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Abstract 
Oilfield brines investigated in this study occupy both the pre-Cretaceous and post-Jurassic regional 
groundwater flow regimes within the Alberta Basin. Samples of pre-Cretaceous groundwater primarily 
represent Devonian carbonate units while post-Jurassic regime samples primarily represent Cretaceous 
siliciclastic units. Pre-Cretaceous regime brines located east of the western margin of the Cooking Lake 
platform (referred to as central-regime brines in this study) show differing properties and have differing 
evolutionary histories than those lying to the west of the western platform margin (referred to as western-
regime brines).  
Pre-Cretaceous central-regime brines evolved through progressive evapoconcentration to the point of 
halite saturation as mid-Devonian seawater moved away from the northwestern open-marine connection 
of the Devonian Elk Point Basin. Brines nearing the southeastern margin of the Elk Point Basin were 
enriched in K and Li through dissolution of late-stage evaporite minerals (potash) of the Prairie Evaporite 
Formation. Following infiltration into the underlying Winnipegosis / Keg River Formation, brines were 
transported westward by gravitationally-driven flow. Regionally-upward groundwater flow, associated 
with Laramide tectonism, then forced central-regime brines upward into stratigraphically-higher 
Devonian carbonates, including the Nisku and Leduc formations.  
Pre-Cretaceous western-regime brines evolved through evapoconcentration of mid-Devonian seawater, 
but not to the point of halite saturation, followed by dissolution of pre-existing halite deposits. K- and Li-
enrichment of western-regime brines likely do not represent evaporative processes or interaction with 
evaporite minerals but, rather, reflect the contribution of hydrothermal fluids.  
The composition of post-Jurassic-regime brines can be largely explained as a mixture of underlying pre-
Cretaceous regime brines with varying amounts of meteoric water. 
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1 Introduction 
An extensive history of study exists regarding the origins and characteristics of brines within the Alberta 
Basin of Canada (Figure 1). White (1965) argued that brines of the Alberta Basin are connate in origin 
while Clayton et al. (1966) argued for complete flushing of the basin. Additional mechanisms advanced to 
explain the composition of Alberta Basin brines include membrane filtration coupled with halite 
precipitation (Billings et al., 1969), membrane filtration coupled with freshwater dilution (Hitchon et al., 
1971) and diagenetic modification of seawater coupled with freshwater dilution (Hitchon and Friedman, 
1969). In more recent work, Connolly et al. (1990a; 1990b) proposed evaporation of seawater beyond 
halite saturation with subsequent dilution by meteoric water. Michael and Bachu (2002) proposed 
evapoconcentration of seawater combined with the effects of dolomitization, halite dissolution and 
dilution with meteoric water. Michael et al. (2003) proposed seawater evapoconcentration beyond 
gypsum but less than halite saturation combined with the effects of dolomitization, clay mineral and 
gypsum dewatering, sulphate reduction and halite dissolution. Gupta et al. (2012) proposed the presence 
of brine endmembers formed through evapoconcentration of seawater beyond halite saturation and 
through dissolution of halite coupled with mixing with seawater and meteoric water. The numerous and 
varied mechanisms proposed for the origin of Alberta Basin brines reflect the potentially complex history 
of these waters. 
Enrichment of oilfield brines in Li has been documented in the Devonian of the Williston Basin in North 
Dakota, the Jurassic Smackover Formation of the US Gulf Coast, the Cretaceous of Texas and the 
southern coastal plain of Israel (Collins, 1976; Chan et al., 2002; Garrett, 2004). Li-enrichment of brines 
within Devonian carbonates of the Alberta Basin has been reported by Hitchon et al. (1993), Underschultz 
et al. (1994), Bachu (1995), Eccles and Berhane (2011) and Huff (2016). Hitchon et al. (1993) observed 
that Li concentrations increased with increasing brine salinity. Eccles and Berhane (2011) observed that 
Li concentrations in brines in the Swan Hills Formation correlated with radiogenically-enriched 87Sr/86Sr 
values and noted that these brines were associated with dolomitized carbonates. Furthermore, Eccles and 
Berhane (2011) argued that these Li-enriched brines had not been evapoconcentrated past halite 
saturation, lacked a meteoric water component and had become Li-enriched through mixing with fluids 
expelled from crystalline basement rocks. Huff (2016) proposed dissolution of late-stage evaporate 
minerals into evapoconcentrated seawater, followed by various degrees of dilution with meteoric water, in 
the formation of brines in the Leduc and Nisku Formations containing >50 mg/kg Li.  
Increasing demand for Li has created an interest in the possible commercial exploitation of Li-enriched 
oilfield brines. This study uses published data to further investigate potential mechanisms for the 
generation of Li-enriched brines of the Alberta Basin. Brine samples used in this study were acquired 
from the Devonian Wabamun Group and Swan Hills, Nisku and Leduc formations; and the Cretaceous 
Mannville Group, and Viking and Cardium formations. 

1.1 Alberta Basin 
The Alberta Basin is bordered to the west by the Rocky Mountain Fold and Thrust Belt, to the northeast 
by Precambrian basement rocks and to the southeast by the Sweetgrass / Bow Island Arch. The Alberta 
Basin forms the western part of the Western Canada Sedimentary Basin (WCSB), which also contains the 
Williston Basin to the east (Figure 1). The Alberta Basin consists of a wedge of westward-thickening and 
westward-dipping Paleozoic through Cenozoic sediments (Wright et al., 1994). An extensive 
unconformity separates pre-Cretaceous from post-Jurassic deposits throughout most of the WCSB 
(Poulton et al., 1994). The pre-Cretaceous deposits consist primarily of carbonates, evaporates and shales 
while the post-Jurassic deposits range from coarse- to fine-grained siliciclastics. Jurassic through Eocene 
tectonic events (Price, 1994; Panǎ and van der Pluijm, 2015) have imparted a westerly dip to units above 
and below the basin-wide unconformity. Devonian units within the Alberta Basin include a series of well-
developed dolomitized and undolomitized reef structures many of which rest on extensive platform 
carbonate deposits.  
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Bachu (1995; 1999) recognized distinct pre-Cretaceous and post-Jurassic mesoscale hydrologic regimes 
within the Alberta Basin. Fluid flow in the pre-Cretaceous regime takes place largely through 
Carboniferous and Devonian carbonates and is thought to be driven by a combination of topographic 
relief, tectonic compression and density gradients. Fluid flow in the post-Jurassic regime takes place 
largely through Cretaceous to Tertiary clastics and is thought to be principally driven by modern-day 
topographic relief. Hitchon (1969; 1984) proposed deep incursion of meteoric water into the subsurface of 
the southwestern Alberta Basin driven by topographic changes associated with Laramide tectonics. 
Evidence exists for the presence of a post-Laramide, and possibly modern-day flow system, from 
Devonian carbonates upward across the basin-wide unconformity into overlying Cretaceous siliciclastics 
(Bachu 1995; 1999; Rostron and Tóth, 1996; 1997). Density-driven downdip flow of brines in Devonian 
carbonates of the Alberta Basin has been suggested by Michael et al. (2003). Simulations of subsurface 
fluid flow indicate a Devonian age of formation for brines hosted in the Devonian carbonates of the 
southwestern Alberta Basin (Gupta et al., 2012). 

0BFigure 1. Location of Western Canada Sedimentary Basin including Alberta and Williston 
subbasins. 
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2 Methodology 

2.1 Data Collection and Sources 
Data used in this study include analyses of oilfield brine samples from Alberta Basin formations of the 
Devonian (Wabamun Group and Swan Hills, Nisku, Slave Point and Leduc formations) and Cretaceous 
(Mannville Group and Viking and Cardium formations) periods, collected by the Alberta Geological 
Survey (AGS) between 2011 and 2016 (Huff et al., 2011; 2012; 2019). Additional data used in this study 
include analyses of brines from the Swan Hills Formation of Alberta (Eccles and Berhane, 2011). 
Analyses reported by Huff et al. (2011; 2012; 2019) were obtained from brine samples collected from 
mature oil wells that had been in production for a minimum of six months since any major treatment or 
chemical stimulation. All additives to the wellbore or well stream were discontinued for a minimum of 
24 hours prior to sampling. Brine samples were collected and preserved using a slightly modified version 
of the method described by Lico et al. (1982). The results of all analyses reported by Huff et al. (2011; 
2012; 2019) have charge balance errors of no more than 5 %. Further analytical details are described in 
Huff et al. (2011; 2012; 2019). Specific gravities of Swan Hills brines were estimated from salinity data 
reported by Eccles and Berhane (2011) using specific gravities of aqueous NaCl solutions at 20°C 
(Weast and Astle, 1978, p. D299-D300). The locations of brine samples collected within Alberta and 
used in this study are shown in Figure 2. 

2.2 Hydrologic Regimes 
The results of this study are organized by hydrologic regime with subdivision of the pre-Cretaceous 
regime into central and western parts, as differentiated by the western margin of the Cooking Lake 
carbonate platform (Figure 2). Brine samples from the central pre-Cretaceous flow regime used in this 
study dominantly represent the Devonian Cooking Lake, Leduc and Nisku formations. Brine samples 
from the western pre-Cretaceous flow regime used in this study represent the Devonian Leduc, Nisku, 
Slave Point, and Swan Hills formations, and the Wabamun Group. Brine samples from the post-Jurassic 
flow regime used in this study represent the Viking and Cardium formations and the Mannville Group. 
Brines containing >50 mg/L Li are considered as Li-enriched for the purpose of this study. In this study 
Li enrichment was observed solely in oilfield brines of the pre-Cretaceous flow regime. The location of 
Li-enriched (>50 mg/L Li) brines considered in this report are shown in Figure 3. Geochemical evolution 
of Li-enriched brines will be discussed within the context of available information on the compositions 
of brines, regimes of groundwater flow and potentially-related evaporite deposits. 
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1BFigure 2. Location of Alberta Basin brine data used in this study, colour coded to hydrologic 
regime. Extent of Woodbend reef complexes taken from Switzer et al. (1994). 
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2B

3BFigure 3. Location of Li-enriched Alberta Basin brine data considered in this report. Extent of 
Woodbend reef complexes taken from Switzer et al. (1994). 
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3 Oilfield Brines of the Alberta Basin 
The oilfield brine data are presented and discussed in this section.  The discussion is organized by central 
and western pre-Cretaceous flow regime and post-Jurassic flow regime. Each sub-section summarizes the 
geochemical data and discusses the origin of brines and Li-enrichment. Bivariate plots of the geochemical 
systematics are presented in the Appendix. 

3.1 Central pre-Cretaceous Flow Regime 
3.1.1 Oilfield Brine Properties 
Brines of the central pre-Cretaceous flow regime examined in this study dominantly plot below and to the 
left of modern seawater in the Na-Cl-Br system (Figure A1-1). Central-regime brines with Cl 
concentrations greater than approximately 100 000 mg/L show a pattern of relative Br enrichment (Figure 
A1-2). Central-regime brines plot to the right of the global meteoric water line (Craig, 1961) and 
generally converge toward the meteoric water line with decreasing δ18O values (Figure A1-3). 
Concentrations of total dissolved solids are generally less than 175 000 mg/L in central-regime brines 
having δ18O values <0 ‰, and greater than 175 000 mg/L in central-regime brines having δ18O values 
>0 ‰ (Figure A1-4). Values of 87Sr/86Sr vary little in central-regime brines (Figure A1-5) and occur
within a range consistent with mid-Devonian seawater as reported by Burke et al. (1982).
For central-regime brines showing δ18O values >0 ‰, Cl/Br mass ratios range from approximately 100 to 
150 (Figure A1-6), mass ratios of K/Br range from approximately 2 to 8 (Figure A1-7), mass ratios of 
Mg/Br range from approximately 3 to 4 (Figure A1-8), and mass ratios of Li/Br range from 
approximately 0.025 to 0.10 (Figure A1-9). K/Br, Mg/Br and Li/Br mass ratios generally increase with 
increasing δ18O values in central-regime brines having δ18O values >0 ‰. 
Central-regime brines containing >50 mg/L Li are associated with TDS concentrations >175 000 mg/L 
(Figure A1-10), δ18O values >0 ‰ (Figure A1-11) and specific gravities >1.125 (Figure A1-12). There is 
no systematic relationship between Li concentrations and 87Sr/86Sr values in central-regime brines (Figure 
A1-13). 

3.1.2 Origin of Oilfield Brines 
Plotting positions below and to the left of modern seawater in the Na-Cl-Br system are typically 
interpreted to represent samples that have acquired salinity through evapoconcentration of seawater 
beyond halite saturation (Walter, 1990). The pattern of Br and Cl concentrations, as superimposed on the 
evaporation trajectory of modern seawater (McCaffrey et al., 1987), is also consistent with 
evapoconcentration of seawater beyond halite saturation followed by dilution with meteoric water (Figure 
A1-14). Gupta et al. (2012) drew similar conclusions based on Br-Cl systematics of brines in the Alberta 
Basin. However, Gupta et al. (2012) pointed out the potential non-uniqueness of this approach owing to 
possible subsequent dissolution of subsurface evaporites. Assuming no substantial influence from the 
dissolution of subsurface evaporites, data shown in Figures A1-2 and A1-14 suggests central-regime 
brines may have originated from seawater evapoconcentrated by 11 to 35 times. This degree of 
evapoconcentration represents conditions of saturation with respect to halite, but does not reach saturation 
with respect to potash minerals (Holser, 1979a). The relationships between δ18O values and δ2H values 
(Figure A1-3) and between δ18O values and total dissolved solids (Figure A1-4) suggests that the 
compositions of central-regime brines having δ18O values <0 ‰ have been influenced by mixing with 
meteoric water.  
Superposition of δ18O values onto a plot of the Na-Cl-Br systematics of central-regime brines shows a 
general, but not definite, trend toward more positive δ18O values with increasing apparent effects of 
evapoconcentration (Figure A1-15). Generally decreasing δ18O values of brines having Cl/Br ratios less 
than 130 could be explained by the reversal of δ18O values known to happen under extreme evaporative 
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conditions (Hosler, 1979b) or by mixing with meteoric water. Many samples having Cl/Br ratios greater 
than 175 in Figure A1-6 have δ18O values <0 ‰, possibly reflecting the effects of mixing with meteoric 
water. However, the observed clustering of samples having δ18O values <0 ‰ (Figure A1-15) requires a 
more systematic explanation. Though somewhat controversial, evidence exits that the δ18O value of 
Devonian seawater may have been more negative than that of modern seawater (Lecuyer and Allemand, 
1999; Wallmann, 2001; Selleck and Koff, 2008). An initial δ18O value more negative than that of modern 
seawater may have allowed substantially-evapoconcentrated mid-Devonian seawater to retain δ18O values 
<0 ‰.  
K/Br (Figure A1-7) and Mg/Br (Figure A1-8) mass ratios of central-regime brines systematically increase 
as δ18O increases from 0 ‰ to more positive values. Data of McCaffrey et al. (1987) show that K/Br and 
Mg/Br mass ratios remain fundamentally unaltered during evapoconcentration-driven precipitation of 
halite from modern seawater and then begin to decline once further evaporation brings about the onset of 
potash mineral formation. The behavior of modern seawater suggests that the changes observed in K/Br 
and Mg/Br mass ratios of central-regime brines having δ18O values >0 ‰ cannot be explained solely by 
progressive evapoconcentration of a relatively homogenous initial solution resembling modern seawater.  
The mid-Devonian Prairie Evaporite Formation is an extensive evaporite succession that includes marine 
salt deposited over carbonates of the Winnipegosis / Keg River Formation within the Devonian Elk Point 
Basin (Figure 3), which covers parts of Alberta, Saskatchewan, and a small portion of the northern USA 
(Holter, 1969; Hamilton, 1971; Grobe, 2000). The approximate northern margin of the Elk Point Basin, as 
defined by the zero edge of Elk Point Formation rocks, is shown in Figure 4. The Prairie Evaporite 
Formation consists of halite, sylvite, carnallite, anhydrite, dolomite and clay minerals (Holter, 1969). The 
source of open-marine waters in the Elk Point Basin was likely to the north and northwest in mid-
Devonian time (Maiklem, 1971). Potash mineralization within the Prairie Evaporite Formation is 
confined to the (modern-day) southeastern part of the Elk Point Basin reflecting the effect of progressive 
evaporation of seawater as it moved away from the northwestern area of open-marine connection (Holter, 
1969). Numerous authors have cited evidence for post-depositional remobilization or dissolution of late-
stage evaporite minerals within the Prairie Evaporite (Van der Plank, 1962; Schwerdtner, 1964; Streeton, 
1967; Wardlaw, 1968; Hamilton, 1971).  
Central-regime brines apparently arise from the interaction of evapoconcentrated mid-Devonian seawater 
and evaporite minerals with the possible input of various amounts of meteoric water. Marine water 
entering the Elk Point Basin would have been subject to increasing degrees of evapoconcentration while 
moving southeastward away from the area of open-marine connection. Upon reaching halite saturation, 
continued evapoconcentration would have progressively decreased Cl/Br and Na/Br mass ratios and 
initially shifted δ18O toward more positive values. Further evapoconcentration would, at some point, 
begin to shift δ18O toward more negative values. Under this scenario, only relatively more 
evapoconcentrated seawater would typically have reached the current known area of potash 
mineralization within the Prairie Evaporite Formation. Dissolution of potash minerals into relatively more 
evapoconcentrated mid-Devonian seawater could explain the observed elevation in K/Br and Mg/Br mass 
ratios in central-regime brines having δ18O values >0 ‰. It is worth noting that Mg/Br mass ratios 
observed in central-regime brines are well below values expected on evapoconcentration of modern 
seawater to halite saturation. Extensive dolomitization present in the Devonian carbonates of the WCSB 
may account for the apparent Mg depletion of central-regime brines. 
The observed range of Cl/Br and Na/Br mass ratios and δ18O values in central-regime brines requires 
infiltration of mid-Devonain seawater evapoconcentrated to varying degrees into the underlying 
Winnipegosis / Keg River carbonates. Brines introduced into the Winnipegosis / Keg River carbonates 
may have initially had specific gravities >1.12 prior to substantial dilution with meteoric water (Figure 
A1-16). Tectonism beginning in Jurassic time imparted a westward dip to pre-Cretaceous geologic units 
including the Winnipegosis / Keg River Formation, potentially allowing dense evaporative brines to 
migrate westward. Density-driven downdip flow of brines in Devonian carbonates of the Alberta Basin 
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has also been suggested by Michael et al. (2003). Hitchon (1969; 1984) proposed deep incursion of 
meteoric water into the subsurface of the southwestern Alberta Basin driven by topographic changes 
associated with Laramide tectonics. Evidence exists for the presence of a post-Laramide, and possibly 
modern-day, flow system from Devonian carbonates upward into overlying Cretaceous siliciclastics 
(Bachu 1995; 1999; Rostron and Tóth, 1996). Gravity-driven westward flow beginning in Jurassic time, 
followed by the incursion and upward cross-formational flow of meteoric water through Devonian 
carbonates beginning in Cretaceous time, could account for the observed dilution and emplacement of 
evaporative brines in the permeable reef structures of the Leduc and Nisku Formations. 

3.1.3 Li-Enrichment 
Concentrations of Li in central-regime brines show no apparent correlation with 87Sr/86Sr values (Figure 
A1-13) suggesting that Li is not derived from interaction with silicate minerals. Data presented by 
McCaffrey et al. (1987) show that evapoconcentrating modern seawater well into the range of potash-
mineral saturation produces <20 mg/L Li in the resulting residual brine. The pattern of change in Li/Br 
mass ratios of central-regime brines with increasing apparent evapoconcentration (Figure A1-9) is 
markedly similar to those observed for K/Br and Mg/Br mass ratios (Figures A1-7 and A1-8). These 
observed similarities in patterns of change in selected mass ratios, combined with the presence of Li 
concentrations that can reach >50 mg/L, suggest than Li enrichment of central-regime brines did not 
occur through a simple evapoconcentrative process. 
Data from Horita et al. (1996) show Li/Br mass ratios of 0.10 to 0.15 in fluid inclusions from apparently 
diagenetically-altered halite within the Prairie Evaporite Formation. In contrast, the Li/Br mass ratio of 
modern seawater is approximately 0.003 (Drever, 1982, p. 234). Fluid inclusion compositions reported by 
Horita et al. (1996) infer the action of a process that has increased aqueous Li concentrations with respect 
to Br relative to those found in modern seawater. Li/Br mass ratios approach values of 0.10 in central-
regime brines showing the greatest δ18O values (Figure A1-9). Mass ratios of K/Br in fluid inclusions 
range from approximately 1 to 4 (Horita et al., 1996) falling within the low end of the range of K/Br mass 
ratios of central-regime brines having δ18O values >0 ‰ (Figure A1-7). Mass ratios of Mg/Br in fluid 
inclusions range from approximately 50 to 60 (Horita et al., 1996) greatly exceeding the range of Mg/Br 
mass ratios of central-regime brines having δ18O values >0 ‰ (Figure A1-8). As previously discussed 
herein, the extensive dolomitization of Devonian carbonates within the WCSB could serve as a 
substantial sink for Mg.  
As has been argued for central-regime brines, simple evapoconcentration would not produce elevated 
Li/Br, K/Br or Mg/Br mass ratios observed in fluid inclusions within diagentically-altered halite of the 
Prairie Evaporite Formation. Li tends to be highly soluble even in brines that have been 
evapoconcentrated to potash-minerals saturation (Hosler, 1979b, p. 321). However, evidence also exists 
for the significant partitioning of Li into late-stage evaporite minerals (Vengosh et al., 1992). 
Additionally, Yu et al. (2015) have experimentally shown that a variety of Li-enriched salts, including a 
Li analog of carnallite, can form under conditions simulating extreme evaporation. It is reasonable to 
conclude that Li would be partitioned into, and concentrated in, the most soluble evaporite mineral phases 
forming as an evapoconcentrating brine approaches dryness. It is also reasonable to assume that such late-
phase Li-enriched phases would be highly soluble into seawater evaporated to, but not beyond, halite 
saturation. Available information suggests that central-regime brines became Li-enriched through 
dissolution of Li-bearing late-stage evaporite minerals into mid-Devonian seawater evapoconcentrated to, 
but not beyond, halite saturation. Preservation of Li concentrations >50 mg/L in modern-day central-
regime brines appears to be strongly influenced by the degree of mixing of brines with meteoric water. 
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3.2 Western pre-Cretaceous Flow Regime 
3.2.1 Oilfield Brine Properties 
Brines of the western pre-Cretaceous flow regime examined in this study dominantly plot above and to 
the right of modern seawater in the Na-Cl-Br system (Figure A1-1). No apparent trend is present in Cl/Br 
mass ratios with increasing δ18O values in western-regime brines (Figure A1-4). Western-regime brines 
plot slightly above the Cl-Br evaporation trajectory of modern seawater (McCaffrey et al., 1987) (Figure 
A1-14).  
Values of 87Sr/86Sr show little variation with δ18O values, and fall within the range of values consistent 
with mid-Devonian seawater (Burke et al., 1982), in western-regime brines having δ18O values <-2 ‰ 
(Figure A1-17). In contrast, increasing 87Sr/86Sr values substantially correspond with increasing δ18O 
values in western-regime brines having δ18O values >-2 ‰ (Figure A1-17). Values of 87Sr/86Sr show little 
variation with δ2H values, and fall within the range of values consistent with mid-Devonian seawater 
(Burke et al., 1982), in western-regime brines having δ2H values <-50 ‰ (Figure A1-18). Values of 
87Sr/86Sr more radiogenic than mid-Devonian seawater occur in association with δ2H values >-50 ‰ 
(Figure A1-18). Values of δ2H show no systematic change with increasing relative amounts of 87Sr in 
western-regime brines having 87Sr/86Sr values more radiogenic than mid-Devonian seawater (Figure A1-
18). Mass ratios of K/Br (Figure A1-19) and Li/Br (Figure A1-21) substantially correspond with 
increasing 87Sr/86Sr values in western-regime brines having 87Sr/86Sr values more radiogenic than mid-
Devonian seawater. Mass ratios of Mg/Br show no systematic variation with increasing 87Sr/86Sr values in 
western-regime brines having 87Sr/86Sr values more radiogenic than mid-Devonian seawater (Figure A1-
20). 

3.2.2 Origin of Oilfield Brines 
Plotting positions above and to the right of modern seawater in the Na-Cl-Br system are typically 
interpreted to represent samples that have acquired salinity through dissolution of halite (Walter, 1990). 
Observed Cl and Br variations, coupled with the presence of 87Sr/86Sr values characteristic of mid-
Devonian seawater where δ18O values are <-2 ‰, suggest that western-regime brines formed through 
dissolution of halite into mid-Devonian seawater. The presence of δ18O values <-2 ‰ may be reflective of 
some degree of evaporation or may be reflective of mid-Devonian seawater values being initially <0 ‰. 
Abundant halite exists within the Devonian of the WCSB (Hamilton, 1971; Grobe, 2000) (Figure 4) with 
which potentially-evapoconcentrated mid-Devonian seawater could have interacted. Similar to central-
regime brines, western-regime brines having δ18O values <-2 ‰ appear to have been substantially 
effected by mixing with meteoric water (Figure A1-3).  
Observed increases in K/Br and Li/Br mass ratios and δ18O values with increasingly radiogenic 87Sr/86Sr 
values, coupled with relatively constant δ2H values, suggest the influence of a hydrothermal fluid(s) on 
the composition of western-regime brines. The contribution of hydrothermal fluids to the evolution of 
brines in the Swan Hills Formation has been previously suggested by Eccles and Berhane (2011). In 
addition, Machel et al. (1996; 2001) cite evidence for the involvement of hydrothermal fluids in the 
diagenesis of Devonian carbonates near the western margin of the WCSB. 

3.2.3 Li-Enrichment 
Increasing mass ratios of Li/Br (Figure A1-21) and Li concentrations (Figure A1-13) with increasingly 
radiogenic 87Sr/86Sr values strongly suggests that Li-enrichment in western-regime brines is associated 
with the presence and amount of hydrothermal fluids present. Eccles and Berhane (2011) reached a 
similar conclusion regarding the origin of Li-enrichment in brines of the Swan Hills Formation. 
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3.3 Post-Jurassic Flow Regime 
Post-Jurassic flow regime brines generally have dissolved solids concentrations <175 000 mg/L (Figure 
A1-4) and specific gravities <1.1 (Figure A1-16). Post-Jurassic regime brines plot below and to the left of 
modern seawater in the Na-Cl-Br system (Figure A1-1). Post-Jurassic flow regime brines consistently 
show δ18O values <0 ‰ and systematically converge toward the global meteoric water line as δ18O values 
decrease (Figure A1-3). Post-Jurassic regime brines show 87Sr/86Sr values consistent with those expected 
in mid-Devonian seawater (Figure A1-5). 
The overall composition of post-Jurassic flow regime brines is best explained as a mixture of underlying 
pre-Cretaceous-regime brines with varying amounts of meteoric water. Connolly et al (1990a; 1990b) 
reached similar conclusions regarding the origin of selected brines from the Cretaceous formations of the 
WCSB. Upward movement of pre-Cretaceous-regime brines along with concurrent mixing with meteoric 
water is consistent with the deep meteoric water incursion proposed by Hitchon (1969; 1984) and the 
proposed presence of upward flow from Devonian into overlying Cretaceous units (Bachu 1995; 1999; 
Rostron and Tóth, 1996; 1997). 

4BFigure 4. Areal extent of the Devonian Elk Point Basin showing extent of halite and potash 
mineralization (after Grobe, 2000). 
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4 Discussion 
The composition of brines preserved within selected Devonian carbonates of the WCSB could be viewed 
as reflective of the evolution of mid-Devonian seawater as it moved across the Devonian Elk Point Basin 
(Figure 5). Brines present in the western pre-Cretaceous regime may reflect mid-Devonian seawater 
derived from relatively near the open-marine connection of the Elk Point Basin. Seawater derived from 
relatively near the open-marine portion of the basin margin would have undergone relatively little 
evapoconcentration, potentially allowing for subsequent modification through dissolution of halite. Brines 
present in the central pre-Cretaceous regime may reflect mid-Devonian seawater subjected to 
progressively greater degrees of evaporation as it traversed along the Elk Point Basin. Brines derived 
from seawater traversing the Elk Point Basin show evidence of evapoconcentration to, but not exceeding, 
halite saturation. Brines having elevated K/Br and Li/Br mass ratios may represent the most highly 
evapoconcentrated seawater which interacted with late-stage evaporite minerals upon nearing the 
(current-day) southeastern margin of the Elk Point Basin. The conceptual model shown in Figure 5 
requires conditions of progressive evapoconcentration of water moving within the Elk Point Basin at a 
rate sufficient to maintain salt concentrations of less than potash-mineral saturation near the basins’ 
southeastern margin.  Such conditions could be met by an influx of open-marine water during a period of 
sea-level rise offset by evaporation of seawater combined with seepage of the resulting brine into the 
underlying carbonates of the Winnipegosis/Keg River Formation. Higher water levels within the Elk 
Point Basin, in response to rising sea level, would act to enhance the migration of brine into the 
Winnipegosis / Keg River Formation. 
Li-enrichment of central-regime brines may reflect dissolution of Li-enriched late-stage evaporite 
minerals. Li-enrichment of western-regime brines likely reflects the contribution of Li-enriched 
hydrothermal fluids (occurring later than the processes depicted in Figure 5). The general trends showing 
the potential effects of evaporation, hydrothermal activity and dilution with meteoric water on the O and 
H isotopic compositions of central- and western-regime brines are illustrated in Figure 6. The timing of 
hydrothermal activity potentially related to Li-enrichment of western-regime brines is uncertain. If 
hydrothermal activity concurred with a major tectonic event, emplacement of Li-enriched fluids could 
have taken place in association with the Laramide Orogeny as late as Cretaceous time. 
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5BFigure 5. Conceptual model of brine formation within the Devonian Elk Point Basin. 

6BFigure 6. δ18O versus δ2H values showing trends in post-Jurassic and pre-Cretaceous regime 
brines. 



AER/AGS Open File Report 2019-01 (February 2019) • 13 

5 Summary 
7BOilfield brines investigated in this study occupy both the pre-Cretaceous and post-Jurassic regional 
groundwater flow regimes within the Alberta Basin. Pre-Cretaceous regime samples primarily represent 
Devonian carbonates units while post-Jurassic regime samples primarily represent Cretaceous siliciclastic 
units. Pre-Cretaceous regime brines lying east (central-regime brines) of the western margin of the 
Cooking Lake platform show differing properties and have differing evolutionary histories than those 
lying to the west (western-regime brines) of the platform margin. 
8BPre-Cretaceous central-regime brines evolved through progressive evapoconcentration of mid-Devonian 
seawater to, but not past, the point of halite saturation. Progressive evapoconcentration of central-regime 
brines took place as mid-Devonian seawater moved from the open-marine connection toward the 
southeastern margin of the Devonian Elk Point Basin. The composition of brines nearing the southeastern 
margin of the Elk Point Basin was further modified by dissolution of late-stage evaporite (potash) 
minerals of the Prairie Evaporite Formation. Dense brines generated by evapoconcentration and evaporite 
mineral dissolution infiltrated into the underlying Winnipegosis / Keg River Formation and were 
subsequently transported westward by gravitationally-driven flow following regional westward tilting. 
Regionally-upward groundwater flow associated with Laramide tectonism forced central-regime brines 
upward into the carbonate complexes of the Nisku and Leduc Formations. Li-enrichment of western-
regime brines was caused by dissolution of Li-enriched late-stage evaporite minerals. 
9BPre-Cretaceous western-regime brines evolved through possible evapoconcentration of mid-Devonian 
seawater to a point short of halite saturation, followed by dissolution of pre-existing halite deposits. Li-
enrichment of western-regime brines likely does not represent evaporative processes or interaction with 
evaporite minerals but, rather, reflects the contribution of Li-enriched hydrothermal fluids. 
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Appendix – Plots of Geochemical Data 

10BFigure A1-1. Na/Br versus Cl/Br mass ratios in post-Jurassic and pre-Cretaceous regime brines. 

11BFigure A1-2. Br versus Cl concentrations in post-Jurassic and pre-Cretaceous regime brines. 
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12BFigure A1-3. δ18O versus δ2H values in post-Jurassic and pre-Cretaceous regime brines. 

13BFigure A1-4. Value of δ18O versus total dissolved solids concentration in post-Jurassic and pre-
Cretaceous regime brines. 
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14BFigure A1-5. Concentration of 1/Sr versus 87Sr/86Sr value in post-Jurassic and pre-Cretaceous 
regime brines. 

15BFigure A1-6. Value of δ18O versus Cl/Br mass ratio in post-Jurassic and pre-Cretaceous regime 
brines. 
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16BFigure A1-7. Value of δ18O versus K/Br mass ratio in post-Jurassic and pre-Cretaceous regime 
brines. 

17BFigure A1-8. Value of δ18O versus Mg/Br mass ratio in post-Jurassic and pre-Cretaceous regime 
brines. 
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18BFigure A1-9. Value of δ18O versus Li/Br mass ratio in post-Jurassic and pre-Cretaceous regime 
brines. 

19BFigure A1-10. Total dissolved solids versus Li concentrations in post-Jurassic and pre-
Cretaceous regime brines. 
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20BFigure A1-11. Value of δ18O versus Li concentration in post-Jurassic and pre-Cretaceous regime 
brines. 

21BFigure A1-12. Value of specific gravity versus Li concentration in post-Jurassic and pre-
Cretaceous regime brines. 



 

AER/AGS Open File Report 2019-01 (February 2019) • 24 

 

22BFigure A1-13. Value of 87Sr/86Sr versus Li concentration in post-Jurassic and pre-Cretaceous 
regime brines. 

 

23BFigure A1-14. Concentrations of Br versus Cl in post-Jurassic and pre-Cretaceous regime brines 
showing seawater evaporation trajectory derived from McCaffrey et al. (1987). 
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24BFigure A1-15. Na/Br versus Cl/Br mass ratio showing δ18O values in central pre-Cretaceous regime 
brines. 

25BFigure A1-16. Value of δ18O versus specific gravity in post-Jurassic and pre-Cretaceous regime 
brines. 
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26BFigure A1-17. Value of δ18O versus 87Sr/86Sr ratio in post-Jurassic and pre-Cretaceous regime 
brines. 

27BFigure A1-18. Value of δ2H versus 87Sr/86Sr ratio in post-Jurassic and pre-Cretaceous regime 
brines. 
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28BFigure A1-19. Value of 87Sr/86Sr versus K/Br mass ratio in post-Jurassic and pre-Cretaceous 
regime brines. 

29BFigure A1-20. Value of 87Sr/86Sr versus Mg/Br mass ratio in post-Jurassic and pre-Cretaceous 
regime brines. 
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30BFigure A1-21. Value of 87Sr/86Sr versus Li/Br mass ratio in post-Jurassic and pre-Cretaceous 
regime brines. 
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