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Evidence of discharging saline formation water to the Athabasca
River in the oil sands mining region, northern Alberta
J.J. Gibson, J. Fennell, S.J. Birks, Y. Yi, M.C. Moncur, B. Hansen, and S. Jasechko

Abstract: This paper summarizes various lines of evidence, including new geophysical and geochemical surveys indicating the
discharge of naturally occurring saline formation water from Cretaceous and Devonian formations to the Athabasca River
downstream of Fort McMurray — an active oil sands extraction area. The following features are indicative of saline water
discharge: (i) the hydrogeological setting of the reach which is situated near the western, up-dip, and subcropping, edge of the
Western Canada Sedimentary Basin; (ii) springs and seepage along area rivers and tributaries that have been observed and
reported in previous studies; and (iii) a significant increase in dissolved solids in the river, particularly chloride, occurring in a
downstream direction from Fort McMurray. Further evidence of the saline groundwater discharge was obtained from electro-
magnetic surveys conducted along a 125 km reach from the Clearwater River to the Firebag River. This technique was used to
map the distribution of saline water in the riverbed hyporheic zone, and revealed broad zones of generally high terrain electrical
conductivity values in deeply incised Cretaceous- and Devonian-aged subcrop areas, but with numerous point-source and lineal
anomalies attributed to occurrence of saline water discharge in less incised areas. Porewater sampling using drive-point
piezometers was then used to confirm the presence of saline water in selected zones. Depth-wise gradients in chemical
parameters observed in the riverbed porewaters in these zones are interpreted as evidence of upward movement of saline
formation water mixing with the Athabasca River. Geochemical properties of the porewater are consistent with natural sources
of groundwater flow from the Cretaceous- and Devonian-aged formations discharging along various reaches of the river.

Résumé : Le présent article résume diverses observations, incluant de nouveaux levés géophysiques et géochimiques, indiquant
une décharge naturelle d'eau saline de formations datant du Crétacé et du Dévonien vers la rivière Athabasca en aval de Fort
McMurray — un secteur actif d'extraction de sables bitumineux. Les caractéristiques suivantes indiquent une décharge d'eau
saline : (i) l'environnement hydrogéologique du tronçon situé à proximité de la bordure ouest, en amont-pendage et en
affleurement masqué, du bassin sédimentaire de l'Ouest canadien; (ii) des sources et des suintements le long des rivières et des
tributaires du secteur ont été observés et signalés dans des études antérieures et (iii) une augmentation significative de solides
dissous dans la rivière, surtout des chlorures, en aval de Fort McMurray. D'autres évidences de décharge d'eau souterraine saline
ont été obtenues de levés électromagnétiques effectués le long d'un tronçon de 125 km entre la rivière Clearwater et la rivière
Firebag. Cette technique a été utilisée pour cartographier la distribution de l'eau saline dans la zone hyporhéique du lit de la
rivière et elle a révélé de vastes zones de valeurs élevées de conductivité électrique sur le terrain dans les secteurs d'affleurements
masqués, fortement encaissés, datant du Crétacé et du Dévonien mais avec de nombreuses anomalies ponctuelles et linéaires
attribuées à l'occurrence de décharge d'eau saline dans des secteurs moins encaissés. L'échantillonnage de l'eau interstitielle au
moyen de piézomètres enfoncés a par la suite confirmé la présence d'eau saline dans les zones choisies. Les gradients des
paramètres chimiques en fonction de la profondeur, observés dans l'eau interstitielle du lit de la rivière dans ces zones, sont
interprétés en tant que preuve du mouvement ascendant des eaux des formations salines et de leur mélange avec l'eau de la
rivière Athabasca. Les propriétés géochimiques de l'eau interstitielle concordent avec des sources naturelles d'écoulement
souterrain à partir de formations datant du Crétacé et du Dévonien qui se déchargent le long de divers tronçons de la rivière.
[Traduit par la Rédaction]

Introduction
The oil sands of northern Alberta represent an important oil

reserve to Canada and the world, containing an equivalent of over
170 billion barrels (or 2.7 × 1010 m3) of oil. Currently, production is
�1.8 million barrels per day (mBPD), with planned expansion to
3.9 mBPD by 2020 (McLinden et al. 2012). These hydrocarbon de-

posits are located beneath a vast area of boreal forest located in
northern Alberta and have been exposed along the flanks of the
river valleys via long-term erosion of the Athabasca River and its
tributaries. Additionally, the dissolution of salt deposits by fresh-
water influx during the Pleistocene (Grasby and Chen 2005) and
previous dissolution phases (Broughton 2013) has led to the col-
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lapse of strata in various locations (primarily on the east side of
the Athabasca River) and subsequent development of potential
pathways for cross-formational flow between the Devonian, Cre-
taceous, and surficial environment (Mahood et al. 2012; Schneider
et al. 2012; Broughton 2013). This evolution has led to a complex
hydrogeological system, which features numerous potential con-
nections between surface and subsurface water resources. At the
same time, the presence of large ponds constructed to contain
mine tailings, and in particular, to manage oil-sands-process wa-
ters used in the separation of bitumen and sand, have come under
increasing scrutiny as a potential source of industrial input to
the surface water environment. Transport and fate of oil-sands-
related constituents in the regional aquatic ecosystem is a major
environmental and health concern, with potential for great social
and environmental impact. However, the debate about whether
industrial-related effects are responsible for observed changes in
the groundwater or surface water quality of the region continues,
as the question of relative contributions from natural sources has
not been thoroughly investigated and quantified. Knowledge of
natural sources of salinity and organics is particularly important
for design of monitoring strategies for industrial impact, as their
presence may lead to downstream evolution of water chemistry
that needs to be accounted for and understood.

The Athabasca River, from Fort McMurray to Old Fort (Fig. 1), is
characterized by significant increases in electrical conductivity
(EC), total dissolved solids (TDS), and various other analytes, such
as chloride (Cl). Potentially toxic compounds such as naphthenic
acids (NA) are also prevalent, and these have been identified both
in natural sources and industrial process waters (Gibson et al.
2011). Given the hydrogeologic setting of the area, situated along a
topographically driven groundwater flow gradient (Barson et al.
2001; Adams et al. 2004), the known hydraulic gradients between
formations, occurrence of subsurface brines (Hackbarth and Nastasa
1979), and observed changes in water quality along the river
(Jasechko et al. 2012), it is reasonable to suspect that the Athabasca
River is actively receiving saline water discharge. Considerable
observations have also been made that document the occurrence
of bitumen fountains and saline springs along the Athabasca and
Clearwater rivers (see Hitchon et al. 1969; Grasby and Chen 2005;
Gue 2012).

To further understanding of the natural setting of groundwater
seepage, its variability and characteristics, and to assess the po-
tential for oil-sands-development impacts, a geophysical recon-
naissance of a 125 km reach of the Athabasca River from Fort
McMurray to the confluence with the Firebag River was conducted
using an electromagnetic method (see Butler et al. 2004). Our
hypothesis was that we should be able to locate saline water in the
hyporheic zone of the Athabasca River that is mixing with river
water in zones of active groundwater seepage. Locations exhibit-
ing elevated terrain electrical conductivity in the riverbed hy-
porheic zone were identified as potential locations of groundwater
seepage, which were then further assessed using drive-point pi-
ezometers (DPPs) to facilitate collection of porewater samples
from various depth horizons (up to 3 m below the riverbed) for
geochemical characterization. Results from these natural seepage
zones provide previously unavailable context on the setting of
groundwater–surface-water interaction along the lower Athabasca
River.

Athabasca River hydrology
The Athabasca River sub-basin forms a major headwater tribu-

tary of the northward draining Mackenzie River basin. The Atha-
basca River headwaters are situated in the Rocky Mountains, with
the river flowing northeastward toward the city of Fort McMurray,
then northward into Lake Athabasca at the Peace–Athabasca
Delta (Fig. 1). The river is the primary source of make-up water for
oil sands mining and processing in the Athabasca oil sands region
north of the city of Fort McMurray (56.7°N, 117.4°W).

The Athabasca oil sands region (AOSR) has a climate that is
seasonal, with monthly mean temperatures that vary from −19 °C
in January to 17 °C in July, with a mean annual temperature of
near 0 °C. Total annual precipitation is on the order of 450 mm,
with 60% falling as rain during the warmer months of May
through August. Relief is subdued with the exception of large
river incisions. Ombrogenous (precipitation-fed) bogs and geog-
enous (groundwater-fed) fens govern hydrology and infiltration at
the surface (Vitt et al. 1994). Beneath these peatlands and mineral
soil uplands lie glacio-fluvial and glacio-lacustrine sediments that
can exceed 300 m depth in areas overlying buried paleochannels
(Andriashek and Atkinson 2007). These fine-grained soils, in com-
bination with the climate, have resulted in the abundance of wet-
lands, bogs, and fens across the region.

River hydrology in the AOSR is strongly seasonal, with high flows
associated with the snowmelt period in April–May–June, and low
flows associated with ice-covered periods in November to March
when inputs are mainly restricted to channel storage, groundwater
inflows, and drainage of lakes and muskeg. The seasonal timing of
Athabasca River discharge is shown in Fig. 2a, along with EC and Cl
concentrations (Figs. 2b, 2c), which reveal more dilute discharge in
spring and summer during high flow, and more concentrated dis-
charge during the ice-on period. This observation is attributed to
relative increase in the proportion of groundwater inflow during the
low-flow period (January through March). Strong relationships are
noted between discharge and various dissolved solids, including Cl
as well as EC (Fig. 3), confirming that dilution during higher flow
periods is the primary mechanism controlling river chemistry. It is
also interesting to note that, at similar flow conditions, EC and Cl
increase from Fort McMurray to Old Fort (Fig. 3), indicating that
significant input of dissolved solids is occurring along the reach.
While groundwater discharge is likely a primary natural source of
increased dissolved solids on this reach, only a few studies have
documented the nature of the seepage (Grasby and Chen 2005;
Grasby 2006; Gue 2012). The geophysical reconnaissance performed
as part of this study was used to target areas of potential saline
groundwater seepage into the riverbed for subsequent verification
sampling of the discharging porewaters.

Hydrogeology
The 125 km reach of the Athabasca River from Fort McMurray to

the Firebag River incises several geological formations, including
the Cretaceous Clearwater and McMurray formations, and under-
lying Devonian formations. The Clearwater Formation is the
youngest in the sequence and is exposed along the upper banks of
the Athabasca River. This fine-grained shale-dominated formation
overlies the McMurray Formation, which outcrops along most of
the river from Fort McMurray to the Firebag River confluence.
Devonian-aged carbonate rocks outcrop along the Athabasca
River from Fort McMurray to 62 km north along the river and
appear again at 99 km to the end of the study area. All formations
are overlain by Quaternary-aged sediments comprising till, la-
custrine clay–silt, and fluvial sands and gravels of glacial origin.
Geological features of the study region are described in detail by
Barson et al. (2001) and Hein et al. (2001). A brief overview of the
important geological and hydrogeological characteristics is pro-
vided in the following subsections.

Waterways Formation (Devonian unit)
The Waterways Formation, part of the Devonian succession,

underlies the McMurray Formation and comprises a series of car-
bonate aquifers separated by intervening evaporite deposits and
shaly to marly aquitards. Devonian units in the area may have
supported regional groundwater flow systems that originate from
the Rocky Mountains overthrust belt and discharge in northeast-
ern Alberta and Saskatchewan, although Grasby and Chen (2005)
argue that the modern flow system is more localized. Ground-
water is characterized by extremely high salinity (up to several
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hundred thousand mg/L of TDS, see Table 1), particularly in the
vicinity of evaporitic beds.

McMurray Formation
The Upper McMurray Formation is disconformably bounded

above and below by the Clearwater Formation and the Sub-

Cretaceous unconformity, respectively (Wightman et al. 1995).
The formation consists of interbedded sands, shales, and silts, and
large areas of bitumen-impregnated sands that locally act as
groundwater flow barriers (Bachu and Underschultz 1993). The
McMurray Formation dips to the southwest. Groundwaters typi-
cally range from fresh to saline (Table 1).

Fig. 1. Map showing Athabasca River basin, Alberta, highlighting the long-term river network (LTRN) monitoring stations. Inset shows
position of the Athabasca River within North America. The electromagnetic terrain conductivity surveys and related sampling were conducted
between the two downstream stations across the active oil sands mining area. Cross section A–B is a longitudinal profile along the river,
showing the position of the Prairie Evaporite deposit and lower Cretaceous strata (including McMurray Formation) bearing the oil sands.
m.a.s.l., metres above sea level.
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Fig. 2. Monthly variation in (a) river discharge (Q), 1987–2009, (b) electrical conductivity (EC), and (c) chloride (Cl) concentration in Athabasca
River at Old Fort. Note that winter months with ice cover (November to March, i.e., months 11, 12, and 1–3) tend to have the higher dissolved
solids concentrations due to increase in proportion of groundwater inputs. Dilution during periods of higher flow is the predominant
mechanism controlling concentrations in the river. Boxes denote 25th and 75th percentiles, with bars showing 5th and 95th percentiles, and
solid circles denoting outliers. Months 1–12 represent January to December, respectively.
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Fig. 3. Log–log plots of (a) electrical conductivity (EC) and (b) chloride (Cl) concentration versus instantaneous discharge (Q, m3/s) in the
Athabasca River upstream and downstream of study reach based on LTRN data. Note the consistent correlation between discharge and EC and
Cl, suggesting a dilution mechanism during high flow. The apparent increase in dissolved solids along the reach is attributed primarily to
saline groundwater input.
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Table 1. Geochemical properties of selected water samples from groundwater, hyporheic zone, and river water.

EC (�S/cm) TDS (mg/L) Cl (mg/L) �18O (‰) NA (mg/L)

Location Range Mean Range Mean Range Mean Range Mean Range Mean

Groundwatera

Quaternary 486–3680 1185 47–3740b 559b 12–1550b 72b −19.7 to −17.1c −18.6c 0–6.6b 1.4b

Clearwater Formation 1400–78000 7892 980–4005 2070 4–2000 483 −22.0 to −18.4c −20.0c 0.50–5.0b 1.1b

McMurray Formation 79–78000 4560 196–278340 21000 1–171800 10409 −22.8 to −17.4c −20.9c 1–160b 11.8b

Devonian 286–210000 31182 654–405587 73427 27–204000 41374 — — 0–79b 10.6b

Hyporheic zone (porewater)
Zone 1 71600–81300 76971 52736–64929 57489 29100–36100 31143 −20.6 to −20.5 −20.6 0.29–2.31 1.61
Zone 2 612–1130 831 535–1054 752 5–16 8 −17.6 to −17.2 −17.4 0.20–0.57 0.42
Zone 3 5190–71500 21381 3392–56409 15426 1240–31200 8126 −22.7 to −18.7 −20.4 0.77 −2.44 1.57
Zone 4 1460–1830 1701 1043–1281 1210 222–319 282 −18.6 to −18.4 −18.5 0.16–0.86 0.40
Zone 5 26200–41600 34043 16127–27889 21734 9530–15700 12490 −18.7 to −17.7 −18.2 0.12–0.16 0.15
Zone 6 799–834 815 732–795 766 19–25 22 −17.8 to −17.7 −17.8 — —
Zone 7 1660–4550 3023 1126–2882 1924 328–1190 723 −18.8 to −17.2 −18.0 0.77–1.1 0.96

Athabasca River
Fort McMurray 146–611 340 110–414 194 0.5–14 4.4 −16.6 to −18.8 −17.8 0.46–0.50 0.48
Old Fort 149–598 332 89–342 190 1.2–64 20.5 −16.9 to −17.5 −17.5 0.9d 0.9d

Note: EC, electrical conductivity; TDS, total dissolved solids; Cl, chloride; �18O, oxygen isotope composition of water; NA, naphthenic acid concentration.
aFrom CEMA (2010a) except as noted.
bFrom CEMA (2010b), table A3-1.
cFrom Alberta Innovates – Technology Futures (AITF), unpublished data; note also that groundwater EC, TDS, and Cl are positively skewed datasets.
dValue measured at north end of survey reach near mouth of Firebag River.
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Clearwater Formation
Regionally, the Clearwater Formation is considered an aquitard

given its dominantly fine-grained texture and attendant low per-
meability (Hitchon et al. 1989, 1990). This Formation consists of a
�10 m shale unit in the upper portions. Although the Formation
generally comprises shale, the unit grades into silt and fine-
grained sands, suggesting that the shale unit may not be contin-
uous (Bachu and Underschultz 1993). Along the northern section
of the Athabasca River, exposures of Clearwater Formation uncon-
formably overlie the McMurray Formation. Exposed outcrop is
generally thin (<1 m) and is composed of fine-grained sediments
(Hein et al. 2001). The Clearwater Formation contains natural gas
and some accumulation of bitumen in certain locations, but not
in the study area. Groundwaters are typically non-saline (Table 1).

Quaternary sediments
The surface of the bedrock underlying the Quaternary sedi-

ments represents one of the major unconformable surfaces of
the Western Canadian Sedimentary Basin (WCSB) – the pre-
Quaternary unconformity, which spans the period of erosion
from Late Cretaceous – Early Tertiary to the onset of glaciation in
the Early Quaternary. The most important features of these over-
burden sediments are isolated upland remnants and deep, broad
relicts of paleo-river channel systems that formed during the Late
Tertiary, but which were later modified by glacial and present-day
fluvial processes. Remnants of buried fluvial channels provide a
historical record of the erosion that has occurred on the bedrock
surface from the Late Cretaceous to the Late Pleistocene. The low-
ermost unit of drift consists predominantly of coarse-grained sed-
iment deposited by pre-glacial and glacial-fluvial systems. Basal
fluvial sediments are present as thick sequences within the floors
of the buried bedrock channels, and multiple overlying till units
attest to multiple glacial and interglacial cycles during the Qua-
ternary Period (Andriashek 2003). Groundwaters within this unit
are typically fresh (Table 1).

Methods

Athabasca River geochemistry dataset
Water chemistry data such as EC and Cl measurements were

acquired from Alberta Environment’s long-term river network
(LTRN) for stations at Fort McMurray and Old Fort. Additional data
were reviewed from stations at Hinton and Athabasca (see Fig. 1).

Electromagnetic survey method
Waterborne electromagnetic (EM) terrain EC surveys were car-

ried out over a 125 km reach of the Athabasca River from the city
of Fort McMurray downstream to the confluence of the Athabasca
and Firebag rivers (Fig. 1). A Geonics EM31 terrain EC meter cou-
pled to a Trimble GeoXH differential global positioning system
(GPS) was used to collect the data. The EM31, mounted in a 4.6 m
inflatable jet boat, and operated in vertical-dipole mode, mea-
sures the combined electrical conductivity of the soil matrix and
pore fluids, with a maximum depth of investigation of �6 m
below the water surface, and a peak response originating from a
depth of 1.5 m below the water surface. Bathymetry data were
collected using a Garmin GPS bathymetry unit, coupled to a data
logging system. Positional information was collected using the
Garmin GPS unit, which recorded to a data logger. Electrical con-
ductivity along with bathymetry data were used to correct the
terrain EC readings for varying water depth. As a result, the cor-
rected EM31 data represent the terrain EC of the river bottom
sediments and associated pore fluids. Throughout the field cam-
paign, quality control was monitored continuously. The method
has been described in detail elsewhere (Butler et al. 2004).

Two major field campaigns were conducted during this investi-
gation. The first preliminary survey was conducted in June of 2009
(see Fig. 4), which covered the entire 125 km reach of the river. In
September 2010, a high-resolution secondary survey targeted

seven zones, defined as areas where significant terrain EC anom-
alies were found in the preliminary survey (see Fig. 5). In total,
�339 000 EM31 terrain EC measurements were collected along
the 125 km reach of the Athabasca River during these studies. All
geophysical work was conducted by WorleyParsons Infrastruc-
ture and Environment located in Calgary, Alberta.

Porewater sampling
The porewater sampling was conducted after the electromag-

netic surveys, and targeted areas of the hyporheic zone with high
terrain EC identified along the 125 km reach of the Athabasca
River (Fig. 6). This reach traverses the primary area of oil-sands-
mining development. Porewater sampling was carried out in two
campaigns by Alberta Innovates – Technology Futures (AITF)
and WorleyParsons, with isotopic and geochemical analyses per-
formed by AITF and a variety of external laboratories (see Table 2).
Several groundwater wells from the Alberta Groundwater Observation
Well Network (GOWN) were also sampled as part of routine water
testing programs by Alberta Environment to provide additional con-
text to the geochemical assessment process. Historical groundwater
geochemistry data were obtained from Ozoray (1974), Lemay (2002),
and CEMA (2010a, 2010b).

Porewater from the riverbed was sampled during both field
campaigns using DPPs. Sampling occurred at targeted locations
where elevated riverbed terrain EC was measured during the
EM31 survey. Each piezometer consisted of a 1.9 cm (3/4 in.) diam-
eter stainless-steel drive-point tip screened over a 15 cm interval
and attached to steel pipe lined with 1.6 cm diameter polyethylene
tubing. All DPPs were manually installed using a slide hammer.
During the preliminary survey, these devices were driven 0.5–1 m
below the riverbed surface. In the follow-up high-resolution sur-
vey, piezometers were installed to depths between 0.75 and 3 m.

Following installation, the DPPs were developed and purged for
15 min using a peristaltic pump. Measurements of pH, oxidation–
reduction potential (Eh), dissolved oxygen (DO), electrical conduc-
tivity (EC), and temperature were made in a sealed flow-through
cell until values were stable. This was followed by sample collec-
tion. A detailed account of geochemical sampling and methods
for the preliminary survey is provided in Gibson et al. (2011). Sim-
ilar methods were used for the follow-up survey. Some of the most
informative results from both surveys are presented and dis-
cussed herein, including EC, Cl, TDS, NA, and stable isotope data
for water (�18O). Details of analytical methods and detection limits
are provided in Table 2. Analytical uncertainties associated with
concentration measurements from all sources are estimated to
be <2%. �18O, determined by isotope ratio mass spectrometry at
AITF Victoria and reported in per mil relative to Vienna Standard
Mean Ocean Water (V-SMOW), is accurate to within ±0.05‰.

Results and discussion

Observed discharge
Springs and seeps were observed in several locations along

banks of the study reach, for example, between zones S04 and S05
within the McMurray Formation and near S10 situated in the De-
vonian Waterways Formation. Springs have also been reported
along river courses in the region and described in detail by Grasby
and Chen (2005), Grasby (2006), and Gue (2012). Seepage, where
observed, produced bank instability in some locations, causing
trees to fall over. Seepage potential through the riverbed was also
directly observed in many locations that were sampled. Upward
seepage potential was noted qualitatively as a positive hydraulic
head relative to river water level in DPPs installed at the �1–3 m
depth within the riverbed sediments.

Athabasca River geochemistry evidence
Water chemistry data reveal considerable addition of ionic con-

tent on the reach from Fort McMurray to Old Fort (Fig. 3), attrib-
uted mainly to input of high-salinity water, likely groundwater
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Fig. 4. Low-resolution electromagnetic (EM) survey of terrain electrical conductivity along the Athabasca River from north of Fort McMurray
to the mouth of the Firebag River. Upper panel shows relative position of lower panels a and b along the river, as well as panel c (see Fig. 5).
Reconnaissance sampling locations are shown. Note that yellows and reds are inferred to be areas of enhanced saline groundwater discharge.
Please see online version for colour.
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Fig. 5. Example of high-resolution EM survey of terrain electrical conductivity conducted along reach near Zone 1, S02 (see panel c, Fig. 4).
Note that yellows, reds, and pinks are inferred to be areas of enhanced saline groundwater seepage. Please see online version for colour.
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Fig. 6. Map showing zones of detailed investigation along with selected depth profiles of selected analytes. Circles denote porewaters and
triangles denote river water sampled at the riverbed interface. Strong geochemical gradients in some areas suggest mixing between saline
groundwater and Athabasca River water in the hyporheic zone. EC, electrical conductivity; Cl, chloride; TOC, total organic carbon;
NA, naphthenic acids; �18O, oxygen isotope composition of water. Please see online version for colour.
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(see also Gue 2012; Jasechko et al. 2012). Taking Cl as an example,
the average concentration increases from 4.3 mg/L at Fort
McMurray to 20.6 mg/L at Old Fort. Jasechko et al. (2012) applied a
monthly Cl mass balance between upstream and downstream
river stations using LTRN data to estimate the volume of saline
water added on the reach. They used monthly mean values of Cl in
river water observed over a total of 76 months during 1990–2008
and an estimate of the Cl content of saline inflow sources, which
were estimated to range between 2200 and 15 000 mg/L, with a
mean value of 7000 mg/L. Jasechko et al. (2012) reported that saline
groundwater input was likely between 43 000 and 294 000 m3/day
or 0.1%–3% (mean of 0.28%) of river discharge, values that take into
consideration road-salt additions. Gue (2012), who conducted a
similar analysis using a chlorine stable isotope mass balance, de-
termined groundwater input on the Fort McMurray – Old Fort
reach to be 8500 m3/day, although only Devonian groundwater
sources and a limited isotopic dataset were considered in the
calculation. Gue (2012) concluded that lower flow rates calculated
in her study relative to Jasechko et al. (2012) may reflect the fact
that only saline water from Devonian carbonates was considered.
She also cautions that small differences observed in upstream and
downstream values of chlorine-37 and other assumptions used in
the model lead to high uncertainty of 50%. Gue (2012) also pre-
sented evidence that saline discharge can be very localized, as
three sampled springs were estimated to account for between 10%
and 30% of total groundwater inputs on the reach. Jasechko et al.
(2012) also tested a hypothetical tailings-pond leakage scenario
and concluded that not more than 1 of 18 mg/L average Cl addi-
tions on the reach could potentially be related to tailings-pond
sources.

Based on a more complete dataset of McMurray and Devonian
formation groundwaters taken from CEMA (2010a), we obtain new
estimates of the average Cl concentrations of formation water in
the region. As shown in Table 1, McMurray and Devonian forma-
tion waters are found to have average Cl values of 10 409 and
41 374 mg/L, respectively. Applying the Cl mass balance model of
Jasechko et al. (2012), data for Cl, and using these new groundwa-
ter values to constrain the range of saline input sources, we obtain
an estimate of average saline groundwater inflow of between
16 000 and 62 000 m3/day (0.05%–0.19% of river discharge) over a
76 month period, which is intermediate between estimates of Gue
(2012) and Jasechko et al. (2012). However, caution should be used
when interpreting these results, as Cl data for saline formations is
significantly positively skewed. Overall, despite differences in
amount of saline groundwater input predicted by these studies,
there is consensus that significant saline groundwater discharge
is occurring along the reach. Defining groundwater mixing end-

members remains one of the principle challenges in application
of such mass balance techniques.

Electromagnetic survey evidence
The terrain EC in the riverbed generally ranges from <40

to >180 millisiemens per metre (1 mS/m = 10 × �S/cm). The results
are presented as a colour gridded map with warm colours (yellows
and reds) representing high terrain EC values while cool colours
(blues) represent low terrain EC values (Figs. 4, 5). The electromag-
netic surveys reveal considerable variation in the terrain EC of the
riverbed along the survey reach. In general, background values
are less than �40 mS/m, as observed over most of the southern
70 km survey reach from S05 to S09, and in the 10 km reach north
of S01, with slightly higher values of 40–60 mS/m observed over
the �10 km reach between S01 and S02 and the �20 km reach
between S04 and S05. High terrain conductivity values, >80 mS/m,
were noted at sampling locations S01, throughout the interval
between S02 and S04 (Zone 1 in the follow-up survey; see Fig. 6),
and near S05 (Zone 3), as well as at more localized points along the
river including locations S06 through S10, Zone 2 and Zones 4
through 7. Overall, high terrain EC is interpreted as an indicator
of saline water in the hyporheic zone in the upper few metres
below the riverbed.

The reach of higher terrain EC values noted between S02 and
S04 (Zone 1) corresponds to subcropping of the Devonian Water-
ways Formation (Fig. 6) and as such is likely reflective of discharge
of saline groundwater from this bedrock formation. Another
broad zone of high terrain EC extending �7 km in length is noted
at S05 (Zone 3) where the McMurray Formation subcrops the Atha-
basca River (Fig. 6). Here, discharge from the McMurray Formation
is inferred to be the source of the hyporheic zone water, although
this is challenged to some extent later on when looking at the
water chemistry. In contrast to the larger inferred saline ground-
water seepage areas associated with the S01–S05 interval, includ-
ing Zones 1 and 3, the geophysical anomalies associated with the
S05–S09 interval, including Zones 4 through 7 are centred on
isolated points or on lineal features attributed to locations of
focused saline groundwater discharge along the riverbed. Given
these patterns, the extent of groundwater seepage appears to be
strongly influenced by the degree of incision into the lower Cre-
taceous and Devonian strata by the Athabasca River, with the
most continuous zones of seepage seemingly occurring in north-
ern reaches where McMurray and Devonian formations are most
deeply incised.

High-resolution terrain EC surveys give a better perspective of
the occurrence of the high-salinity water in selected areas, as
shown for Zone 1 between S02 and S04 (Fig. 5).

Table 2. Summary of analytical methods, detection limits, and laboratories used in this study.

Analyte Unit Detection limits Analytical methods Laboratory

pH pH units 0.1 YSI multi-probe Field parameters
Conductivity �S/cm 0.2 YSI multi-probe Field parameters
Total dissolved solid mg/L 5–10 Calculated AITF
Naphthenic acid mg/L 0.01–0.1 GC–MS, FTIR AITF, ALS
Bicarbonate (HCO3) mg/L 5 Alkalinity titration AITF, ALS
Total organic carbon (TOC) mg/L 1 TOC combustion analyzer AITF, ALS
Chloride (Cl) mg/L 0.5 Ion chromatography AITF, ALS
Sulfate (SO4) mg/L 0.5 Ion chromatography AITF, ALS
Calcium (Ca) mg/L 0.5 ICP–OES AITF, ALS
Magnesium (Mg) mg/L 0.1 ICP–OES AITF, ALS
Potassium (K) mg/L 0.5 ICP–OES AITF, ALS
Sodium (Na) mg/L 1 ICP–OES AITF, ALS
Ammonium (NH4) mg/L 0.05 Colorimetry AITF, ALS
�2H ‰ V-SMOW 0.5* Isotope ratio mass spectrometer AITF, UofC
�18O ‰ V-SMOW 0.05* Isotope ratio mass spectrometer AITF, UofC

Note: *Refers to analytical uncertainty. V-SMOW, Vienna Standard Mean Ocean Water; GC–MS, gas chromatography – mass spec-
trometry; FTIR, Fourier transform infrared spectroscopy; ICP–OES, induced coupled plasma – optical emission spectroscopy;
AITF, Alberta Innovates – Technology Futures; ALS, ALS Laboratory Group; UofC, University of Calgary.
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The occurrence of saline water in the riverbed hyporheic zone is
further verified by collecting porewater at selected locations, as
described in the following section.

Porewater geochemistry evidence
Table 1 provides a summary of selected geochemical and

isotopic data for river water, groundwater, and hyporheic zone
(riverbed porewater) samples. A comprehensive summary of
the geochemistry of porewater from this survey, along with a
number of samples of river water, oil sands process-affected
water, and new groundwater samples is provided as supplementary
material.1

In general, porewater collected in areas of high terrain conduc-
tivity was found to have considerably higher EC values than the
overlying river water (Table 1). While considerable variability is

noted in porewater from zone to zone (Table 1), higher TDS (up to
65 000 mg/L), Cl (up to 36100 mg/L), and lower �18O values more
typical of local formation water were noted for most profiles. The
low �18O values and high salinities measured in these waters are
fairly representative of formation waters of glaciogenic origin
formed by dissolution of the Devonian-age evaporites by recharg-
ing meltwater during the last glaciation. This glaciogenic signa-
ture has commonly been observed in saline groundwater near the
terminus of the Western Canada Sedimentary Basin (Grasby and
Chen 2005). Glaciogenic waters are distinct from basinal brines,
the latter having similarly high salinity values but enriched �18O
values (�0 ‰) that are representative of seawater trapped during
sedimentation (i.e., connate water). It is also important to note
that naphthenic acids were also present in all hyporheic zone

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjes-2013-0027.

Fig. 7. Piper plot showing major ion geochemistry of river water, hyporheic zone porewaters, and characteristic ranges for Athabasca River
water (Jasechko et al. 2012), Cretaceous and Devonian formation waters (Ozoray 1974; Lemay 2002; CEMA 2010a, 2010b), and process-affected
water (PAW) from oil sands tailings ponds (Gibson et al. 2011). Please see online version for colour.
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porewaters, and naphthenic acid concentration in Athabasca River
waters was found to increase along the survey reach (Table 1).

Depth profiles of geochemical parameters measured on porewater
within the 3 m depth interval below the riverbed sediment – water
interface confirm that saline water is present in the hyporheic
zone in many locations including Zones 1, 3, 5, and to some extent
Zone 7 (see Fig. 6), and we attribute this to upward seepage of
saline groundwater and mixing with Athabasca River water. How-
ever, geochemical gradients observed at Zone 6 (also Zones 2 and
4, not shown) are less convincing of the presence of saline ground-
water seepage. We attribute this either to weak gradients or to
upwelling of more dilute groundwaters likely associated with late
Cretaceous formation waters or shallower groundwaters, as some
isotopic contrast is still maintained (Fig. 6).

Groundwater sources
There are several characteristics of these zones of groundwater

seepage that strongly suggest natural sources from late Creta-
ceous and Devonian formation waters. These include the physical
setting of the seepage zones, the broad occurrence of these zones
especially along the northern reaches of the EM survey, and their
location above saline water-bearing formations as opposed to be-
ing in close proximity to oil sands tailings ponds and other devel-
opment features in the area. In fact, measured EC and TDS values
of the porewaters collected from these seepage zones are greater
than any of the tailings ponds that might be considered potential
anthropogenic sources (e.g., see Gibson et al. 2011).

Groundwater in this area from the McMurray Formation has
a fairly large range in TDS and Cl, with TDS ranging up to
280 000 mg/L and Cl ranging up to 170 000 mg/L (Table 1). Similar
ranges were reported by Hackbarth and Nastasa (1979). The
higher-TDS waters from this formation typically have a Na–Cl

composition (Ozoray 1974; Lemay 2002), but some Na–HCO3-type
waters have also been described in more dilute samples. Ground-
water from Devonian formations along this reach of the
Athabasca River are characterized by higher TDS and Cl than
the overlying McMurray Formation, with TDS ranging up to
400 000 mg/L and Cl ranging up to 200 000 mg/L (Table 1; see also
Hackbarth and Nastasa 1979), and are typically Na–Cl-type waters.
Relative abundance of major ions in the river waters and porewa-
ters (see data provided as supplementary material1) are compared
with reported ranges of Devonian and McMurray formation
groundwaters (Ozoray 1974; Lemay 2002; CEMA 2010a, 2010b) to
illustrate the relationship between waters that influence the hy-
porheic zone of the river (Fig. 7). As shown, porewaters collected
during this survey from Zones 1, 3, and 7 plot clearly along a
mixing line between river water (Ca–Mg–Na–HCO3 type) and Mc-
Murray and Devonian formations (Na–Cl type), which provides
further evidence that these formations are the source of water
sampled in the hyporheic zone. Less influence from these forma-
tions is evident for porewaters collected in Zones 2, 4, and 6,
which are found to be more similar to the ranges found in Atha-
basca River water in this study (blue triangles, Fig. 7 (colour can be
viewed in online version)) as well as reported ranges from the
LTRN for the Athabasca River at Fort McMurray and Old Fort (el-
lipse labeled Athabasca River, Fig. 7) (see also Jasechko et al. 2012,
their fig. 4). Relative abundance of major ions in Zone 5, while
showing significant trends towards McMurray and Devonian
groundwater sources, appear to be unique in that they are typi-
cally more calcium-rich than expected due to simple mixing with
Athabasca River water (Fig. 7). We attribute this to calcium
buildup in the hyporheic zone possibly similar to the situation
noted by Jin et al. (2010) for groundwater–surface-water mixing

Fig. 8. Sulfate and chloride concentrations in seepage zones tested along the Athabasca River compared with regional groundwater.
Groundwater data are taken from CEMA (2010a). Please see online version for colour.
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zones in streams with geologic settings containing gypsum. We
also note a distinction between formation waters and process-
affected water (PAW) from local tailings ponds in that the former
tend to have Cl as the dominant ion. The tailings pond waters
differ from both the porewaters and formation waters in their
more mixed anion compositions.

The Cl and sulfate (SO4) concentrations can be used to fur-
ther separate McMurray and Devonian groundwater sources.
Figure 8 shows a cross-plot between Cl and SO4 concentrations (in
log–log scale presentation) for groundwater samples collected
from regional monitoring wells across the study area (CEMA
2010a). Two relatively distinct groupings of groundwater are
evident — one associated with the Devonian formations (i.e., com-
paratively higher Cl and SO4 concentrations) and the other asso-
ciated with the McMurray Formation of Cretaceous age (i.e.,
comparatively lower Cl and SO4 concentrations). This may be ex-
plained by the difference in lithology of the two intervals, that is,
the presence of extensive evaporite minerals (e.g., halite and an-
hydrite) in the Devonian compared with the clastic-dominated
Cretaceous formations. Also shown are porewater and surface
water samples collected at the various stations investigated as
part of this study. Compared with these two distinct fields, water
samples from the Athabasca River plot tightly in the centre of the
McMurray field, as do porewater samples from Zones 2, 4, and 6,
implying a link to waters originating from that formation or shal-
lower Cretaceous-age formations with similar water chemistry.
In contrast, porewaters from Zones 1, 3, and 5 plot within the
Devonian field, implicating groundwater emanating from these
deeper, more saline, formations. Of note are samples associated
with Zone 7 and to some degree Zone 3, which plot in an area of
overlap between the Devonian and McMurray fields. While Zone 3
overlies the McMurray Formation, this formation is apparently not
the main source of saline water at this location. This configuration
suggests the occurrence of mixing phenomena and further rein-
forces the complex character of the region with respect to cross-
formational flow conditions.

Conclusions
Observed and reported springs and seeps, significant increase

in dissolved constituents along the river between Fort McMurray
and Old Fort, electromagnetic surveys, and porewater sampling
all suggest that saline groundwater seepage is occurring along the
Athabasca River in the oil sands mining region. The most preva-
lent areas of seepage occur slightly downstream (north) of active
oil-sands development in areas underlain by McMurray and Devo-
nian subcrop. Natural sources of groundwater input to the river,
although relatively small from a volumetric perspective, could
have a significant impact on surface water quality on the reach
due to their high salinity and high organic content.

Apart from river deltas and low-lying coastal plains where sa-
line water sources are commonly encountered due to seawater
intrusion (see de Louw et al. 2013), there are many examples of
large rivers where naturally occurring saline groundwater dis-
charge has a significant impact on river water quality. Some ex-
amples include the Rio Grande (Moore et al. 2008), Murray (Mosley
et al. 2012), Darling (Meredith et al. 2009), Jordan (Farber et al.
2004), and Swan-Avon rivers (Degens et al. 2012). Saline ground-
water and brines are also common features of many oil fields
which are primarily located in modern or ancient sedimentary
basins where trapped seawater or evaporite deposits may be pres-
ent (see Gupta et al. 2012). In most cases, input of saline ground-
water leads to higher river salinity during low-flow periods as
observed for the lower Athabasca River. It is important to note
that the proportion of saline groundwater inputs in these studies
was found to be susceptible to groundwater development, water
management strategies, historic land use patterns, and climatic
change. For the lower Athabasca region, contributions of saline

groundwater may therefore be affected by river water abstraction
for oil sands production, groundwater dewatering or develop-
ment for in-situ oil sands extraction, or deep-well brine disposal.

There is considerable discussion and controversy raised at pres-
ent over the role of anthropogenic sources of contaminants from
oil-sands development on downstream river water quality and
chemical conditions in the Peace–Athabasca delta. This study pro-
vides a refined description of the widespread occurrence of prob-
able natural seepage from the bedrock formations that needs to
be considered when discussing water quality management in the
region. While this study provides significant evidence that natural
sources of salinity are being added to the river (including both
point and non-point sources), the ability to quantify and evaluate
proportions of natural and anthropogenic sources of salinity and
organics where they may co-exist is complicated and will require
further development of more specialized geochemical and isoto-
pic tracers, as well as geophysical methods. Ongoing work is
aimed at further characterization of natural and anthropogenic
constituents associated with oil-sands processing, including a
more complete understanding of the flux and loading of constit-
uents to the Athabasca River and ultimately the Peace–Athabasca
delta. Further assessment of river seepage sources and mixing is
also underway using an array of solute isotope and organic profil-
ing data collected during this survey.

Acknowledgements
This research was supported by grants obtained from Alberta

Environment and Sustainable Resource Development, the Oil
Sands Research and Information Network, Alberta Innovates –
Technology Futures, and Suncor Energy Inc. We thank Preston
McEachern for championing the initial study and Kevin Tattrie for
field assistance. Shell Albian Sands, Syncrude Canada Ltd., and
Canadian Natural Resources Limited provided samples and (or)
access to tailings ponds.

References
Adams, J.J., Rostron, B.J., and Mendoza, C.A. 2004. Coupled fluid flow, heat and

mass transport in the Alberta basin: implication for the origin of the Atha-
basca oil sands. Canadian Journal of Earth Sciences, 41(9): 1077–1095. doi:10.
1139/e04-052.

Andriashek, L.D. 2003. Quaternary geological setting of the Athabasca Oil Sands
(in situ) Area. Alberta Energy and Utilities Board, EUB/AGS Earth Sciences
Report 2002-03, 295 pp.

Andriashek, L.D., and Atkinson, N. 2007. Buried channels and glacial-drift aqui-
fers in the Fort McMurray region, northeastern Alberta. Alberta Energy Util-
ities Board/Alberta Geological Survey Report ESR 2007-01 (March 2007),
160 pp.

Bachu, S., and Underschultz, J.R. 1993. Hydrogeology of formation waters, north-
eastern Alberta Basin. AAPG Bulletin (October 1993), 77: 1745–1768.

Barson, D., Bachu, S., and Esslinger, P. 2001. Flow systems in the Mannville
Group in the east-central Athabasca area and implications for steam-assisted
gravity drainage (SAGD) operations for in situ bitumen production. Bulletin
of Canadian Petroleum Geology, 49(3): 376–392. doi:10.2113/49.3.376.

Broughton, P.L. 2013. Devonian salt dissolution-collapse breccias flooring the
Cretaceous Athabasca oil sands deposit and development of lower McMurray
Formation sinkholes, northern Alberta Basin, Western Canada. Sedimentary
Geology, 283: 57–82. doi:10.1016/j.sedgeo.2012.11.004.

Butler, K.E., Nadeau, J.-C., Parrott, R., and Daigle, A. 2004. Delineating recharge
to a river valley aquifer by riverine seismic and EM methods. Journal of
Environmental and Engineering Geophysics, 9(2): 95–109. doi:10.4133/JEEG9.
2.95.

CEMA 2010a. Regional Groundwater Monitoring Network Implementation in
the Northern Athabasca Oil Sands: Phase 2: Program Summary. Report pre-
pared by WorleyParsons Canada Ltd. for the Ground Water Working Group
(GWWG), Contract No. 2008-0033. Cumulative Environmental Management
Association, 54 pp. + Appendices.

CEMA 2010b. Regional groundwater quality study and monitoring network de-
sign in the Athabasca Oil Sands: Phase 1. Report prepared by WorleyParsons
Canada Ltd. for the Ground Water Working Group (GWWG), Contract No.
2007-0039. Cumulative Environmental Management Association, 97 pp. +
Appendices.

de Louw, P.G.D., Vandenbohede, A., Werner, A.D., and Oude Essink, G.H.P. 2013.
Natural saltwater upconing by preferential groundwater discharge. Journal
of Hydrology, 490: 74–87. doi:10.1016/j.jhydrol.2013.03.025.

Degens, B.P., Muirden, P.D., Kelly, B., and Allen, M. 2012. Acidification of

1256 Can. J. Earth Sci. Vol. 50, 2013

Published by NRC Research Press

C
an

. J
. E

ar
th

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
 C

A
L

G
A

R
Y

 o
n 

05
/2

4/
17

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://dx.doi.org/10.1139/e04-052
http://dx.doi.org/10.1139/e04-052
http://dx.doi.org/10.2113/49.3.376
http://dx.doi.org/10.1016/j.sedgeo.2012.11.004
http://dx.doi.org/10.4133/JEEG9.2.95
http://dx.doi.org/10.4133/JEEG9.2.95
http://dx.doi.org/10.1016/j.jhydrol.2013.03.025


salinized waterways by saline groundwater discharge in south-western Aus-
tralia. Journal of Hydrology, 470–471: 111–123. doi:10.1016/j.jhydrol.2012.08.
035.

Farber, E., Vengosh, A., Gavriell, I., Marie, A., Bullen, T.D., Mayer, B.,
Holtzman, R., Segal, M., and Shavit, U. 2004. The origin and mechanism of
salinization of the Lower Jordan River. Geochimica et Cosmochimica Acta,
68(9): 1989–2006. doi:10.1016/j.gca.2003.09.021.

Gibson, J.J., Birks, S.J., Moncur, M., Yi, Y., Tattrie, K., Jasechko, S., Richardson, K.,
and Eby, P. 2011. Isotopic and geochemical tracers for fingerprinting
process-affected waters in the oil sands industry: a pilot study. Oil Sands
Research and Information Network. OSRIN Report No. TR-12. University of
Alberta, Edmonton, April 2011. 109 pp. http://hdl.handle.net/10402/era.23000.

Grasby, S.E. 2006. Brine springs of northern Alberta. Potential for carbonate-
hosted lead-zinc Mississippi Valley-type mineralization in northern Alberta
and southern Northwest Territories: Geoscience Contributions, Targeted
Geoscience Initiative. P.K. Hannigan (Editor). Geological Survey of Canada
Bulletin, 591: 241–254.

Grasby, S.E., and Chen, Z. 2005. Subglacial recharge into the Western Canada
Sedimentary Basin: impact of Pleistocene glaciation on basin hydrodyna-
mics. GSA Bulletin, 117(3/4): 500–514. doi:10.1130/B25571.1.

Gue, A. 2012. The geochemistry of saline springs in the Athabasca oil sands
region and their impact on the Clearwater and Athabasca Rivers. M.Sc. The-
sis, University of Calgary, 159 pp.

Gupta, I., Wilson, A.M., and Rostron, B.J. 2012. Cl/Br compositions as indicators
of the origin of brines: Hydrogeologic simulations of the Alberta Basin, Can-
ada. Geological Society of America, Bulletin, 124(1/2): 200–212. doi:10.1130/
B30252.1.

Hackbarth, D.A., and Nastasa, N. 1979. The hydrogeology of the Athabasca oil
sands area, Alberta. Alberta Research Council Bulletin 38, 39 pp.

Hein, F.J., Langenberg, C.W., Kidston, C., Berhane, H., Berezniuk, T., and Cotterill, D.K.
2001. A comprehensive field guide for facies characterization of the Atha-
basca Oil Sands, Northeast Alberta. Alberta Energy and Utilities Board Special
Report 13, 415 pp.

Hitchon, B., Levinson, A.A., and Reeder, S.W. 1969. Regional variations of river
water composition resulting from halite dissolution, Mackenzie River drain-
age basin, Canada. Water Resources Research 5(6): 1395–1403.

Hitchon, B., Bachu, S., Ing, C.M., Lytviak, A., and Underschultz, J.R. 1989. Hydro-
geological and Geothermal Regimes in the Phanerozoic Succession, Cold
Lake Area, Alberta and Saskatchewan, Alberta Research Council Bulletin 59.
84 pp.

Hitchon, B., Bachu, S., and Undershultz, J.R. 1990. Regional subsurface hy-
drogeology, Peace River arch area, Alberta and British Columbia. Bulletin of
Canadian Petroleum Geology, 38: 196–217.

Jasechko, S., Gibson, J.J., Birks, S.J., and Yi, Y. 2012. Quantifying saline ground-
water seepage in the Athabasca oil sands region. Applied Geochemistry, 27:
2068–2076. doi:10.1016/j.apgeochem.2012.06.007.

Jin, L., Siegel, D.I., Lautz, L.K., Mitchell, M.J., Dahms, D.E., and Mayer, B. 2010.
Calcite precipitation driven by the common ion effect during groundwater-
surface-water mixing: a potentially common process in streams with geo-
logic settings containing gypsum. Geological Society of America, Bulletin,
122(7–8): 1027–1038.

Lemay, T. 2002. Geochemical and isotope data for formation water from selected
wells, Cretaceous to Quaternary succession, Athabasca Oil Sand (In-situ)
Area, Alberta. EUB/AGS Geo-Note 2002-02, 1-30.

Mahood, R., Verhoef, M., and Stoakes, F.A. 2012. Paleozoic Stratigraphic Frame-
work beneath the Muskeg River Mine (Twp 95, Rge 9-10W4): Controls and
Constraints on Present Day Hydrogeology. Canadian Society of Petroleum
Geology, GeoConvention 2012, 14–18 May 2012, Calgary Alberta, 8 pp.

McLinden, C.A., Fioletov, V., Boersma, K.F., Krotkov, N., Sioris, C.E.,
Veefkind, J.P., and Yang, K. 2012. Air quality over the Canadian oil sands: a
first assessment using satellite observations. Geophysical Research Letters,
39: L04804. doi:10.1029/2011GL050273.

Meredith, K.T., Hollins, S.E., Hughes, C.E., Cendon, D.I., Hankin, S., and
Stone, D.J.M. 2009. Temporal variation in stable isotopes (18O and 2H) and
major ion concentrations within the Darling River between Bourke and Wil-
cannia due to variable flows, saline groundwater influx and evaporation.
Journal of Hydrology, 378, 313–324. doi:10.1016/j.jhydrol.2009.09.036.

Moore, S.J., Bassett, R.L., Liu, B., Wolf, C.P., and Doremus, D. 2008. Geochemical
tracers to evaluate hydrogeologic controls on river salinization. Gound Wa-
ter, 46(3): 489–501. doi:10.1111/j.1745-6584.2007.00420.x.

Mosley, L.M., Zammit, B., Leyden, E., Heneker, T.M., Hipsey, M.R., Skinner, D.,
and Aldridge, K.T. 2012. The impact of extreme low flows on the water quality
of the lower Murray River and lakes (South Australia). Water Resources Man-
agement, 26: 3923–3946. doi:10.1007/s11269-012-0113-2.

Ozoray, G.F. 1974. Hydrogeology of the Waterways-Winefred Lake area, Alberta.
Alberta Research Council, Report 74-2, 18 pp.

Schneider, C.L., Mei, S., Grobe, M., and Haug, C. 2012. Beneath the oil sands:
stratigraphy and structural features of the Devonian of northeast Alberta.
Canadian Society of Petroleum Geology, GeoConvention 2012, 14–18 May
2012, Calgary Alberta, 5 pp.

Vitt, D.H., Halsey, L.A., and Zoltai, S.C. 1994. The bog landforms of continental
western Canada in relation to climate and permafrost patterns. Arctic and
Alpine Research, 26(1): 1–13. doi:10.2307/1551870.

Wightman, D.M., Attalla, M.N., Desmond, A.W., Strobl, R.S., Habtemicael, B.,
Cotterill, D.K., and Berezsniuk, T. 1995. Resource characterization of the
McMurray/Wabiskaw Deposit on the Athabasca Oil Sands Area: A synthesis.
Alberta Research Council, AOSTRA Technical Publication Series 10, 142 pp.

Gibson et al. 1257

Published by NRC Research Press

C
an

. J
. E

ar
th

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
 C

A
L

G
A

R
Y

 o
n 

05
/2

4/
17

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://dx.doi.org/10.1016/j.jhydrol.2012.08.035
http://dx.doi.org/10.1016/j.jhydrol.2012.08.035
http://dx.doi.org/10.1016/j.gca.2003.09.021
http://hdl.handle.net/10402/era.23000
http://dx.doi.org/10.1130/B25571.1
http://dx.doi.org/10.1130/B30252.1
http://dx.doi.org/10.1130/B30252.1
http://dx.doi.org/10.1016/j.apgeochem.2012.06.007
http://dx.doi.org/10.1029/2011GL050273
http://dx.doi.org/10.1016/j.jhydrol.2009.09.036
http://dx.doi.org/10.1111/j.1745-6584.2007.00420.x
http://dx.doi.org/10.1007/s11269-012-0113-2
http://dx.doi.org/10.2307/1551870

	Article
	Introduction
	Athabasca River hydrology
	Hydrogeology
	Waterways Formation (Devonian unit)
	McMurray Formation
	Clearwater Formation
	Quaternary sediments


	Methods
	Athabasca River geochemistry dataset
	Electromagnetic survey method
	Porewater sampling

	Results and discussion
	Observed discharge
	Athabasca River geochemistry evidence
	Electromagnetic survey evidence
	Porewater geochemistry evidence
	Groundwater sources

	Conclusions
	Acknowledgements

	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /PageByPage
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Average
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/DAN <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


