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ABSTRACT

Tracers are useful for assessing flow and transport mechanisms on both local and regional scales, and can provide
significant insight into regional flow system dynamics. The tracers utilized in this study include isotopes — specifically
deuterium, oxygen-18 and tritium. Tritium tracer studies have utilized anthropogenic inputs provided by i) nuclear
weapons testing which peaked in the 1960s and ii) local input since the early 1970s by fall-out from nuclear power
generation. This paper summarizes the insight gained to date from isotopic tracers and the implications to flow system
dynamics, particularly the hydraulic nature of aquitard units and erosional valley infill sequences.

RESUME

Les traceurs sont utiles pour I'évaluation les flux et les mécanismes de transports aux échelles locales et régionales, et
peut fournir la perspicacité significative dans la dynamique régionale des systemes de flux hydrologiques. Les traceurs
utilisés dans ce contexte incluent des parametres chimiques inorganiques et des isotopes, particulierement le
Deutérium, I'Oxygéne-18 et le Tritium. Les études de traceurs au Tritium ont eu recours aux apports (sous-produits)
anthropiques associés aux essais associés aux missiles nucléaires qui ont culminés dans les années 1960, ainsi
qu'aux apports locaux en provenance des stations de production d'énergie d'origine nucléaire a partir des années 1970.
Cet article résume la connaissance acquise a ce jour grace aux traceurs isotopiques et sa contribution a la dynamique
des systémes de flux, particulierement en ce qui a trait a la dimension hydraulique des unités d'aquitards et aux
séquences d'érosion-accumulation en zone de vallée.

1 INTRODUCTION

Water resources management is evolving, with an increased need for regional scientific understanding that spans
political boundaries and can be incorporated into the planning process. Since 2001, a number of Municipalities and
Conservation Authorities situated in south-central Ontario have been collaboratively conducting regional hydrogeologic
investigations (see YPDT-CAMC study area in Figure 1). This regional understanding can then provide input and context
for the range of issues that these agencies must address and allows for an integrated and consistent set of planning
policies related to groundwater resource protection.

The technical hydrogeologic program of this collaborative involves three main components:

e Database of all geologic and water information including borehole, well, streamflow, climate, water use and water
quality information;
e Three-dimensional hydrogeological interpretation; and
e Numerical flow modelling tools to help analyse the regional and local flow systems.
All components are updated and refined as new information and understanding is obtained. Further information may be
found at www.ypdt-camc.ca.

Obtaining an adequate understanding of flow system dynamics is often hindered by the lack of a regionally
dispersed long-term monitoring network. Many studies on prediction of regional aquifer/aquitard dynamics are
conducted using numerical model derived estimates, or spatially and temporally limited tests (e.g. pump test, slug tests,
laboratory tests on soil cores) which are not representative of the long-term bulk behaviour of the media. Field-based
tracer studies provide a method for addressing both flow and transport mechanisms on both a local and regional scale.
When combined with other physical and geophysical data, tracer studies can provide significant insight into regional
flow system dynamics.

Isotopic tracer studies were initiated in the early 1990s in the Duffins Creek watershed (just east of Toronto) along
the north shore of Lake Ontario to investigate the flow of groundwater through till aquitards encompassed within a three
aquifer regional flow system (Gerber and Howard, 1996). Subsequent analysis has expanded the spatial distribution of
sampling across south-central Ontario. The tracers utilized in this program include isotopes — specifically deuterium,
oxygen-18 and tritium. Tritium tracer studies have utilized anthropogenic inputs provided by i) nuclear weapons testing
which peaked in the 1960s, and ii) local input from nuclear power generation fall-out (since the early 1970s).
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This paper summarizes the insight gained to date from isotopic tracers and the implications to flow system
conceptualization and dynamics, particularly the hydraulic nature of aquitard units and erosional valley infill sequences.
These features are interpreted to exert significant control over regional flow systems within the Great Lakes basin.
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Figure 1: Location of study area - south central Ontario.

2 PHYSICAL SETTING

The Oak Ridges Moraine (ORM) is a 160-km long ridge of sand, silt and gravel deposits oriented in an approximately
east-west direction north of Lake Ontario (Figure 2). This feature extends from the Niagara Escarpment in the west to
the Trent River in the east. The aquifers within ORM deposits serve as a source of drinking water and provide
groundwater discharge to headwater streams along the flanks of the moraine.

The bedrock geology consists of Paleozoic carbonate rocks in the east, north and western portions of the study area
(Johnson et al, 1992). The central study area is underlain largely by shale. The Paleozoic sequence onlaps
Precambrian rocks situated to the north (Armstrong et al., 1999). A major bedrock valley system, known as the
Laurentian bedrock valley, trends from Lake Huron (Georgian Bay) to Lake Ontario in the Toronto area. Tributary valley
systems to the Laurentian emanate from higher elevation areas along the Niagara Escarpment and Precambrian
highlands to the northeast.

The Quaternary sediments that overlie bedrock across much of the study area represent deposition and erosional
processes occurring over the last 135,000 years. This sequence consists of an alternating package of glacial (till and
diamict) and interglacial sediments (lacustrine and fluvial). The thickest Quaternary sediment sequences, exceeding
200m thick, are associated with bedrock valley infill deposits and the Oak Ridges Moraine. Areas away from these two
features are largely carbonate rock overlain by thin sediment.

Appreciable thicknesses of unconsolidated sediment contain a three aquifer system with aquifer units occurring
within lacustrine and fluvial deposits (Figure 3). Shallow aquifer systems occur within the Inter-Newmarket sediments
(north of the Oak Ridges Moraine) and Oak Ridges Moraine and Mackinaw Interstadial sediments (along and south of
the moraine). Deeper aquifer systems occur within deposits of the Thorncliffe and Scarborough Formations (or coeval
equivalent) situated beneath the Lower Newmarket till (aka Northern till in the literature e.g. Gerber and Howard, 1996).
These deeper aquifer systems pinch out along higher elevation bedrock areas in the north, east and western parts of
the study area. Erosional channels have been cut into the stratigraphic package (Sharpe et al., 2004), often completely
through the Lower Newmarket till which leads to enhanced hydraulic connection between the shallow and deep aquifer
systems (see Figure 2 for interpreted tunnel channel locations). Bedrock aquifers are utilized in areas where thin
Quaternary sediments overlie carbonate rock. Further physical setting information and references are summarized in
Earthfx (2006).

3 METHODS
This paper utilizes isotopic analyses from a number of piezometers installed as part of various investigations conducted

at different times. The various sampling locations and associated references are shown on Figure 2 and listed in

Table 1. All investigations utilized a similar well
development and sampling protocol with all analyses

three well volumes were removed or purging was
conducted until pH, conductivity and temperature

conducted at the same laboratory.

Piezometers were evacuated prior to sampling. To
initially develop the wells which were drilled with mud
rotary drilling methods, a minimum of ten well volumes
were removed until the parameters pH, conductivity and
temperature stabilized. Prior to each sampling event,
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Isotope analyses were conducted at the University of
Waterloo Environmental Isotope Laboratory using
conventional preparation techniques. Results for oxygen-
18 and deuterium are expressed as delta units (8) in per
mil (%o) where
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62H (or 6180) = [(Rsample'Rstandard)/Rstandard] x 1000 [1]

Rsample and Regndard refer to the ratio of °H to 'H
(hydrogen), or °O to '®O (oxygen), in the sample and
standard, respectively. All results were normalized to
Vienna Standard Mean Ocean Water (V-SMOW = 0%o.)
with a precision of + 2.0 %. for 5°H and + 0.2 % for 5'°0.
Tritum (°H) contents of water were measured by liquid
scintillation counting after electrolytic enrichment of water
(£ 0.5 TU), or by direct counting (+ 8 TU). One TU equals
1 ®H atom per 10'® hydrogen atoms, or 0.118 decays per
second per litre (dps/L). One dps/L equals 1
Bequerel/Litre (Ba/L).

4  PRECIPITATION INPUT

4.1 2H (deuterium) and '®0 Input

The stable isotopes ?H and 'O are considered
conservative tracers for meteoric waters and are unlikely
to be altered significantly by water-rock interaction at
temperatures less than 50°C (Lawrence and Taylor,
1972). ®H and '®0 in groundwater are strongly influenced
by climatic conditions at the time of recharge and the
isotopic composition of shallow groundwater usually
reflects the average annual composition of local
precipitation. Some systems are able to preserve a
seasonally varying input (Fritz et al., 1987). The degree of
enrichment or depletion of these heavy isotopes partly
depends on the average annual surface air temperature
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Figure 2: Study area showing ground surface topography, sample locations and cross section location.
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u87 [ Notes/Assumptions (north of Oak Ridges Moraine) Notes/Assumptions (south of Oak Ridges Moraine) ]

1. Regional unconformity formed ~13.5 ka. Some of the Upper Newmarket till is truncated by 1. Upper Newmarket till may continue beneath moraine from north and pinch out

- erosional episode. Also can have this till draping into the valleys deposited subsequent to along south slope till plain near where mounds occur in till plain (e.g. north —

tunnel channel erosional event. There may be Kettleby Till remnants in valleys and along of Brougham and southwest of Claremont; headwaters of Highland Creek).

[ north flank of ORM. Locally, the Lower Newmarket till may be partially or completely eroded. 2. Lower Newmarket till & lacustrine deposits outcrop south of Lake Iroquois —
2. Thorncliffe deposits represent transition from predominantly fluvial sedimentation in the north shoreline.

- to predominantly lacustrine-subaqueous fan deposits in the south. 3. Mackinaw Interstadial (MIS)/Oak Ridges Aquifer Complex (ORAC) is ]
3. Sunnybrook Drift and Scarborough Formation largely truncated towards north along Simcoe intermittent south of ORM.
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Figure 3: North-south cross section. See Figure 2 for section location.

Table 1: Summary of results of isotopic analyses (all analyses for samples since 1989).
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Site depth 5'°0 (0/00) 8°H (0/00) 3H (TU) Source
(m) min max # min max # min max #
Groundwater
1/94 porewater -10.35 -7.97 18 -71.98 -62.78 18 <6 259 10 Gerber & Howard, 1996
groundwater -10.83 -9.77 18 -7414 6271 18 <0.8 205 8 Gerber & Howard, 1996
2/94 porewater -11.67 -8.86 31 -80.71 -62.59 31 <0.8 48.5 27 Gerber & Howard, 1996
groundwater -11.82  -10.53 23 -80.22  -72.89 23 <0.8 19 5 Gerber & Howard, 1996
Frenchman's Bay -10.17 -9.17 9 -65.55  -58.29 9 149 593 9 Meriano, 2007
Phillip's Lake -11.73  -10.10 2 -81.76  -67.00 2 51.4 28.8 2 White, 2004
P1 porewater -12.36 -9.44 25 -88.97 -48.71 25 8 43,5 22 M.M. Dillon, 1990; IWA, 1994a
__________________ groundwater 1274 784 65| -88.97 6068 37| <08  139.2 36 MM.Dilon, 1990;IWA,1994a |
EE4 -11.33 -9.90 8| -76.73 -67.63 8 na na - [WA, 1994b
EE10 -11.05 -9.37 6 -75.00 -63.94 6 na na - [WA, 1994c
EE11 -10.96 -8.50 30 -78.78  -61.09 30 na na - [WA, 19949
KK e 1106984 18] na__.___] na_ - l....na.__na_ - IWA1994d
C34B - Bolton -12.30 -8.98 64 -87.64 -60.46 64 <0.8 57.9 67 IWA, 1994i
G1 - Sutton -11.04  -10.20 3 -7467 6569 3 3.8 39 3 IWA, 1994f
M6 - Markham -11.22  -10.42 3 -75.56  -70.77 3 2.4 42 3 IWA, 1994e
VA-KingClty . .c 10811046 2| 7073 6986 2| 70 856 2 IWA1994h
YPDT-CAMC Essa 10th Line 86.3 -1228 -12.07 2 -84.21 -8225 2 5.2 8.3 2 this study
High Park (Scar) 412 -10.24 -10.08 2 -68.44 6840 2 <0.8 <0.8 2 this study
Boston Mills 160.0 -11.06 - 2 -76.59 -68.86 2 15 12.5 2 this study
Earl Bales Park (HT) 8.9 -9.44 - 1 -64.41 - 1 38.1 - 1 this study
Earl Bales Park (Scar) 99.9 -10.26 - 1 -70.17 - 1 3.5 - 1 this study
Port Perry 4th Line (TC) 6.1 -10.50 - 1 -69.51 - 1 51.1 - 1 this study
Port Perry 4th Line (Scar) 120.5 -14.53 - 1| -100.46 1 2.3 1 this study
Heart Lake Rd (TC) 48  -10.90 - 1 -71.70 1 29.3 1 this study
Heart Lake Rd (Scar) 17141 11.16  -11.04 2 -76.69 -73.60 2 <0.8 0.9 2 this study
Centreton (Rice Lake; TF) 45.9 11.20 - 1 -78.22 1 15.2 1 this study
_______ Centreton (Rice Lake; YT)___ . 176:2_ A%A1 - Al 7877 - Al 88 - tthisstudy
Sunderland MW1 8.9 -11.90 - 1 -84.00 1 23.6 1 data provided by Durham Region
Sunderland MW2 112  -11.80 - 1 -84.00 1 222 1 data provided by Durham Region
Uxville MW1 & MW2 (ORAC) 538 -11.86 - 1 -83.14 1 15.7 177 2 data provided by Durham Region
Uxbridge MW5 70.1 -11.61 - 1 -80.09 1 6.9 7.7 2 data provided by Durham Region
Uxbridge MW6 55.3 -11.73 - 1 -79.38 1 <0.8 - 2 data provided by Durham Region
subtotal 340 299 217
Surface Water
Phillip's Lake -4.00 -3.70 2 -43.00 -42.00 2 80 95.3 2 White, 2004
Bond Lake -5.00 -3.60 2 -47.00 -40.65 2 80.3 89.1 2 White, 2004
Lake Ontario at Pickering -7.53 -6.48 11 5470 -47.71 11 63.1 117.9 6 Gerber & Howard, 1996; IWA, 1994b-g
Duffins Creek headwaters -11.25 -7.89 12 -79.88 -58.04 12 22 51 12 R.E. Gerber, unpublished
Lindsay Creek (Bolton) -1.74 - 1 -27.32 - 1 57.8 - 1 IWA, 1994i
Beaver River at Sunderland -11.20 -11.00 2 -81.00  -80.00 2 na na - data provided by Durham Region
Note: Repeat values not reported in this table.

na - not analyzed

(Dansgaard, 1964). More depleted values indicate meteoric waters which were recharged during the winter or during a
period of cooler climate. Fritz et al. (1987) report &'20 of shallow modern groundwaters for the study area to range from
-9 to -12 %., which is similar to the long term average for the Ottawa IAEA precipitation monitoring station (IAEA, 1992).
When dealing with flow systems where groundwater may be hundreds to thousands of years old, the precipitation
input to the system may have changed over time. For example, groundwater interpreted to be >10,000 years old in
unfractured aquitards from various locations in North America are depleted in 5'%0 relative to modern meteoric waters
by at least 5 %o gDesauIniers et al., 1981; Simpkins and Bradbury, 1992; Remenda et al., 1994). Desaulniers et al.
(1981) interpret 5'20 of -17 %o in deep clay till groundwater near Sarnia to represent waters 11,000 to 14,000 years old.
Sklash et al. (1992) also report depletion down to -15 %. in clay till groundwater near Windsor with an interpreted age of
at least 7,000 years. Edwards and Fritz (1986; 1988) have produced a paleoclimate reconstruction for southern Ontario
using stable isotope ratios from fossil plant cellulose and lake marl. Their estimated 5'0 composition for meteoric water
recharged more than 11,000 years ago of -16.6 %. is comparable to deep clay till groundwater near Sarnia and Windsor.

4.2 3H (tritium) Input

Tritium is a radioactive isotope of hydrogen (half-life of 12.43 years) which is produced naturally in the upper
atmosphere by cosmic-ray bombardment. Since 1953, tritium has also been produced anthropogenically by
thermonuclear weapons testing and fall-out from nuclear power plants, the result being that the tritium content of
precipitation has increased by several orders of magnitude. Prior to 1953, the tritium content of precipitation was <25 TU
(Faure, 1986). Brown (1961) estimated a pre-1953 concentration of 15 TU for precipitation in the Ottawa valley region.
Fall-out from nuclear weapons testing peaked during 1963 (IAEA, 1992). Tritium levels within groundwater above 1 TU
are generally interpreted to indicate mixing with at least some post-1952 precipitation (e.g. Ruland et al., 1991).

Figure 4 illustrates average annual tritium concentrations in precipitation at the Ottawa IAEA station and select
Ontario Hydro Pickering Nuclear Generating Station monitoring locations (OPG, 2007). Data from the Ottawa IAEA
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station reflect natural cosmogenic generation, nuclear weapons testing fallout which peaked in 1963 and perhaps minor
Chalk River nuclear power generation fall-out (now off-line). Current tritum levels have declined to pre-1953
concentrations as estimated by Brown (1961). Radioactive decay and mixing within the shallow groundwater zone by
lower concentration precipitation since 1966 is expected to have diluted the bomb peak signal to values well below 100
TU. Monitoring stations located up to 12km from the Pickering Nuclear Generating Station contain elevated levels of °H
from reactor fall-out that gets incorporated into the local precipitation. For at least the local area, elevated levels of °H in
groundwater will represent recharge since 1953 (weapons testing) or recharge since the early 1970’s (nuclear
generating station fall-out).

Average Annual Tritium Concentration in Precipitation
100000 T T T T T T T T

—®— Pickering Nuclear Generating Station Boundary Average
@ - F10 Gharrywoo (7.5 ke from PNGS)

4 Station S on Hwy.7 (12 km from PNGS)

—— Ottawa IAEA statior

10000

1000

100

Tritium Concentration (TU)

10 t t t t t t
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Figure 4: Measured tritium concentration in precipitation.

5  RESULTS
51 8°Hand 3'®0

Cralg (1961 showed that °H and &'%0 are linearly correlated along a meteoric water line which can be defined globally
(3°H = 8 5'°0 + 10) and locally for each geographic region. Meteoric waters which deviate from this line are interpreted
as having been modified by evaporahon mixing W|th non-meteoric waters or biologic transformations (Fontes, 1980;
IAEA, 1981). Figure 5 shows a plot of 5°H versus 5'%0 for select samples along with a comparison to both the GMWL
and the Ottawa Meteoric Water Line (OMWL; 8°H = 7.63 '°0 + 6.53, Fritz et al., 1987). Drilling fluid for the various
investigations (a potentlal contammant to the natural groundwater isotopic results) has been obtained from Lake
Ontario, and displays &°H and &'0 concentrations which lie on an evaporation trend away from the meteoric water line
(slope of 4 to 6) consistent with the surface water source. These values compare favourably to values obtained for the
Niagara River and St. Lawrence River at the western and eastern ends of Lake Ontario by Yang et al. (1996). They also
compare to the Lake Erie evaporation trend reported in Huddart et al. (1999) and the Duffins stream headwaters
samples, also shown on Figure 5. Note that not all samples are plotted on Figure 5, however the range of results for all
analyses listed on Table 1 are covered in this figure.

As mentioned previously, 5'®0 of shallow modern groundwaters for the study area are expected to range from -9 to -
12 %o (Fritz et al., 1987). An apparent trend illustrated on Figure 5 is a depletion trend in shallow groundwaters moving
north from Lake Ontario. Results from sites close to Lake Ontario (e.g. Frenchman’s Bay; Earl Bales Park) contain 5'20
values in the -9 to -10 %. range. Further north Site 1/94 at -10 %., and even further north at Site 2/94 and the Duffins
headwaters (unevaporated) are at -11 to -12 %, the latter similar to average values in precipitation recorded at the
Ottawa |AEA station. Results from the stream source area within the Humber River watershed are also similar (Hinton
et al., 1998). In shallow groundwater at a site on the shore of Lake Erie at Point Pelee the concentration of -9 %. is
similar to that near Frenchman’s Bay (Figure 1; Huddart et al., 1999). This means that the 5'®0 precipitation input
across the study area likely varies depending on location and distance from Lake Ontario with average inputs similar to
those measured at the Ottawa IAEA along and north of the Oak Ridges Moraine and a more enriched input closer to
Lake Ontario. This reflects the incorporation of evaporated Great Lakes waters into the vapour mass, and ultimately
into the precipitation, as described in Gat et al. (1994) and Fritz et al. (1987).
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Oak Ridges Moraine Data
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Figure 5: 8°H versus &' °O for select samples.

5.2 Deuterium Excess

The stable isotopic signature of precipitation (and shallow groundwater) often reflects the origin of the vapour masses
that influence local climate. The Deuterium excess (d) is a parameter often considered to reveal the origin of these
vapour masses. The d is defined as

d=25°H-85"%0 2]

and will have values near 10 if precipitation follows the Global Meteoric Water Line (GMWL). A consistent vapour
source (e.g. Pacific Ocean, Arctic Ocean, Gulf of Mexico or Atlantic Ocean) controlling local climate would lead to
invariant d values. Local conditions and mixing of vapour sources throughout the year; however, lead to variation in the
local vapour masses (and hence precipitation) leading to locally varying meteoric water lines and variable d values. The
main controls over d include i) humidity (higher humidity — lower d); ii) snow and ice formation (lower T — higher d) and
iii) evaporation from surface water bodies whereby increased evaporation will lead to a higher d value in the resultant
evaporated water and local precipitation (Fritz et al., 1987; Gat et al., 1994).

Within the study area the meteorological regime is generally controlled by mixing of air masses originating over the
Gulf of Mexico and the Atlantic Ocean. Winter precipitation can be influenced by Arctic air (higher d) and summer can
be influenced by Pacific air masses (lower d) (Fritz et al., 1987). The annual average d for precipitation as measured at
the IAEA Ottawa and Simcoe stations are 12.2 and 11.5, respectively, with summer values being lower than winter
values (Fritz et al., 1987).

The d estimates for groundwater and Lake Ontario water from this study are shown on Figure 6. The results follow a
negatively sloped line trending towards the results for Lake Ontario. This indicates that the resultant recharge from
precipitation is from a vapour mass that is affected by evaporation from surface water, in this case the Great Lakes.
This is consistent with Gat et al. (1994), who estimate that the local vapour mass within the summer and autumn months
contains approximately 4.6 to 15.7% water content evaporated from the Great Lakes during the summer. It should be
noted that Gat et al. assumed only Pacific air mass precipitation contribution to the local area. These results are also
consistent with the apparent trend of '20 depletion within shallow groundwaters northward from Lake Ontario.

The above discussion assumes that mixing within the subsurface largely removes the variation in isotopic signatures
that occurs within the precipitation input. The groundwater signature then reflects long term climatic averages and
conditions that persist for extended periods throughout the time of recharge. Figure 7 illustrates results of 5'®0 and d
for four sampling events conducted since 1995 at Sites 1/94 and 2/94. Preliminary interpretation suggests that a
seasonal component may be preserved within the groundwater regime at both of these sites given the variation in 5'%0
outside of the precision range (+ 0.2 %.). This suggests that perhaps the flow system is much more active than
previously assumed; however, further testing is necessary.

5.3 Tritium

Howard and Beck (1986) completed hydrochemical studies in the south-central part of the study area and concluded
that shallow and deep aquifer systems were interconnected regionally and received a significant component of recharge
via overlying till units. This was later confirmed by Gerber and Howard (1996) and Gerber (1999).

All shallow groundwater samples contain tritiated water indicating recharge since the early 1950’s (bomb testing
source) and/or recharge since the early 1970s (nuclear reactor source). Many concentrations are above the naturally
produced tritium levels of 15 TU as recorded at the Ottawa IAEA station suggesting an anthropogenic input that
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produced elevated levels of tritium in precipitation since the 1970’s (Figure 4). The young tritiated groundwaters found
in the shallow system have migrated to deep aquifers at Port Perry, Boston Mills and Barrie (Essa 10" Line) which
represent tunnel channel locations (i.e. absence of Lower Newmarket till) and at Site P1 and Earl Bales park where the
Lower Newmarket till is present. Some of these deep samples may represent contamination with drilling fluid, although
all samples lie on the meteoric water line and do not appear to indicate mixing with an evaporated (i.e. Lake Ontario)
drilling fluid source (Figure 5). Contamination by drilling and installation fluids may persist, at least in aquitards, for
years as discussed by Remenda and van der Kamp (1996). Future sampling and analysis will further test the results
presented.

5.4 Apparent Groundwater Age

Groundwater age dating utilizing 'C has been conducted on deep confined groundwater (47-175 mbgs) contained
within the “Alliston Aquifer Complex” (Aravena and Wassenaar, 1993; Aravena et al, 1995). The “Alliston Aquifer
Complex” is described by the authors to occur immediately above bedrock within deep unconsolidated sediments in the
area to the west of Lake Simcoe, roughly coincident with the Laurentian bedrock valley. It is considered to be coeval to
deposits of the Scarborough Formation. The results from the Aravena studies indicate that a significant part of the deep
aquifer groundwater is less than 13,000 years old, with an older component in the central part of the aquifer estimated to
be 15-23,000 years old. The younger “modern” groundwater is found in wells 47 to 59 m deep snuated along the
western edge of the aquifer where recharge is expected to occur. ThIS groundwater is tritiated and has 5'%0 signatures
that range from -10.8 to -12.4 %.. The deeper, older waters have &' O signatures ranging from -13.5 to -14.7 %.. In
comparison, York Region has periodically (since 1985) analysed for '“C waters from four municipal wells screened
within the deep aquifer system (Holland Landing PW2 (72mbgs); Newmarket PW11 (79 mbgs); Newmarket PW16 (107
mbgs) and Aurora PW4 (101 mbgs)). Estimated “c age dates range from 1,800 to 9,600 years old; however, these
estimates have not been corrected for methanogenesis affects on the carbon pools within the aquifer. These
correctlons can be significant as discussed in Aravena et al. (1995), leading to reduced age estimates. Analyses for
5°H and &'®0 are currently being conducted for these wells. Previous analyses of deep groundwater (>80 mbgs) for
nearby wells within York Region have 8'°0 signatures ranging from -10 to -15.22 %.; however, *H analyses were not
conducted for these samples (Husain et al., 2007).

Oak Ridges Moraine data
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Solid Line: Annual Global average d = 10 (GMWL)
- Broken Line: Annual Ottawa average d = 12.2 (summer = 6.2 to 15.5; winter = 12.8 10 25.9; Fritz et al., 1987)
25 | - Dotted Line: Annual Simcoe average d = 11.5 (summer = 8.4 to 14.6; winter = 10.2 o 16.2: Fritz et al., 1987)

d (o/o0)

Lake Ontario

5 VPOT CAM e sy

25 -20 -15 -10 5 0
5'%0 (0/00 V-SMOW)

Figure 6: Deuterium excess (d) versus 5'°O.
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Site 1/94 and 2/94

35
January  'February August | T September
1995 | 1996 2000 | | 2007
| v | I
-10 — —L ! 30
= o
S - - — = a—-——125
s . | | R s
g L] \‘ | | ﬁ
2 3 | | ]
o 1t --—--- K-~ —-—-—-—-= === = = === —— == 0 g
2 7 —2—1/943 (HT) £
< —6—1/94-2 (MIS) H
9 x | 1/94-4 (Nt-sa) 3
b 1 X E —e—1/94-1 (Thorncliffe) 3 15 °
****** g********** m 2/94-4 (MISIORAC) g”’
g & + 2/94-3 (MISIORAC)
i X 2/94-1 (Nt-sa)
E 2/94-5A (NY)
SR S . = - 2/94-58 (Ni) ————tlw
| ® 2/94-2 (TF)
| O Site 1/94d
| X Site 2/94d
15 I , , 5

01-Jan-1993 01-Jan-1996 31-Dec-1998 30-Dec-2001 29-Dec-2004 29-Dec-2007

Figure 7: Site 1/94 and 2/94 8180 and d versus time.

Groundwater 8'20 signatures analysed for this study range from -7.84 to -14.53 % (

Table 1; Figure 5). Given the “Alliston Aquifer
Complex” results discussed above one might assume that
the most depleted 5'®0 value found in a deep well near
Port Perry would represent water that is thousands of
years old, and the most enriched waters (Frenchman’s
Bay) represent recharge from modern meteoric
precipitation.

Depletion trends (5'20) with depth would be expected
where aquitards effectively separate overlying shallow
and underlying deeper aquifer systems. In such systems
shallow groundwater migration to the deeper aquifer
system would be impeded by intervening low hydraulic
conductivity aquitards resulting in little mixing of waters at
de&pth. Figure8 illustrates tritium concentrations versus
5'%0 results summarized for this study. As expected, the
highest tritium concentrations occur within shallow
groundwaters at Frenchman’s Bay (Meriano, 2007)
situated adjacent to the Pickering Nuclear Generating
Station. However, even the most depleted 5'°0 value
obtained in the deep Port Perry location also contains
tritium, suggesting an active flow system with mixing of
older and very recent water. It is also noted that many of
the “modern” 'O signature waters do not contain tritium
suggesting recharge prior to the 1950’s. The deep
tritiated waters encountered to date occur in areas where
the Lower Newmarket till has been eroded (e.g. in an
interpreted tunnel channel at Port Perry); and in deep
aquifers where the till is present (e.g. Site P1, Earl Bales
Park). In the deep aquifer system at all locations,
whether the Lower Newmarket till aquitard is present or
absent, the presence of a mix of older and younger
waters is consistent with the observed lack of a significant
5'®0 depletion trend with depth at all sites tested to date.
Mixing of older and younger waters in the deep aquifers is
also consistent with the lack of a depletion trend through
the Lower Newmarket till (aka Northern till) at five sites as
discussed by Gerber et al (2001).
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Figure 8: Tritium versus 8'°O for select samples.

6 SUMMARY AND CONCLUSION

This paper has summarized some of the insight gained to
date from isotopic tracers and the implications to flow
system conceptualization and dynamics, for a large study
area situated along the north shore of Lake Ontario in
south-central Ontario. This review of isotopic tracers
forms part of an overall program of regional conceptual
model development, refinement and testing that also
incorporates numerical modelling output.

Results suggest a spatially varying precipitation input
for the stable isotopes in groundwater recharge with
values near Lake Ontario being more enriched (5'°0
signatures range -9 to -10 %.) and more northerly shallow
groundwater values being more depleted (-10 to -12 %o).
Deep aquifer waters at two locations near Lake Ontario
(High Park and Earl Bales park) contain 5'0 depleted by
approximately 1 %. compared to shallow groundwater and
may represent recharge from upgradient within the flow
system, ultimately along the ORM.

Elevated °H concentrations were observed within
shallow groundwater, again with concentrations highest
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near Lake Ontario and the nuclear power plant source,
and declining northward. Shallow groundwater at all
locations analysed contains some *H. Some (but not all)
locations show tritiated waters within deep aquifers,
suggesting widespread mixing at depth with more recent
recharge. The Lower Newmarket till aquitard may not
effectively separate the shallow part of the groundwater
system from the deeper part of the groundwater flow
system at all locations. In some cases this aquitard has
been eroded to varying degrees, possibly by tunnel
channel activity beneath glacial ice. Tritium in deep
aquifers has been found both in locations where the
Lower Newmarket till is intact and in areas where it has
been eroded, suggesting a relatively active flow system
with mixing largely determined by vertical hydraulic
gradients (i.e. some tunnel locations are characterized by
upward flow).

This study has assumed that a) there is no
contamination from drilling fluids, b) that there are no
seasonal precipitation isotopic trends preserved in the
groundwater flow system, and c¢) that groundwater
concentrations  will reflect long term precipitation
averages. Preliminary results suggest these assumptions
may not be true. Future sampling will aim to test this
hypothesis, and will also incorporate other data related to
geologic and groundwater quality that utilize other water
chemistry information and tracers (e.g. '*C, CFC) to
continually advance and refine the flow system
conceptual model.
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