

to the number of radon atoms emitted is called the radon emanation coefficient (REC).
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. Radium atoms O Radon atoms

Figure 3-14. Conceptual diagram depicting three possible scenarios resulting from radium decay
(modified from Tanner, 1980).

The emitted radon atoms can then dissolve into flowing groundwater or partition into an
available gas phase, such as in void spaces, fractures, or the well bore. Radon-222 gas can be
carried short distances by diffusion and to longer distances by advection (Skeppstrom and
Olofsson, 2007; Gregoric et al., 2013). As the concentration of radon in groundwater is many
orders of magnitude too small to migrate independently by advection, it is suggested that
radon becomes mixed with a primary carrier gas such as CO,, CHs or Nz during transport
(Somogyi and Lenart 1986; Malmaquvist et al., 1989; Etiope and Martinelli, 2002). This mode of
transport may be limited as it requires a relatively fast-moving advective fluid (Etiope and
Martinelli, 2002). Advective transport may be further limited in recharge areas where the
upflow of gases is inhibited by the movement of water (Gascoyne et al., 1992). Taken together,
it is likely that in some instances ?22Rn is unable to penetrate the overburden material and

escape into the atmosphere. Instead, it is transported from the source region, but remains
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trapped in the subsurface, such as in the well bore, where it decays in the sub-surface gas
phases and creates a source for 21°Pbg, (Figure 3-15). This makes it impossible to distinguish
between the ?1°Pbe, generated in this manner from that which has been transported into the
aquifer as atmospheric fallout. This proposed mechanism may account for the similarity
between the 21%Pbe, group means in potentially vulnerable and non-vulnerable well samples.
The 21%Pbg, population mean in the surface soils may be attributable to a variety of factors that
impact RECs. Two important factors that control the soil’s REC are grain size and grain shape, as
they influence the concentration of 22Ra close enough to the grain’s surface to allow for 222Rn
emanation (Schumann, 1993). Other factors include the concentration and distribution of %2Ra,
the internal porosity of the grain, and the presence of impurities in the crystal lattice (Krupp et

al., 2017).

The low activities reported in all of the samples may be due to a combination of low RECs and
low concentrations of 22°Ra in the areas sampled. The latter view is supported by the fact that
the three potentially non-vulnerable data points found above the Lq were all collected from
wells where the deepest unit penetrated was the Precambrian Formation. Due to its
metamorphic and igneous nature, it is likely that this formation contains more 238U, and thus
226R3, than the other formations found within the study areas. The analytical procedure may
also be responsible for the low activities of 2!%Pbg, reported in the samples. As previously
mentioned, self-adsorption of y-emissions by the sample is a principal difficulty in low energy
gamma spectroscopy and no corrections were made to the data to account for this. Further,
the low branching yield for 21°Pb at the 46.65 keV y-emission and the relatively small sample
mass, may have contributed to the procedure being insufficiently precise to yield an adequate

quantitative estimate of excess 21°Pb activity.
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Figure 3-15. Conceptual model describing controls on the distribution of 2°Pbg, in vulnerable and non-
vulnerable bedrock aquifers. Decay of 222Rn occurring in (A) void space and (B) fractures. Diagrams are

not to scale.
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4. Conclusions

This study tested the potential for a novel geochemical method using 13’Cs and 21%Pbg to assess
aquifer vulnerability in fractured and karst bedrock aquifers. The long-term mobility of both
137Cs and 21°Pb are predominantly associated with physical redistribution of soil particles, as
both radionuclides have the tendency to strong and rapidly adsorb to clay minerals and organic

matter.

Analysis of suspended sediment samples demonstrated low total counts and thus poor
analytical precision. However, in some instances the measurements of total 21°Pb were reliably
distinguished from the background and found to occur in wells in areas with thinner

overburden over bedrock.

The methodology was improved by collecting larger masses of sediment from the bottom of
wells, allowing better analytical precision. Analysis of surface soil samples demonstrated that
both 137Cs and ?1%Pbey are present at the surface in detectable quantities. However, the inability
to detect 137Cs in the well-bottom sediment samples indicates that sediment with adsorbed
137Cs was not transported into the aquifers in sufficient quantities to allow for quantification.
Additionally, the influx of 21°Pb with surface-derived suspended sediment cannot be
distinguished from 21°Pbg, generated from the decay of 222Rn that is sourced and transported in
the aquifer. The results from the analysis by gamma spectroscopy suggest that the geogenic
origin of 219Pbg, and the hydrologic and geologic controls inhibiting downward mobility of 137Cs

prevent the use of these radionuclides as reliable indicators of aquifer vulnerability.

The results from the hierarchical elimination of domestic wells in West Rural Ottawa indicate
potentially vulnerable wells in areas of fractured and karst bedrock aquifers with thin
overburden. Future research may succeed in identifying and developing additional techniques

to improve vulnerability assessment methods in these geologic settings.
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Appendices

Appendix A: 13’Cs and 2!%Pb Dataset for Suspended Sediment
SampleID  ’Cs(cps) 2°Pb(cps) Well Depth(m) Overburden Thickness (m) Deepest Unit Penetrated Easting  Northing
18-AG-836 16 -25 23.0 5.2 Precambrian 406360 5034119
18-AG-893 2 105 33.0 18.3 Rockcliffe 416787 5034007
18-AG-684 8 -6 68.2 11.2 Verulam 421935 5017119
18-AG-752 16 -72 82.7 0.0 Bobcaygeon 404476 5016877
18-AG-776 -15 141 66.7 1.8 Precambrian 408148 5030031
18-AG-771 1 -42 13.9 2.2 Gull River 403865 5022970
19-AG-903 -20 2 53.1 3.6 Gull River 420900 5033930
19-AG-902 -18 118 45.6 1.2 Rockcliffe 420356 5034188
19-AG-901 -12 -69 38.0 3.0 Rockcliffe 421281 5033149
19-AG-898 -1 -4 75.8 0.0 Gull River 424267 5031584
19-AG-935 15 227 60.6 2.7 Gull River 422494 5034985
18-AG-706 31 -30 59.7 3.6 Gull River 420967 5006823
18-AG-674 3 16 38.8 1.0 Gull River 415887 5014318
18-AG-734 -2 45 21.2 0.9 Nepean 410344 5013953
19-AG-915 7 -43 29.7 15 Gull River 424674 5034052
19-AG-897 -5 -51 18.2 0.3 Gull River 423696 5035184
19-AG-971 10 103 16.3 0.6 Gull River 420639 5035900
19-AG-891 -36 132 40.3 0.9 Gull River 418963 5036284
19-AG-986 -9 4 43.7 0.6 Gull River 490603 5044940
19-AG-987 -18 181 44.2 0.0 Lindsay 496261 504907
19-AG-988 -16 96 64.3 0.9 Lindsay 496124 5045110
19-AG-990 12 113 32.7 0.0 Lindsay 496113 5044972
19-AG-991 42 131 36.2 2.1 Lindsay 497364 5044605
19-AG-992 17 123 90.9 0.3 Lindsay 495629 5045220
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Appendix B: 37Cs and 21°Pb Dataset for Surface Soils and Well-bottom Sediment

SampleID  '%°Cs (cps/g) *'°Pb (cps/g) Well Depth (m) Overburden Thickness (m) Deepest Unit Penetrated Easting Northing
Surface Soil Sediment
SS1 183 407 - - - 425175 5032697
SS2 110 207 - - - 422235 5035993
SS3 123 347 - - - 404861 5038167
SS4 236 502 - - - 409965 5013069
SS5 125 345 - - - 423459 5021220
SS6 102 196 - - - 426815 5011356
SS7 181 331 - - - 497481 5044553
SS8 377 665 - - - 495936 5045373
SS9 363 895 - - - 496087 5044733
Well-bottom Sediment
19-AG-999 10 138 44.8 16.8 Oxford 419883 5030195
19-AG-868 14 -36 66.4 13.4 Gull River 408168 5040370
18-AG-837 -7 1029 26.2 12.2 Gull River 404057 5038466
18-AG-836 19 735 23.2 5.2 Precambrian 406360 5034119
19-AG-880 -2 244 51.8 36.6 Bobcaygeon 415652 5036510
18-AG-826 11 832 32.0 9.1 Precambrian 405914 5032400
18-AG-831 3 56 31.1 17.1 Oxford 404854 5036443
18-AG-752 -4 0 83.2 0.0 Bobcaygeon 404476 5016877
19-AG-905 -21 171 30.5 25.9 Oxford 416598 5032161
18-AG-682 35 -2 24.4 7.3 Verulam 421177 5016882
19-AG-987 -12 414 44.5 0.0 Lindsay 496261 5044907
19-AG-990 18 260 32.9 0.0 Lindsay 496113 5044972
19-AG-986 -3 29 43.9 0.6 Gull River 496603 5044940
19-AG-898 -31 19 76.2 0.0 Gull River 424267 5031584
18-AG-764 12 1324 36.0 1.2 Precambrian 411626 5027808
19-AG-903 -6 -15 53.4 3.7 Gull River 420900 5033930
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