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ABSTRACT

In the southern Athabasca Oil Sands (SAOS) Region, located in Alberta Canada, individual in-situ oil sands
operators have conducted local geochemical and isotope groundwater studies to establish baseline character-
istics and to improve understanding of the connectivity of water supply and disposal formations within in-
dividual leases. Canada's Oil Sands Innovation Alliance (COSIA) initiated this study to combine the data from
these individual studies along with public information into a comprehensive unified dataset to evaluate con-
ceptual models of regional groundwater flow and the degree of interaction and separation between important
water supply and disposal aquifers. The unified dataset comprised over 293 groundwater samples from the main
water source and disposal hydrostratigraphic units and included geochemical and isotopic tracers that can be
used to identify sources (5'%0 and §2H) and age of water (*H) and associated solutes (**Cp;c, >°Cl), as well as the
sources of salinity and diagenetic processes (8*3Cpic, 8%*Sg04, 7Sr/%0Sr, 81'B, 8°7Cl and 8%'Br) and dissolved
organics (8'®Cpoc). The TDS and stable isotope composition (5'%0 and 8H) of groundwater from several
Cretaceous formations were used to identify three main mixing controls. i) Areas where locally recharged
groundwater mixes with glaciogenic water were identified by lower §'0 and 8'®0 values, high TDS, Cl:Br and
8%4S504, 87Sr/%0Sr, and 8%7Cl values consistent with dissolution of evaporites. These areas were situated where
vertical pathways through otherwise competent formations are likely to occur. ii) Mixing with paleo-waters
characterized by high TDS and higher 8'0 and §2H signatures indicating groundwater recharged under warmer
climate periods and/or evaporative enrichment were identified in the south, and southwestern portions of the
study area. The presence of these paleo-waters indicate slow-moving groundwater zones with limited lateral and
vertical connectivity. iii) Areas with potential connectivity to shallow aquifers were identified by their lower TDS
values, modern meteoric 8'80 and 8°H signatures, HCO5 type waters, and 8>*S—S0, and 8”Sr/®°Sr signatures,
consistent with weathering of shallow aquifer material. Geochemical and isotopic indicators suggest that in areas
where the Colorado Group aquitard is thin or absent, there is greater connectivity between the Grand Rapids
Formation and the shallower aquifers. Interpretation of the new unified dataset has improved understanding of
the extent that glacial recharge had on Devonian aquifers, and overlying Cretaceous formations, and identified
zones with relatively stagnant groundwater flow, both of which have implications for regional groundwater
resource development, monitoring and potential wastewater disposal.

1. Introduction

Western Canadian Sedimentary Basin. Large sedimentary basins are
often the setting for conventional and unconventional petroleum re-

The Athabasca oil sands deposits are located at the terminus of the sources, but there is still debate on the controls on brine evolution and
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Fig. 1. a) Topography of the study region, b) outlines of major buried channels showing the thalwegs and channel deposit extents (Andriashek, 2003) and c) bedrock
geology (symbols indicate the location of Grand Rapid samples and degree of Colorado Group cover) (AGS, 2013).

degree of flushing in these systems (Ferguson et al., 2018), which can
have important implications for the sustainability of water withdrawals
and stability of storage or disposal zones. The substantial influence of
continental glaciations on groundwater dynamics has also been recently
considered (Ferguson et al., 2018; Lemieux et al., 2008; McIntosh et al.,
2011; Person et al., 2007), and has also been shown to significantly
influence geochemistry of groundwater in both shield regions (Clark
et al., 2005) and sedimentary basins worldwide (Babre et al., 2016;
Grasby et al., 2000; Grasby and Betcher, 2002; McIntosh and Walter,
2006). Development of the oil sands deposits of Alberta has been an
important part of Canada's economic success, but there are challenges
related to public perception around water use and waste disposal.

Although oil sands surface mining development is at the forefront of
these concerns, the majority of the oil sands deposits (about 80%) are
too deep to access from surface, and therefore must be developed using
in situ technologies (Alberta Energy Regulator, 2015). The most
common approach thus far has been thermal stimulation using high
temperature steam injected into the bitumen-bearing formations to
mobilize the highly viscous bitumen and facilitate recovery to surface
for processing and eventual sales. The comprehensive geochemical
datasets compiled across this region were originally collected by in-
dustry with the objective of improving understanding of the local hy-
drogeological setting of individual operations, but they have been
compiled in this study to test regional hydrogeological conceptual
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Fig. 2. Stratigraphy of the SAOS region from surface to the Middle Devonian (adapted from AER Table of Formations, Alberta).

models of groundwater flow. Globally, data-rich examples of geo-
chemical interactions occurring in sedimentary basins under the influ-
ence of glaciogenic processes are limited, and as such, this case study is
expected to be a valuable contribution to understanding these processes
on a global scale.

Groundwater is used to produce the steam required to mobilize the
bitumen (e.g., 0.4-0.5m> of water per m® of bitumen produced (RSC,
2010). The majority of this water is withdrawn from the Cretaceous
permeable sandstone formations (65 million years old or greater), while
a minor amount is obtained from younger, confined sand and gravel
aquifers (less than 1 million years old) (Matrix, 2016).

Much of the water is returned to surface with the produced bitumen
and recycled (greater than 90-95%, RSC, 2010). Treatment of the water
prior to steam generation is usually required to remove components
such as Ca, Mg, Ba, Fe, Si, and dissolved organics. Disposal of the liquid
waste streams generated during the treatment process is typically
achieved by downhole disposal into geologically-isolated saline (poor
water quality) bedrock formations.

Thermal in situ bitumen recovery is employed in all three of
Alberta's oil sands deposits (i.e. Peace River, Cold Lake and Athabasca).

Most of the development activity has been occurring in the Cold Lake
and Southern Athabasca Oil Sands (SAOS) regions. The SAOS has been
the subject of numerous studies to understand the hydrogeologic en-
vironment and the potential implications of past, current, and future oil
sands development including groundwater extraction and downhole
disposal (Matrix, 2013, 2016; Worley Parsons, 2010). Results to date
have indicated a complex system of groundwater flow with variable
geochemical conditions within the various aquifer intervals beneath the
region.
To provide further understanding of the hydrogeologic setting of the
SAOS region, a working group of Canada's Oil Sands Innovation
Alliance (COSIA) initiated a study to consolidate existing geochemical
information and review, and re-assess the results to support an en-
hanced regional interpretation of these data. The objectives of this re-
gional geochemistry study were to: i) compile all available geochemical
and isotope data for the SAOS region (both public and industry-re-
lated), ii) interpret the unified dataset of information to refine knowl-
edge regarding the origin of pore waters in various formations ex-
tending from surface down to the upper Devonian, and iii) assess the
evolutionary history and age of groundwater within the Cretaceous-
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aged aquifers (McMurray, Clearwater, and Grand Rapids Formations)
used to support thermal in situ operations. Improved understanding of
the connectivity between the main aquifers in this region, particularly
the aquifers used for water supply and potential fluid waste disposal,
can be used by oil sands operators and industry regulators to ensure
that existing water management plans minimize potential impacts and
environmental monitoring programs are properly designed and exe-
cuted.

2. Background

The terrain of the SAOS region is characterized by broad, rolling
uplands and adjacent low-lying plains (Fig. 1a). Surficial deposits
consist of large accumulations of peat and recent soils formed since the
final retreat of the continental ice sheets around 10,000 to 15,000 years
ago. Beneath the surficial deposits is a veneer of unconsolidated sedi-
ments comprising tills, lacustrine clays, and fluvial sands and gravels of
glacial and pre-glacial origin (Andriashek, 2003). These are commonly
referred to as drift deposits, which are typically on the order of
10 m-30 m thick, however they can exceed 100 m or more in the dee-
pest parts of pre-glacial and glacial channels (Fig. 1b) eroded into the
bedrock surface (Andriashek and Atkinson, 2007).

Beneath the drift deposits are various consolidated bedrock forma-
tions of the Cretaceous Period (Fig. 1c) resting unconformably on upper
Devonian deposits (Fig. 2). The aquifers of the Mannville Group, which
include (in descending order) the Grand Rapids, Clearwater, and
McMurray formations, are of particular interest since they are used as
industrial-grade lower quality water sources. Although somewhat
variable in composition, the hydrocarbon-rich formations of the
Mannville Group are typically dominated by very fine-to fine-grained
sandstones with intervening intervals of siltstone and shale. In turn,
these formations are capped by shale-dominated formations of the
Colorado Group. Beneath the Mannville Group sediments are carbo-
nate-rich to shale-dominated deposits of the Wabamun, Winterburn,
Woodbend and Beaverhill Lake groups (upper Devonian) — some of
which are bitumen-bearing as well (Barson et al., 2001).

A prominent structural feature in the SAOS region is the dissolution
edge of the deeper Prairie Evaporite Formation from the Middle
Devonian (Broughton, 2013, Broughton, 2015). Removal of the soluble
salts in that interval (halite and anhydrite) is responsible for a reversal
in the usual south-west dip on the overlying Mannville Group forma-
tions to a north-easterly dip, forming a structural trap for hydrocarbons.
The reversal of dip is suspected to have created some connectivity be-
tween water-bearing intervals of the Devonian and shallower forma-
tions resulting from formation collapse due to the dissolution of salts.
The degree of connectivity is complicated by the presence of the low
permeability bitumen deposits in the McMurray formation, where
present. Other notable features influencing the potential for cross-for-
mational groundwater flow are the buried channels of pre-glacial and
glacial origin (Fig. 1b) eroded into, and in one area, through the un-
derlying bedrock formations as deep as the upper Devonian
(Andriashek, 2003).

2.1. Conceptual models of groundwater flow

The SAOS region is located near the eastern edge of the Western
Canadian Sedimentary Basin. Regional groundwater flow is generally to
the northeast towards the edge of the basin (Bachu, 1996; Bachu et al.,
1991, 1993; Bachu and Underschultz, 1993). Beneath the Devonian
Prairie Evaporite Formation the hydrostratigraphic units comprise a
regional flow system that originates from the Rocky Mountain over-
thrust belt and flows eastward with discharge occurring in northeastern
Alberta and Saskatchewan (Bachu et al., 1993). Deep basin brines
within the Western Canadian Sedimentary Basin are typically char-
acterized geochemical and isotopic signatures that are consistent with
the original evaporated seawater composition overprinted with
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evidence of water/rock interaction, fluid migration and mixing-dilution
(Hitchon and Friedman, 1969; Connolly et al., 1990a, 1990b; Simpson,
1999). Regional-scale groundwater flow in the overlying units is simi-
larly towards the northeast, but is more affected by topographic
variability and related physiographic features. This has led to the de-
velopment of local- and intermediate-scale systems with variable flow
directions and rates.

Groundwater springs with glaciogenic signatures (very low 8'0
and §°H values) and very high salinity, provided the basis for a con-
ceptual model for the Athabasca region developed by Grasby and Chen
(2005). This conceptual model suggests that modern-day flow systems
in the region may not be indicative of the historical groundwater flow
systems. Grasby and Chen suspected that high permeability carbonate
units in the Western Canadian Sedimentary Basin acted as preferential
subglacial drains during the Pleistocene Epoch. The characteristics of
groundwater sampled from springs sampled along the Athabasca River
had Na—Cl type waters, elevated salinity and very low §'0 and §*H
values, supporting their idea of temporary reversal of the regional
groundwater flow pattern by intruding Pleistocene glacial meltwater
(under high pressure at the base of the continental ice sheet). These
intruding waters would have interacted with, and dissolved, portions of
the Prairie Evaporite Formation, resulting in the characteristically high
salinity groundwater with lower §'®0 and 8?H signatures (Grasby and
Chen, 2005). The return of these saline waters to surface, under re-
established regional flow conditions, and eventual discharge into wa-
tercourses like the Athabasca and Clearwater rivers from springs and
river bed groundwater discharge has been documented by others (Birks
et al., 2018; Gibson et al., 2013; Gue, 2012; Gue et al., 2015). Glacial
meltwater has been identified in a number of sedimentary basins across
North America, diluting and displacing remnant basin brines (Grasby
et al., 2000; McIntosh and Walter, 2006) and there is growing re-
cognition of the impacts glacial meltwater has had on basin scale
groundwater flow (Lemieux et al., 2008; McIntosh et al., 2011; Person
et al., 2007).

In general, the pattern of lateral groundwater flow is radially or
semi-radially outward from the major upland areas towards the ad-
jacent low-lying areas, with eventual discharge occurring in the low-
land areas and at major drainage features, the Clearwater, Athabasca,
and Christina Rivers. The occurrence of saline springs and saline
groundwater seepage areas in and near the rivers provides evidence of
this discharge (Birks et al., 2018; Gibson et al., 2013; Gue et al., 2015).

Groundwater flow patterns extending as deep as the upper Devonian
(Barson et al., 2001) are largely defined by the presence of broad to-
pographic upland areas including the Stony Mountain Upland and May
Hills to the west and southwest, and the Mostoos Hills Upland to the
south (Fig. 1a). A secondary influence on regional groundwater flow
patterns is the presence of large buried channels beneath the study area
- the main ones being the north-south trending Leismer Channel located
in the north, and the west-east trending Wiau and Christina channels in
the central and western portion (Fig. 1b). These channels have a sig-
nificant influence on lateral groundwater flow patterns, given their
comparatively higher hydraulic conductivity and overall draining
characteristics, but also affect vertical flow conditions by providing
permeable conduits for downward flow into the bedrock formations.
The buried channel thalwegs shown in Fig. 1b are inferred from topo-
graphic lows in the bedrock surface, as mapped by Andriashek (2003).
However, it is important to note that these thalwegs do not necessarily
coincide with the presence of high permeability sand and gravel de-
posits. The Wiau, Christina, and Leismer Channels are filled extensively
with permeable sand and gravel deposits, whereas permeable deposits
are much less extensive in the Gregoire Channel and do not continue
over the full length of this erosional feature (Fig. 1b).

Given this complex groundwater flow configuration, there is po-
tential for zones of relatively stagnant, slow-moving groundwater to
form in areas where divergent or convergent conditions occur in all
directions. These zones would be isolated from flushing by the local and
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Table 1
Summary of geochemical parameters used in this study.
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Questions Answered

Parameters Used

Residence time of water and associated solutes

Indicators of source waters and occurrence of groundwater-surface water interactions

Indicators of solute source and associated geochemical processes

® 1“C (up to 40,000 years)

® >H (post-1950 recharge)

® Major ion chemistry, TDS (calculated and gravimetric), alkalinity, hardness
® Metals and trace elements

® §'%0, §°H

® Selected ion ratios (e.g. Cl:Br, Cl:SO,)

® 53Cpic, §"°Cpoc 8%*S s04, 8'%0s04, *7Sr/%°Sr, §77Cl, §''B

regional flow systems and could manifest themselves as aquifer inter-
vals with different hydrochemistry compared to adjacent aquifer in-
tervals due to the extended residence time of the pore water and related
water-rock interaction. The groundwater present in these areas would
have been excluded from significant advective mixing with the gla-
ciogenic recharge (inferred by the Grasby and Chen (2005) conceptual
model), and modern recharge, or even lateral mixing within the aquifer.
The geochemical and isotopic composition of waters within these
slower flowing zones could be altered by diffusion with the adjacent
aquifer porewater (Hendry et al., 2013), and water-rock interactions
with aquifer materials, but one would not expect these more isolated
waters to have undergone the same degree of mixing and flushing as
portions of the aquifer more directly connected to the local and regional
flow systems. These saline formation waters may contain some of the
original connate water present during formation (paleo-seawater for
marine formations, paleo-recharge for non-marine), but some post-de-
positional alteration of the original composition is likely to have oc-
curred prior to hydraulic isolation as the evolution of the Western Ca-
nadian Sedimentary Basin progressed, or via diffusion with adjacent
zones (Hendry et al., 2013). The geochemical and isotopic character-
istics of connate water, as the end-member of cross-formation mixing,
has been well demonstrated (Hitchon et al., 1969; Connolly et al.,
1990a & 1990b; Simpson, 1999; Grasby and Chen, 2005).

Vertical groundwater flow conditions in the SAOS are pre-
dominantly downward from the unconsolidated Quaternary deposits
towards the upper Devonian formations, as evidenced by pressure
versus depth profiles, groundwater chemistry, and the presence of
porewater with relatively younger radiogenic ages in some areas of
Cretaceous and Devonian formations (Bachu et al., 1993; Hackbarth
and Nastasa, 1979). However, localized areas of upward flow are still
possible depending on location within the regional, intermediate, and
local scale flow systems. Regional flow systems exist in hydrostrati-
graphic units beneath the Prairie Evaporite Formation and to a lesser
extent in the Upper Devonian aquifers (Beaverhill Lake Group), and
upward groundwater flow occurs as groundwater flows updip from the
southwest to the northeast. The overlying Cretaceous and Quaternary
aquifers typically have more local flow regimes with recharge occurring
in upland areas, and discharge zones (and upward groundwater flow)
occurring in localized areas near major erosional features (e.g. Atha-
basca River) (Bachu et al., 1993). The presence of upward hydraulic
gradients and associated cross-formational groundwater flow between
Devonian and McMurray Formation has been inferred in the vicinity of
the Prairie Evaporite dissolution scarp from anomalous salinity mea-
surements (i.e., Na, Cl, and SO,) in the basal McMurray Formation
consistent with pore waters originating from dissolution of halite and
anhydrite present in the Middle Devonian formations and was attrib-
uted to re-equilibration of subsurface pore pressures following off-
loading of the last continental ice sheet (Cowie et al., 2015).

3. Methods

The SAOS geochemical and isotopic data were compiled using
available published datasets (Cowie, 2013; Gibson et al., 2013; Gue
et al., 2015; Lemay, 2002a, 2002b; Stewart and Lemay, 2011; Moncur
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et al., 2015) and those compiled by individual COSIA members. The
industry data were generated following various sampling campaigns,
and the descriptions of the sampling and analytical methods were made
available to assess the integrity and comparability of individual data
sources. The industry data included geochemical and isotopic analyses
of samples collected from water wells, groundwater seeps, and surface
waters bodies within the study area. To ensure that only groundwater
samples representative of baseline conditions were assessed, only data
from background wells (i.e. located away from the immediate vicinity
of operations, and outside the area where any effects of operations
would be expected), or data obtained prior to extensive aquifer use
were included in the dataset. Each industrial contributor was asked to
submit groundwater data for their lease that they thought would not
have any potential impacts from their activities, and the study relied on
their more detailed knowledge of their operations to select the appro-
priate background wells for inclusion in the database. The main focus of
this study was the Mannville Formation aquifers, but information from
the Quaternary and Devonian aquifers was also included, where
available, to identify potential areas of hydraulic and hydrochemical
interaction between Cretaceous formations and the adjacent near-sur-
face and deep environments. The resulting unified dataset included
parameters helpful in evaluating source, origin, relative age, and
mixing relationships between various groundwaters (Table 1).

In all cases, stable isotope analyses were undertaken by standard
isotope ratio mass spectrometry (IRMS), and *C was analyzed by ac-
celerator mass spectrometry (AMS). Samples were collected, filtered
(either in the field or in the lab) using 0.45 um cellulose nitrate filters,
and preserved accordingly. Selected samples were also analyzed for
36Cl; however, the predominance of radiogenically “dead” Cl sourced
from the 380 + million year old evaporite deposits in the Devonian
negated its utility for age dating purposes. Therefore, assessment of
groundwater residence times principally relied upon **C. Once com-
piled, data integrity was evaluated using a variety of approaches and
associated acceptance criteria, those being: i) ion balance ( = 10%), ii)
pH range (6 to 9 standard units), and iii) presence of 3H (< 0.8 TU for
14C activities).

The presence of measureable H activity was used to identify
groundwater samples with evidence of post-1950's recharge or impacts
from residual drilling fluids. The presence of short-lived radioisotopes
in seemingly older water can be explained by mixing. Deeper samples
with ®H activities > 1TU were considered unrepresentative of forma-
tion conditions, and the associated results were treated with caution.
Particular scrutiny to >H activities was applied during *C residence
time corrections, and only samples without detectable tritium were
used.

The Grand Rapids Formation was the key aquifer of interest in this
study, due to its importance for industrial water supply and potential as
a future disposal zone. Therefore, the data from this formation was
further subdivided based on the thickness of overlying Colorado Group
(aquitard) cover (Fig. 1c), so that groundwater samples from the Grand
Rapids aquifer with minimal overlying Colorado Group cover could be
distinguished from locations where the Grand Rapids is present at
greater depths and with a more substantive aquitard cover (Fig. 3c).
The Grand Rapids category with the least Colorado Group cover
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included wells where the Colorado Group was entirely absent, or where
it overlain by the Pelican (Viking Formation equivalent) and Joli Fou
Formations (Fig. 2). The Pelican Formation is a sandstone unit that acts
as an aquifer (Viking aquifer) and was not expected to function as a
substantial hydraulic barrier. The other categories of Grand Rapids

wells listed in order of increasing Colorado Group cover included: in-
cised (eroded to Westgate Formation), partially eroded (eroded to
Second White Specks Formation), and fully present, where the full
Colorado Group package (Lea Park to Joli Fou Formations) is present.

Inverse geochemical modeling, using the computer program
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NETPATH, was applied to estimate the '*C groundwater residence
times (Plummer et al., 1991, 1994; Parkhurst and Charlton, 2008).
NETPATH can be used to model the processes of mineral dissolution or
precipitation, ion exchange, oxidation/reduction reactions, degradation
of organic compounds, incongruent reactions, gas exchange, mixing,
evaporation, and dilution, and can be used to adjust radiocarbon data
for geochemical reactions to refine estimates of time since recharge
(e.g. Plummer and Sprinkle, 2001; Aravena et al., 1995; Van der Kemp
et al., 2000; McMahon et al., 2008; Bayari et al., 2008). Measured ¢
activity values were converted to modelled groundwater residence
times using the models of Vogel (1970), Ingerson and Pearson (1964),
Fontes and Garnier (1979) and Tamers (1975) and available geo-
chemistry and 8'°C signatures to account for dissolved inorganic carbon
sources, related reservoir effects, carbonate dissolution, sulfate reduc-
tion, methanogenesis, and geogenic carbon sources.

4. Results

Summaries of the major ion and isotopic data for the unified dataset
(including both COSIA and public data sources) are presented in Tables
2 and 3, respectively and are discussed below. The dataset is available
by request from COSIA (http://www.cosia.ca/).

4.1. Major ion typology

Typical evolution of groundwater along a flow path progresses from
lower TDS waters with Ca—HCOj3 type compositions near the recharge
area, towards a more Na— HCO; or SO4-dominated groundwater type in
some cases, and eventually toward deeper basin brines where the Cl

Applied Geochemistry 101 (2019) 140-159

anion dominates. Along such flow paths one would expect the TDS to
gradually increase due to dissolution of soluble minerals, with the types
of minerals playing a key role in the resulting solution chemistry. The
most soluble minerals in the SAOS are the evaporites of the middle
Devonian, which are extensive across much of the region towards the
southwest. The distribution of dissolved solutes, including hydro-
chemical facies (Fig. 3) and concentrations (Table 2, Fig. S1), were used
to identify areas characterized by differing degree of geochemical
evolution in each aquifer. The spatial distribution of hydrochemical
facies and TDS have many of the same trends consistent with differing
degrees of groundwater evolution in the shallow and Cretaceous aqui-
fers. Visualizing these facies types across each individual aquifer was
simplified by dividing the water types into four major anion categories:
i) HCO3 (+ CO3) dominated, ii) SO, dominated, iii) Cl dominated, and
ix) mixed (Fig. 3).

In general, the surficial and buried channel groundwaters are
characterized by low TDS concentrations (Fig. S1) and HCOs3 as the
dominant anion (Fig. 3), typical of groundwater that has not undergone
significant water-rock interactions. Anomalies to these trends include
individual or small clusters of wells with —SO,4 or —Cl type ground-
waters and elevated TDS. The Grand Rapids Formation is characterized
with TDS concentrations that increase towards the SW (Fig. S1) and
Na—Cl type-waters, but there are areas with lower TDS and mixed
HCO3—Cl type waters indicating an increased influence from alkalinity,
likely associated with weathering of natural organic material or me-
thanogenesis (Fig. 3). These areas with HCO3-type waters (blue ellipses
on Fig. 3) could indicate mixing with fresher, less hydrochemically-
evolved, groundwaters more typical of the overlying surficial deposits.
Similar occurrences are noted for the underlying Clearwater, and

Table 2
Statistics for dissolved major ion concentrations measured from groundwater aquifers in the Southern Athabasca Oil Sands Region. Number of samples analyzed is
given as n.
Formation EC TDS HCO;3 S04 Cl Ca Mg K Na
uS/cm mgL~! mgL~! mg L™? mgL~! mg L~! mgL~! mgL~! mgL~!
Quaternary
Average 953 554 528 38 34 72 23 5 110
Maximum 6090 2300 2100 330 460 291 68 66 950
Minimum 289 231 0.3 0.1 0.3 0.5 0.4 0.8 3.5
n 140 140 147 141 148 135 133 132 133
Channel
Average 1214 670 531 53.0 59.2 40.5 8.5 4.4 237
Maximum 4866 1446 853 270 400 291 29 16 610
Minimum 353 130 2.5 0.3 0.3 4.8 0 1.7 6.2
n 22 22 23 21 23 19 18 18 18
Grand Rapids
Average 8724 8368 671 121 4498 108 51.9 27.7 3003
Maximum 57,000 58,273 2436 9000 33,400 1435 685 741 19,600
Minimum 627 349 0.3 0.1 1.3 0.3 0.1 0.3 46
n 122 466 462 443 470 462 454 346 463
Clearwater
Average 10,124 9486 782.2 91.5 4565 59.6 42.6 23.5 3225
Maximum 41,400 140,000 3230 2525 40,600 900 575 439 25,638
Minimum 1040 595 163 0.1 13 1.6 0.3 1.3 240
n 59 137 139 133 139 136 136 89 132
McMurray
Average 18,077 13,875 1159 169 7535 168 96.9 52 4995
Maximum 80,800 278,652 5016 5380 171,800 1893 594 782 101,563
Minimum 369 153 29.3 0.2 0.2 0.6 0.5 0.5 2.8
n 57 611 426 598 617 608 598 453 613
Devonian
Average 103,540 110,081 641 2195 66,261 5495 956 662 35,836
Maximum 492,000 337,000 2600 13,300 214,000 81,600 10,100 9680 106,501
Minimum 3220 1700 2.5 8.9 150 0.7 2.1 24 450
n 9 23 23 21 24 22 21 17 24
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Statistics for available regional isotopic data for the SAOS. Number of samples analyzed is given as n.

Formation >H (TU) !*CpMC 8'®0%o 8%H %o 813Cpic 8%48504%0(VCDT)  8'80504%0 8B %o %7Sr/%°sr  §%7Cl %o 8%1Br %o  8'°Cpoc %o
(VSMOW) (VSMOW) %o(VPDB) (VSMOW) (VSMOC) (SMOB) (V-PDB)
Quaternary
Average 1.5 38.1 -18.4 —144.4 —14.6 8 10.9 19 0.709954 —0.2 -0.3 —26.8
Maximum 10 74.8 —15.2 —-128.6 221 45.9 40.3 43 0.716735 0.6 0.7 -21.7
Minimum <0.8 1.5 —-214 —161.8 -23 =71 3 1 0.707917 -1 -1.4 —-30.5
n 79 27 119 119 56 48 22 22 42 25 12 29
Channel
Average <0.8 25.7 -19 —148.7 -16.1 13.3 7.8 24.2 0.708508 -—1.1 - -27
Maximum < 0.8 454 -17.1 —140 -12.4 44.6 7.8 38 0.709180 —0.2 —26.6
Minimum < 0.8 3.3 —-20.9 —163.8 —-21.5 2 7.8 17 0.707970 -—3.2 —-27.5
n 12 11 21 22 21 12 1 5 14 9 0 10
Grand Rapids
Average 0.8 4.5 -19.1 —149.9 -5.8 14.6 - 29 0.708002 —0.3 - —26.7
Maximum 14.5 74.1 —-15.1 —122 22.7 30.8 - 44 0.711180 0.6 2 —-16.8
Minimum <0.8 0.2 —-22.8 -176 —24.6 2.1 8 0.707350 —1.4 -2 —49.7
n 87 102 119 120 110 21 24 65 55 29 61
Clearwater
Average 0.8 2.7 -19.9 —154.9 -39 20 - 30.7 0.708026 0 0.7 —-25.7
Maximum 3.8 16.6 -16.7 -118 16.3 79.7 - 43 0.709109 0.7 1.8 -17
Minimum <0.8 0.2 —-22 -170 -21.5 -15.5 21 0.707170 -1 -1.8 -30.3
n 47 48 59 59 55 19 18 49 38 24 33
McMurray
Average 1.4 11.2 —-19.7 —154.5 2.8 15 7.1 26.4 0.708559 0.1 0.7 —-27.6
Maximum 7.6 83.5 —-4.7 -127.7 28.2 36.3 14 50 0.710340 0.8 1.2 -16.6
Minimum <08 0.4 —-23.1 —-177.2 -21.7 -2.8 4.3 11.4 0.707650 —0.8 0.4 —55.6
n 45 37 58 58 52 17 5 13 26 23 9 37
Devonian
Average 1.4 5.3 -21.1 —-168 4.7 30.4 - 37.7 0.708521 0.1 0.4 -31.2
Maximum 2.9 16.9 —15.2 —158.3 12.5 415 - 435 0.709155 0.2 0.4 -27
Minimum < 0.8 0.7 —-23.1 —-176.4 -10.7 19.3 34.3 0.708183 0.1 0.4 —38.7
n 6 4 8 8 6 2 3 4 3 1 6

McMurray formations in areas around the Christina River and between
the Gregoire and Leismer Channels. The McMurray Formation consists
primarily of Na—Cl type waters, with areas of elevated TDS occurring
coincident with the Prairie Evaporite dissolution scarp (Fig. S1, location
shown by brown ellipse on Fig. 3) as noted by Cowie et al. (2015).
Salinity originating from a typical seawater source will yield a Cl:Br
ratio of around 290, whereas salinity originating from the dissolution of
Devonian evaporites will typically yield values greater than 1000, and
as high as 20,000 (Freeman, 2007). In contrast, Cl:Br values less than
200 have been noted for groundwater samples from shallow ground-
water flow systems in Alberta Freeman, 2007). Almost all of the sam-
ples assessed in this study had Cl:Br mass ratios greater than 290 in-
dicating som degree of influence from evaporite dissolution (Fig. S4).

4.2. Stable isotopes of water

The stable isotope signatures of oxygen and hydrogen (8'%0 and
8?H) in the SAOS groundwater samples were used to identify mixing
trends between locally-recharged, modern groundwater and other iso-
topically-distinct sources of water, such as glaciogenic or paleo-
groundwaters (Fig. 4). Comparisons between the SAOS data and
modern Global and Local Meteoric Water Lines (GMWL Craig, 1961;
and LWML Baer et al., 2016) and paleo formation water lines (Cretac-
eous Formation Water Line, Connolly et al., 1990b; Hitchon Friedman
Formation Water Line, Hitchon and Friedman, 1969) were were used to
identify mixing between modern and paleo waters.

In the study area, recharge from modern precipitation would be
expected to have 8'80 and 82H signatures similar to the weighted mean
of annual precipitation (880 = —17.5%0 and 8°H = —142%o, Baer
et al., 2016; —17.7 and —135; Birks et al., 2002). Pleistocene glacial

meltwaters in western Canada have §'®0 values in the range of -25-
24%o (Ferguson and Jasechko, 2015; Remenda et al., 1994). Therefore,
groundwater samples with 8'0 and 8%H signatures that are depleted in
the heavy isotopes relative to modern precipitation (lower §'0 and
8'80 values) indicate the presence of water recharged during colder
climate periods (e.g. glaciogenic sources). In contrast, groundwater
samples with signatures that are more enriched in the heavy isotopes
than mean annual precipitation (i.e. higher §'20 and §H values) that
plot below the GMWL and LMWL can indicate the presence of paleo-
waters recharged during warmer climate periods or water that has
undergone open-system evaporation. Evaporative signatures would be
expected in modern surface waters, or in paleo-waters of marine origin.

880 values for groundwater sampled within the study area ranged
from —23.1%o to —15.1%o, while §?H values ranged from — 177.2%o to
—118.0%0 (Fig. 4, Table 4). The mean isotopic composition of
groundwater in the study area is approximately —19%o for 8'80 and
—142%o for 82H. Some samples plot below the GMWL indicating some
evaporative enrichment, or mixing with an evaporatively enriched
source such as: i) surface waters (lakes, rivers) exposed to the con-
temporary atmosphere, and ii) paleo-seawater present as formation
water, which acquired an evaporative signature when exposed to the
atmosphere during warmer climate periods. Deeper in the Western
Canadian Sedimentary Basin Cretaceous formation waters have the
latter type of evaporative signature, and typically plot along a Cretac-
eous Formation Water Line (CFWL, §°H = 3.57 x 820 - 62.1) pro-
posed by Connolly et al. (1990b) and the Hitchon Friedman Formation
Water Line (HFFWL, &°H =3.81 x §'®0 —-72.8, Hitchon and
Friedman, 1969) with 8§'0 and 8*H values > -10%0-100%o respec-
tively. The HFFWL overlaps with the modern Local Evaporation Line
(LEL) obtained from lake datasets in the region (Gibson et al., 2011),
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Figure 4. 8'0-8°H data separated by formation and plotted against the Global Meteoric Water Line (GMWL), a Local Meteoric Water Line (LMWL), a Cretaceous
Formation Water Line (CFWL) and the Hitchon and Friedman Formation Water Line (HFFWL). Grey squares show the approximate range of modern precipitation.

however, these evaporatively enriched modern surface waters can be
differentiated from evaporatively enriched paleo-waters by their very
low TDS, and ages (presence of >H and high '*C activity).

The average ranges of 8'%0 and 82H values for the individual
aquifers become lower with depth (Table 3), with the highest average

values occurring in the Quaternary deposits and the lowest in the De-
vonian aquifers. Groundwater samples collected from the surficial de-
posits tend to plot along a LMWL with values close to that of modern
precipitation (Fig. 4a). Samples collected from the buried channel de-
posits exhibit slightly lower 8'80 and §%H values suggesting mixing
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Table 4
Summary of key isotopic shifts expected with different modifying geochemical
processes occurring in aquifers in the SAOS.

Geochemical reaction Isotopic Geochemical
shift changes
Sulfide Oxidation (eg. pyrite) 18%*Ss04 1 S04
FeS,+15/40,+7/2H,0
—2504%" +Fe(OH)3 +4H™
Carbonate Dissolution 118'3C 1 HCOs,
CaCOs3 <> Ca®* + CO52~ <> HCO3
Bacterial Sulfate Reduction (BSR) 18%4Ss04, | 1S04 1 HCOs, |
2CH;CO0~ +S0,2~ —2HCO;— + HS— 813Cpic DOC
Methanogenesis 18"%Cpic 1 HCO3, |DOC

CH3;COO~ + H,0 — HCO3; + CH4

with older groundwater with a glaciogenic influence. Groundwater
collected from some of the surficial deposits yielded higher §'%0 and
8%H values relative to the weighted mean average of modern pre-
cipitation, that also plotted below the LMWL along a LEL. The higher
880 values, combined with the fairly low TDS and high '*C activities
indicating low residence time within the aquifer suggest greater con-
nectivity to surface water or shallower aquifer systems rather than
mixing with 0 enriched paleo-waters.

The unified dataset includes a small number of samples collected
from Colorado Group formations (Fig. 4b). The two Colorado Group
samples, with higher 8'%0 and §2H values, are both from the Viking
(Pelican) Formation (Lemay 2002a) south of the Mostoos Hills Upland
and on the southern flank of the SAOS. The higher §'0 and §2H values
have been interpreted as indicating the presence of groundwater re-
charged during a warmer climatic period (Lemay 2002a). The only
industry data available for the Colorado Group within the SAOS region
is from a well completed in the Second White Specks. In this case the
isotopic values are lower (i.e. §'%0 = —18.37%o and §°H = —143.1%0)
than those reported for the deeper Viking interval.

The Grand Rapids Formation exhibited the greatest range in §'%0
and 82H values (Fig. 4¢), which can be explained by differing degrees of
mixing with glaciogenic or paleo-waters. There are three distinct groups
of Grand Rapids samples evident within the dataset: (i) samples plotting
below and to the right of the LMWL, indicating mixing with an eva-
porated source, (ii) samples that plot along the LMWL, but more en-
riched in the heavy isotopes than modern precipitation, and (iii) sam-
ples that are depleted in heavy isotopes relative to modern
precipitation, suggesting mixing with glaciogenic water. These
grouping within the Grand Rapids groundwater samples also appear to
coincide with the degree of Colorado Group cover, with most of the
evaporated samples (i) occurring in areas where the Colorado Group is
fully present or only partially eroded and most of the samples with low
8180 values (iii) occurring in areas where the Colorado Group sedi-
ments are thin or absent (Fig. 4c).

Groundwater samples collected from the Clearwater Formation
generally fall along the LMWL, ranging from —22%o to — 18%o for §'80
(Fig. 4d). There is also one anomalous sample collected from the Wa-
biskaw Member of the Lower Mannville Group southwest of the Mos-
toos Hills Upland (in Lemay 2002a; —16.7%o, —118.0%o for §'0 and
82H, respectively) that is more enriched in the heavy isotopes of oxygen
and hydrogen than the rest of the samples assessed. This sample plots
near the intersection of the CFWL and the GMWL.

Groundwater collected from the McMurray Formation generally
plotted along the LMWL between — 23%o and — 16%o for 8'80 (Fig. 4e).
Although there are very few results for the Devonian formations, the
data have noticeably lower §'®0 and 8*H values relative to the over-
lying Cretaceous formations (less than —20%o for 8'%0) (Fig. 4f) and
consistent with a glaciogenic influence.

Overall, the spatial distribution of §'80 signatures values provides
useful information about the sources of water in the different aquifers
and the potential interactions between them (Fig. 5). The lower 8'%0
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values (indicating more of a glaciogenic influence) tend to occur in the
Grand Rapids, Clearwater and McMurray Formations near the Christina
River where the Colorado Group cover is thin (Fig. 5 — blue circles).

The Grand Rapids Formation samples with 8'0 values that were
higher than modern meteoric values indicating evidence of mixing with
evaporatively enriched paleo-waters (i.e. that plot along the HFFWL
line in Fig. 4c) are mainly identified in the southern portion of the study
area (Fig. 5 — red circles). The combination of evaporatively-enriched
water isotope values, Na—Cl type waters, and elevated TDS are con-
sistent with the presence of some original formation water of marine
origin, similar to those observed by Connolly et al. (1991a, 1991b) in
the Western Canadian Sedimentary Basin. The other paleo-waters that
were characterized by more enriched §'®0 values, those that are higher
than modern meteoric water but that plot along the GMWL (Fig. 4c),
are located in the southwestern portion of the study area (Fig. 5- orange
circles).

The relationship between 8'80 values and TDS concentrations
highlights (Fig. 6) two prominent mixing trends; groundwater samples
with evidence of mixing with isotopically enriched (higher §'%0 and
8?H) paleo-waters and those with evidence of mixing with glaciogenic
waters. Both of these mixing trends emanate from §'80 values for lo-
cally-recharged Cretaceous formation water in the region (black square
in Fig. 6). One group of samples (blue arrow in Fig. 6) indicates a trend
where higher TDS concentrations are associated with lower §'80 va-
lues, consistent with mixing of Cretaceous groundwaters with a saline,
glaciogenic endmember. At the endpoint of this trend are groundwaters
sampled from the Devonian aquifers—where the high TDS and glacio-
genic signature has been attributed to injection of glacial meltwater and
dissolution of Prairie Evaporite Formation (Grasby and Chen, 2005).
The samples that plot along this trend include groundwaters from the
McMurray, Clearwater and Grand Rapids formations. All of the Grand
Rapids samples with evidence of glaciogenic influence are from por-
tions of the aquifer with limited or no Colorado Group cover. Vertical
hydraulic connectivity has been inferred between the McMurray For-
mation and the underlying Devonian aquifers based on the correlation
between high TDS areas within the McMurray Formation aquifer and
the partial dissolution front of the Prairie Evaporite Formation (Cowie
et al., 2015), but the data from the unified SAOS dataset indicate that
mixing with glaciogenic sources can also be detected in some of the
overlying Cretaceous aquifers.

The other group of samples (red arrow in Fig. 6) indicates a trend
where higher TDS groundwaters are associated with higher §'®0 va-
lues. This trend of increasing TDS with higher 8'0 and §%H values is
similar to what has been observed in Western Canadian Sedimentary
Basin waters (Connolly et al., 1990b) that have been interpreted as
indicating the presence of formation waters of marine origin. The SAOS
samples that plot along the paleo-water mixing trend are all from the
Grand Rapids Formation in the southern portion of the study area
where the Colorado Group is fully present, or only partially eroded
(Fig. 5). The presence of a relatively thick and impermeable cover of
Colorado Group sediments above, and lower permeability bitumen-
impregnated sandstones of the McMurray Formation below may have
created a confining interval where enhanced hydraulic isolation pre-
served the paleo-waters and limited mixing with shallower aquifers, or
glaciogenic waters. The higher TDS and more enriched 880 values
indicate that these paleo-waters could include formation waters of
marine origin (Connolly et al., 1990b) or paleo-waters recharged under
warmer climate conditions (Lemay, 2002a).

4.3. Solute isotopes

The isotopic labelling of 8'%Cpic (Figs. 7 and 8b, and S$2), §**Sgo4
(Fig. 8a and b), 8Sr/%6sr (Fig. 9a), and 8°°Cl (Fig. 9b), were used to
identify sources of solutes and geochemical processes occurring in the
main Cretaceous aquifers (Table 3). More limited datasets for §''B, 8%'Br,
and 8'3Cpc were also compiled (Table 3), but are not discussed here.
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The 8'3C values in the dissolved inorganic carbon (DIC) fraction had
an extremely wide range, varying from —24.6%o to + 28.2%o (Fig. 7).
There was a general trend towards higher §'3Cp;¢ values with higher
total alkalinity concentrations. The 8'3Cpyc values tended to fall within
three general ranges: i) —20 to —10%so; ii) around 0%o and iii) greater
than 10%o. The samples with 8'3Cpc values in range i) —20 to
—10%o are consistent with DIC formed in the soil zone, (§'3Cp;c values
around —15%o, with lower values possible if disconnected from the

atmosphere). Higher §'3Cp;c signatures found in the other ranges are
usually consistent with ii) dissolution of marine carbonates (~0%o) or
iii) secondary biogeochemical processes, such as methanogenesis
(> 10%o). All Quaternary groundwater samples (both surficial deposits
and buried channels) were found to have similar §'*Cp,c values (around
—15%0), suggesting natural weathering of soil carbon (Fig. 7).
Groundwater from the Grand Rapids and Clearwater formations tended
to plot within two groups (Fig. 7): i) groundwater with low alkalinity
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(roughly 250-700mg L") and 8'3Cpy¢ values in the —20 to —10%o
range, or ii) groundwater with higher total alkalinity values (around
700-1200 mg L™ 1) yielding 8*3Cpyc values in the —5 to +5%o range.
The samples with the §'3Cp;c values in the —5 to +5%o range (ii) are
indicative of a more evolved groundwater with higher alkalinities due
to secondary processes such as carbonate dissolution, bacterial sulfate
reduction (BSR), or possibly methanogenesis. These two groups of
Grand Rapids and Clearwater samples have some spatial patterns, with
the lower §'3Cp;c values, those consistent with DIC formed in the soil
zone, occurring in the northeastern portion of the study area, near the
Christina River (blue ellipses on Fig. $2), and the intermediate 8'Cp;c
values present just south of that area (yellow ellipses on Fig. S2).
Groundwater sampled from the McMurray Formation spanned the en-
tire range of 8'3Cpc values and total alkalinity concentrations, with
some overlap with soil zone, and carbonate dissolution ranges, as well
as some with higher §'3Cp;c values (> 20%o) consistent with metha-
nogenic conditions (Figs. 7 and S2). The McMurray Formation samples
with the lower 8'3Cp;c values were sampled in the northeastern portion
of the study area, and the high 8'Cp;c values (> 20%o) occurred along
a north-south trend (Fig. S2), roughly aligned with the areas of high
TDS (Fig. S1), and the Prairie Evaporite dissolution scarp (shown on
Fig. 5).

The 6*Sgo4 can be used to determine the source(s) of sulfate as well
as biogeochemical processes occurring in the subsurface (Fig. 8). Sul-
fate originating from the dissolution of anhydrite have 8%4Sg04 va-
lues > 20%o (Sasaki and Krouse, 1969; Hitchon and Krouse, 1972;

Horita et al., 1996), whereas sulfate originating from the oxidation of
sulfide minerals typically have §*Sgo, values less than 0%o (Mayer,
2005). These original isotopic signatures can be altered during bacte-
rially mediated sulfate reduction, resulting in a decrease in sulfate
concentrations and a corresponding increase in 8%%S04  values.
Groundwater from surficial deposits tended to have lower sulfate con-
centrations and §3*Sgo, values (generally < 5%o) typical of sulfate
originating from the oxidation of sulfide minerals. The samples with the
highest sulfate concentrations were sourced from the Cretaceous or
Devonian formations, and tended to have higher 834Sg0, values (Fig. 8).
Extremely high §3*S values (> 50%o), beyond what is typically found in
evaporite minerals, were measured in groundwater sampled from the
Clearwater Formation, and could indicate modification of the original
§%1S signature due to secondary sulfate reduction.

Geochemical processes, such as sulfide oxidation, carbonate dis-
solution bacterial sulfate reduction and methanogenesis can alter con-
centrations of sulfate, bicarbonate and dissolved organic carbon (DOC)
and result in predictable shifts in the isotopic labelling of these solutes
(Table 4). The ranges of 8'3Cpic and 8**Sgos in the unified SAOS
groundwater dataset can be used to identify where these processes are
occurring. The range of 8'3Cpc values for the Grand Rapids and
Clearwater formations are related to the relative importance of carbo-
nate dissolution and methanogenesis, both of which can result in higher
8'3Cpic values. The §**Sgo4 labelling of the Cretaceous formation
groundwaters provides additional insight into the geochemical pro-
cesses occurring in the samples with 8'3Cp;c values in the —20 to
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—10%o. The 8'3C labelling is consistent with DIC formed in the soil
zone, but the higher 8*Sgo, signatures for some of the Cretaceous
formation groundwater samples are interpreted to be the result of BSR,
facilitated by the decomposition of organic matter, which could include
natural hydrocarbons (Fig. 8b).

Systematic variations in strontium isotopes 7Sr/%°Sr have been
established for the Phanerozoic oceans, which can allow the weathering
source-formation to be identified. Typical reference ranges for
Devonian carbonates (0.7078-0.7083; + 0.00004), Cretaceous carbo-
nates (0.7070-0.7077; = 0.00004) and Quaternary carbonates
(0.7080-0.7090; = 0.00004) (Faure, 1986) were used to evaluate the
potential sources of Sr in the unified dataset (Fig. 9a). The range for
Devonian carbonates are similar to the range reported for anhydrite
from the Prairie Evaporite Formation 0.70781 to 0.70789 (Horita et al.,
1996). The ®Sr/%6Sr ratios of groundwater samples collected from
different hydrostratigraphic units plot along two mixing trends: i) low
TDS groundwaters with Cl concentrations less than 500 mg L ™! plotting
along a mixing line between Quaternary and Cretaceous sources of Sr
(Fig. 10 grey arrow), and ii) higher TDS groundwaters with Cl con-
centrations greater than 500 mgL~! plotting along a mixing line be-
tween Cretaceous and Devonian sources of Sr (Fig. 9a red arrow).
Groundwater samples from buried channel aquifers tended to have
lower 87Sr/5°Sr ratios than the near surface deposits (Fig. 9a). Many of
these channels are eroded into Cretaceous formations and may have
interacted with the adjacent formations over geologic time which
would explain the greater proportion of Cretaceous and Devonian
sourced Sr. Some Cretaceous formation groundwaters had high
878r/%5Sr ratios more typical of Quaternary sources of Sr, and these may
indicate areas greater interactions with shallow aquifers. Most of the
samples that plot along the mixing line between Cretaceous and De-
vonian sources of Sr were from Cretaceous or Devonian wells. The

Grand Rapids groundwater samples from locations with limited or no
Colorado Group cover plotted along both of the mixing trends, but the
Grand Rapids samples with the lowest 87Sr/%Sr ratios, those that fall
within the range typical of Cretaceous sources of Sr, are primarily from
Grand Rapids sampling locations where the Colorado Group cover is
fully present.

The 8°7Cl values reported for SAOS groundwaters range from
—3.2%o to +0.8%o (Table 3, Fig. 9b). Groundwaters from the surficial
deposits and channel had the lowest Cl concentrations (< 10 mg L™H
and 8%'Cl values spanned the range expected for Prairie Evaporite
Formation halite (8°7Cl = —0.2 to +0.5%o; Zhang et al., 2014), but
also lower 8%7Cl values (< -2%o) consistent with chloride present in
rain water (§%7Cl = —3.5%o to — 1.2%o; Koehler and Wassenaar, 2010).
The Devonian samples had the highest Cl concentrations and §%”Cl that
were consistent with the Prairie Evaporite Formation. The most en-
riched §%7Cl value (+1.5%o) was measured on a sample from the Col-
orado Group, from a well completed in the Second White Specks For-
mation. The remaining Cretaceous groundwater samples plot along a
trend of lower 87Cl values associated with decreasing Cl concentra-
tions. The Cretaceous samples with the lowest 8°”Cl values were mea-
sured in Grand Rapid Formation with Colorado Group cover and in
some Clearwater Formation samples. The combination of low §%Cl
values and low chloride concentrations could indicate mixing with
more recent meteoric water, or more likely given the thickness of the
overlying Colorado Group cover, diffusive fractionation. During diffu-
sive transport between a higher salinity aquitard and adjacent aquifer,
the lighter isotopes of Cl tend to migrate faster, leaving the residual
groundwater in the aquitard enriched in the heavy isotope and resulting
in lower 8%Cl values in the adjacent aquifer (Desaulniers et al., 1986;
Eggenkamp, 1994).
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Fig. 8. a) 8348504 versus sulfate concentrations with typical ranges for 8343 relating to dissolution of evaporites (> 20%o) and sulfide mineral oxidation (< 10%o).
Note that Grand Rapids Formation sample symbols are further distinguished by the extent of Colorado Group (CG) cover. b) 8'3Cpyc versus 83%Sg04 showing the

effects of methanogenesis and bacterial sulfate reduction.
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Fig. 10. a) Schematic showing a conceptual model groundwater flow from an east west cross-section through the study area after the regional flow system returned to
from the temporary reversal during glacial conditions (modified from Gibson et al., 2012).

4.4. ¢

The '*C abundances indicate greater proportions of modern carbon
in the surficial and channel deposits (Table 4) and lower percentages in
the Cretaceous and Devonian aquifers. Only samples with no detectable
3H were used in the *C residence time corrections (see Supplemental
Material section 1.3), however, *H was not available for all samples and
the average modelled residence times include many that are near the
maximum for use of '*C age dating. However, some general trends in
the distribution of '*C activities, and modelled residence times are
useful for evaluating the mixing trends identified from the water and
solute isotope distributions. Relatively short '“C residence times were
identified in the Grand Rapids, Clearwater, and McMurray Formations
in the northeastern portion of the study area (Fig. S3), where these
formations are present at shallow depths, and with a greater influence
of post-glacial meteoric water. The shallower Quaternary aquifers, for
the most part, contain waters with shorter residence times than the
deeper Cretaceous formations, while deposits in the buried channels
have longer residence times, consistent with a deeper position in the
stratigraphic column and influence from paleo-water. In turn, ground-
water sampled from the Lower Grand Rapids Formation is variable in
14C activity, but, but the lowest are generally associated with areas
where the Colorado Group aquitard remains relatively thick, whereas
shorter residence times are noted where this confining interval is thin or
absent.

5. Discussion

Interpretation of the unified dataset has identified geochemical and
isotopic indicators of connectivity and source water mixing that can be
inferred over the geologic history that can be used to update some of
the models about groundwater flow and history in the SAOS (Fig. 10).

5.1. McMurray formation

Groundwater flow in the McMurray Formation is influenced by the
topographic highs and lows, with flow generally occurring radially
outward from major upland areas towards the Athabasca, Christina,
and Clearwater Rivers (Barson et al., 2001; Matrix Solutions Inc. 2016).
In turn, mineralization of the groundwater generally follows the dis-
tribution of water-types, with higher concentrations associated with
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higher TDS, Na—Cl type waters in the southwestern portion of the study
area (Figs. S1 and 3), consistent with greater isolation of the aquifer due
to deeper burial and thicker confining cover. There are other areas of
higher TDS groundwaters that roughly coincide with the dissolution
edge of the Prairie Evaporite Formation (Cowie et al., 2015). However,
the major ion composition of groundwater is highly variable near the
dissolution edge, where higher TDS, Na—Cl groundwaters are fre-
quently encountered in fairly close proximity to lower TDS, Na—HCO3
groundwaters (Figs. S1 and 3). The lower 8'®0 and 8H values in
McMurray Formation groundwater are evidence of a greater influence
from glaciogenic waters and occur east of the bitumen extent and dis-
solution scarp, in areas where bitumen would not limit mixing with
underlying formations (Fig. 5).

The &%*S, 87Sr/%Sr, and 8°’Cl signatures and Cl:Br ratios (see
Supplemental Material) in the McMurray groundwaters are typical of
solutes originating from the Prairie Evaporite Formation, but the §'%0
and 82H signatures show influence of glaciogenic water. The spatial
distribution of 8'3Cp;c and 84S values provides additional insight about
where carbonate dissolution, methanogenesis, and BSR may be occur-
ring. Comparatively higher 8'3Cp;c values identify areas where me-
thanogenesis is suspected to be occurring within the bitumen-bearing
zones; these are roughly aligned with the Prairie Evaporite dissolution
scarp and the bitumen extent (Fig. S2).

Within the McMurray Formation there are geochemical and isotopic
indicators of potential vertical connectivity that do not appear to be
related to present vertical head differences and associated hydraulic
gradients between aquifers. Instead, they appear to be very generally
associated with vertical pathways inferred to occur near the dissolution
scarp of the Prairie Evaporite Formation. Elevated TDS and Na—Cl type
waters are noted in this area, immediately adjacent pockets of glacio-
genic water characterized by lower 8'%0 and 8%H values near buried
channels and river valleys incised into the bedrock formations.

5.2. Clearwater Formation

Within the Clearwater Formation, groundwater flows north towards
the Clearwater River, and northwest and west towards the Athabasca
River (Barson et al., 2001; Matrix Solutions Inc. 2016). The TDS data
for this hydrostratigraphic interval are not as abundant as other inter-
vals, but their distribution does show higher concentrations in the
southwestern portion of the study area (Fig. S1), and in similar areas
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where Na—Cl type groundwaters tend to dominate (Fig. 3). This is again
consistent with greater isolation of the aquifer where it is more deeply
buried. There are other smaller areas of higher TDS in the northeastern
portion of the study area (Fig. S1). The groundwater in these areas is
dominated by a Na—Cl types, except for small areas where Na—HCO3
types are noted (i.e. Fig. 3 - Townships 81-83, Range 6-7 W4M). The
range of 8'%0 and 82H values is less variable than the other Mannville
Group formations (Fig. 4d), but does indicate values consistent with a
glaciogenic water influence near the Christina River (Figs. 5 and 10).
Higher §'3Cp,¢ values also occur in groundwaters sampled near the
Christina and Leismer Channels supporting the occurrence of metha-
nogenic conditions in that interval (Fig. S2).

5.3. Grand Rapids

Within the Grand Rapids Formation, groundwater flows north to-
wards the Clearwater River and northwest and west towards the
Athabasca River (Barson et al., 2001; Matrix Solutions Inc. 2016). TDS
concentrations increase in the southwestern portion of the study area
(Fig. S1), where the formation is at its deepest, and where Na—Cl type
groundwaters dominate (Fig. 3) and where Cl:Br ratios consistent with
seawater are more prevalent (Fig. S4). The most prevalent water types
in this interval are Na—HCO3;—Cl and Na—Cl, but there are a few
anomalous mixed cation-HCO3 waters present in this formation.

Groundwater from the Grand Rapids Formation exhibits the largest
range in 8'%0 and 8%H values (Fig. 4c), showing evidence of mixing
between two isotopically distinct end-member waters (Fig. 6). Com-
paratively low §'%0, and associated 82H, values near the Christina River
(Fig. 5) indicate mixing with a glaciogenic source, and this mixing
pattern is associated with portions of the aquifer with little to no Col-
orado Group cover. The §*Sgo4 7Sr/%6Sr, §%7Cl and Cl:Br values for
these waters are within the ranges expected for solutes originating from
dissolution of the Devonian Evaporites, consistent with the conceptual
model of subglacial meltwater injection (Grasby and Chen, 2005).

The Grand Rapids groundwater samples that plot along the mixing
line with more enriched paleo-waters (Fig. 6) include:

e samples that plot below the GMWL, indicating mixing with a paleo-
water with evaporative signatures, and

o samples that plot along the GMWL, but with 8'0 and §°H indicative
or recharge under warmer climate conditions (Fig. 4c).

All the Grand Rapids groundwater samples that plot along the
mixing line with paleo-waters are from areas where the Colorado Group
is fully present or only partially eroded, and are located in south and
southwestern portions of the SAOS study area (Fig. 5). The elevated
TDS values, and evaporatively-enriched §'®0 and 8*H composition of
the samples collected from groundwater from the area around Town-
ships 73-74, and Ranges 4-5 support the interpretation that this is a
relatively stagnant groundwater zonewithin the aquifer, where paleo-
waters (formation waters of marine origin) are still present, however,
the CL:Br ratios for these samples are still within the range indicating
evaporite dissolution (Fig. S4). Detailed hydraulic head data are
available for this location, and has shown that convergent flow condi-
tions created by the surrounding buried channels may have created a
zone of relative isolation from the regional flow system (Brewster,
2016). Unfortunately, there are limited solute isotope data for the other
samples that show influence of an evaporatively enriched §'%0 source,
so comparison of all the solute isotope labelling was not possible.
However, principle component analysis (PCA) of the geochemical and
isotopic data available for the Grand Rapids Formation wells have
shown the distinctiveness of the group of evaporatively-enriched sam-
ples (Supplementary Material Fig. S5). These samples are distinguished
from other Grand Rapids Formation samples by the higher §'%0 and
8%H values, and elevated concentrations of Na, Cl, conductivity, and
hardness (Table S1).
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5.4. Revised conceptual model

Based on previous investigations in the region (Barson et al., 2001;
Grasby and Chen, 2005), and the enhanced perspective gained from the
unified geochemical and isotopic dataset presented herein, a revised
conceptual model of groundwater flow conditions in the SAOS was
developed (Fig. 10). Notably, the revised model incorporates additional
details such as the vertical connectivity between Devonian aquifers and
the McMurray Formation in the vicinity of the Prairie Evaporite dis-
solution scarp (Cowie et al., 2015), the presence of glacial meltwater
into Cretaceous formations, and the associated geochemical processes
and role of both the Colorado Group and bitumen layer as aquitards
preventing complete flushing of the groundwater system. In deeper
portions of the sedimentary basin, where the Grand Rapids is present at
greater depths the revised conceptual model also includes slow-moving,
relatively stagnant groundwater zones that still show evidence of
mixing with pre-glacial formation waters. Focused recharge via buried
Quaternary channels that fully or partially penetrate the Colorado
Group may lead to locally convergent groundwater flow and zones of
relative stagnation (Fig. 10). Geochemical and isotopic evidence sug-
gests glacial meltwater injection effectively flushed the eastern margin
of the Western Canadian Sedimentary Basin (likely between about
125Ka and 10Ka during the last glaciation), followed by a period of
groundwater reversal and exfiltration, peaking at the time of degla-
ciation and diminishing to the present. During glaciation, pressurized
glacial meltwater was likely injected against the prevailing hydraulic
gradient, particularly along high-permeability Devonian strata, leading
to extensive dissolution of evaporites and formation of high salinity
groundwater (Fig. 10). While high permeability units such as the De-
vonian carbonates sub-cropping in NE Alberta and Manitoba are pre-
sumed to have been preferred conduits for meltwater, a general in-
crease in pressurized recharge to all units likely occurred at this time.
During early deglaciation, as glaciers receded from west to east in this
region, migration of saline water from Devonian units into overlying
Cretaceous strata may have occurred under much higher hydraulic
gradients than today. After the regional flow system resumed towards
the east (Fig. 10), relaxation of hydraulic gradients may have allowed
further upward movement of saline groundwater into Cretaceous strata,
although at reduced rates. Note that the bitumen layer within the
McMurray Formation acts as an aquitard limiting upward migration of
saline water in the western portion of the SAOS region.

For Cretaceous formations in the Stony Mountains region, the pre-
sence of the low-permeability Colorado Group above and bitumen-im-
pregnated sands of the McMurray Formation below are hypothesized as
major hydraulic barriers for meteoric and glaciogenic water influence.
The hydraulic isolation provided by the relatively low permeability
overlying and underlying formation preserved the original formation
waters and limited mixing with shallower aquifers, or glaciogenic wa-
ters in areas where evaporative influences were detected. Similarly,
areas where mixing with younger groundwaters from overlying surficial
deposits or glaciogenic groundwater tended to be located in aquifer
areas where these confining layers were not present. Areas associated
with less evolved groundwaters (HCOs-dominated) are typically located
in the vicinity of the buried channel aquifers that incise into, or
through, the Cretaceous formations and areas to the northeast where
Colorado Group is thin or absent. These glacially influenced ground-
waters were detected in the McMurray, Clearwater and Grand Rapids
formations, indicating that vertical flow may have occurred between
these formations.

Several dominant geochemical patterns affecting formation water
hydrochemistry are explained by this model: i) mixing with glaciogenic
waters (i.e. comparatively low 880 and 8H values, higher TDS values,
Cl:Br ratios, and 8*Sgq,, 87Sr’%Sr, and §%7Cl values consistent with
evaporite dissolution), ii) mixing with paleo-waters (i.e. higher TDS
values and higher §'80 and 8°H values), and iii) mixing with shallow
aquifers (i.e. 880 and 8°H values consistent with more meteoric HCO5-
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dominated water, and 83*Sgos, 7Sr/%°Sr values consistent with
weathering of materials associated with the Quaternary and more re-
cent sediments). None of the waters sampled in this study had geo-
chemical or isotopic signatures of the original connate end-members,
but there are isolated pockets (slow moving zones of relative stagna-
tion) that appear to have been exempt from the glaciogenic flushing
experienced in other areas, where mixing with a more evaporated pa-
leowater was preserved.

The distribution of geochemical and isotopic parameters assessed in
this study supports the conclusion that greater potential for vertical
connectivity and mixing between otherwise discrete formation waters
occurs where buried channels have thinned or completely incised
through Cretaceous units (particularly the low permeability Colorado
Group interval). This study used the location of thalwegs and mapped
channel deposits to approximate these areas, although additional
channels influencing connectivity may yet to be identified across the
SAOS region.

The ability for saline brines to persist in large sedimentary basins
despite regional flow systems has been explained by basin geometry
and brine density, with the recent review of data from North American
sedimentary basins showing that in some basins there is insufficient
topography to drive dense fluids from the bottom of deep sedimentary
basins (Ferguson et al., 2018). The driving force ratios determined for
the Alberta Basin (Ferguson et al., 2018) predicts that there should be a
range of groundwater salinities due to a combination of flushing by
regional groundwater flow, glacial meltwater ingress and low initials
salinities. This prediction is consistent with data available from deeper
in the basin where connate waters have been identified (Hitchon et al.,
1969; Connolly et al., 1990a & 1990b; Simpson, 1999; Grasby and
Chen, 2005) as well as data compiled for locations closer to the dis-
charge edge of the basin (this study, Grasby and Chen, 2005), which
clearly show evidence of glacial water ingress and evaporite dissolu-
tion.

In other sedimentary basins the influx of glaciogenic water has been
found to have significant impacts on the distribution of salinity and
geochemical processes. In the Athabasca Region, dissolution of eva-
porites by glaciogenic water has been presumed as the source of high
TDS waters in regional springs (Grasby and Chen, 2005; Gue et al.,
2015), groundwater seepage zones in the Athabasca river (Birks et al.,
2018; Gibson et al., 2013). It is also interpreted to be the cause of nu-
merous collapse and blowout features observed in the region
(Broughton, 2013), and influential in creating the modern TDS dis-
tributions in the McMurray Formation (Cowie et al., 2015). The results
from this study indicate that mixing with glaciogenic water can also be
identified in overlying aquifers (Clearwater and Grand Rapids) in areas
where there are no vertical barriers to upward flow.

In addition, the 8'°C and 8°'S data from the SAOS suggest that
methanogenesis and sulfate reduction may also be related to the pre-
sence of bitumen and extent of glaciogenic water influx. In other se-
dimentary basins, the presence of glaciogenic water has been linked to
the degradation of crude oil (Grasby et al., 2000; McIntosh et al., 2002;
McIntosh and Walter, 2006; Williston Basin) and gas generation (Shurr
and Ridgely, 2002). The heavy oil present in the Athabasca and Cold
Lake oil sands deposits is thought to be the result of biodegradation of
conventional oil, due to an influx oxygenated meteoric water (Creaney
et al., 1994; Hayes et al., 1994). The injection of glacial meltwater into
Devonian formations and migration upward to the Mannville deposits
via dissolution and collapse features in this area may have been a
source of oxygenated meteoric water.

6. Conclusions
Consolidation and re-interpretation of geochemical and isotopic

datasets for the SAOS made available here, has allowed substantial
refinement of existing knowledge of the region's groundwater flow
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systems, and may serve to enhance and challenge previous conceptual
and numerical models applied in northeastern Alberta for groundwater
management. Complex groundwater flow systems influenced by paleo-
flow conditions, topographic features, and geological structures (e.g.
buried channels, salt dissolution collapse features, and stratigraphic
changes) are often difficult to resolve using physical parameters alone.
In such cases, the geochemical and isotopic parameters may be useful,
as demonstrated, for constraining groundwater provenance and history.
This extensive geochemical and isotopic groundwater dataset provides
examples of geochemical interactions occurring in sedimentary basins
under the influence of continental ice sheets, and as such, this study is
expected to form a valuable resource for understanding and inter-
preting glaciogenic influence on groundwaters globally.
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