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ABSTRACT

Lithium (Li) enrichment in the forma-
tional brines of deep sedimentary basins has 
emerged as a crucial component of global 
Li inventories. However, the processes driv-
ing the formation of Li brines remain poorly 
understood. Here we use lithofacies analysis 
and Li isotope geochemistry to investigate the 
sources and emplacement mechanisms within 
weathered subcropping units and overlying 
detrital sediments of the Peace River Arch 
(PRA) in the Western Canada Sedimentary 
Basin (WCSB). We analyze data from three 
drill cores that traverse Precambrian base-
ment and five of its overlying siliciclastic 
and carbonate units. These cores reside both 
within and outside of the fault zone proposed 
as a migration pathway for hydrothermal 
emplacement. Lithofacies analysis revealed 
that these sediments were weathered directly 
from crystalline basement of the cratonic 
uplift and transported via a fluvial-deltaic 
system into the surrounding shallow marine 
basin. Like modern weathering regimes, we 
find Li concentrations are strongly lithofa-
cies dependent, ranging from 0.4 ppm to 
167.3 ppm, with δ7Li values ranging from 
1.5‰ to 23.5‰. Our results show that super-
ficially weathered, coarse-grained lithologies 
and carbonate facies are Li-depleted and 
δ7Li-enriched, whereas fine-grained facies 
characterized by the formation of secondary 
clay minerals are δ7Li-depleted and exhibit 
the highest Li concentrations. Contrary to 
the prevailing model of hydrothermal em-
placement, we find no visual, mineralogical, 
or geochemical evidence of hydrothermal al-
teration. Instead, Li enrichment is attributed 
to weathering of the crystalline basement and 

syndepositional emplacement during basin 
evolution. Sedimentation continued through-
out the overall transgression of the Devonian, 
resulting in the interfingering of these clastics 
with every onlapping unit until the PRA was 
buried at the end of the Devonian. This study 
is the first to directly trace Li from source to 
sink in an ancient sedimentary basin, and we 
show that the modern distribution of Li brine 
concentrations can be explained by their 
proximity and intercalation with weathered 
subcropping units. Moreover, our results 
provide a source and mechanism of trans-
porting dissolved Li into the restricted ba-
sin, supporting previous suggestions that Li 
brines toward the southeastern portion of the 
WCSB are the result of basin scale evapora-
tion-concentration of paleoseawater. Our re-
sults underscore the link between the nature 
and distribution of basin fill sediments and 
the formation of Li-enriched brines. As for-
mational brines gain prominence as future Li 
resources, the methodology presented here 
establishes a framework for characterizing 
Li genesis, with applications for sedimentary 
basins worldwide.

INTRODUCTION

Lithium (Li) is a widely used, critical element 
in many modern materials and technologies. It 
is used in the production of ultra-low expansion 
glasses and ceramics for applications ranging 
from stove tops to high performance optics, as 
well as Li-based lubricants for heavy machin-
ery and critical aircraft components (Bibienne 
et al., 2020). Its most extensive use, however, is 
in the ever-accelerating development of energy 
storage technologies, which accounts for an 
estimated 80% of global Li end-use (Ambrose 
and Kendall, 2020; USGS, 2023). Annual Li 
production increased from 38 to 130 kilotons 
between 2016 and 2022 and is forecast to reach 
380 kilotons by 2028 (Bibienne et  al., 2020; 

USGS, 2023). Currently recognized resources 
total an estimated 98 million tons and include 
hard rock (pegmatites and granites), Li brines 
(continental and deep-groundwater brines), 
and Li-bearing clay minerals (e.g., hectorite, 
My + Mg3–yLiySi4O10(OH)2·nH2O, illite, and 
other Li-bearing smectites; Bowell et al., 2020; 
USGS, 2023). Although these resources far 
exceed projected demand for the foreseeable 
future, over 90% of global production is cur-
rently dominated by pegmatite mining in Aus-
tralia, brine extraction in Chile and Argentina, 
and both hard rock and brine operations in China 
(USGS, 2023). With increasing environmental 
and geopolitical uncertainty surrounding the cur-
rent supply chain, evaluating domestic resources 
has become a primary goal for government and 
manufacturers alike (Murdock et al., 2021; Ben-
son et al., 2017).

To satisfy these demands, alternative Li 
resources, such as deep formational brines, are 
increasingly gaining attention. Groundwaters 
within ancient sedimentary basins have long 
been recognized as potential resources owing 
to their unusually high concentrations of dis-
solved metals and global distributions (Kharaka 
and Hanor, 2003). Formational brines hosting 
Li have been identified in 48 sedimentary basins 
across six continents, with concentrations rang-
ing from <0.001 mg/L to 1800 mg/L (Dugamin 
et  al., 2021). Preliminary estimates from just 
five of these basins—Appalachian Basin (Oris-
kany and Medina), Salton Trough (Salton Sea), 
North Louisiana Basin (Atlanta), Rhine Graben 
(Landau) and the Western Canada Sedimentary 
Basin (Swan Hills, Leduc, and Basal Quartz)—
indicate that, with concentrations ranging from 
15.0 mg/L to 277 mg/L, collectively they contain 
Li resources comparable to currently exploited 
salars and hard rock mines and will likely rep-
resent major contributors to the future supply 
chain (Dugamin et al., 2021). Deep formational 
waters are already produced in excess during 
oil, gas, and low enthalpy geothermal operations 
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around the world, and their expected production 
in geologic carbon sequestration make them an 
accessible and desirable target for secondary 
resource evaluation (Maloney and Yoxtheimer, 
2012; Breunig et al., 2013; Lund and Toth, 2021; 
Marza et al., 2024).

Although Li enrichment has been widely doc-
umented in deep sedimentary basins, the nature 
of its emplacement remains understudied. In near 
surface or surface brines, Li can more readily be 
traced from source to sink by analyzing nearby 
sediments, bedrock, magmatic-hydrothermal 
systems, or hydrologic flow into the basin (e.g., 
Araoka et al., 2014; Benson et al., 2017; God-
frey and Álvarez-Amado, 2020; Coffey et  al., 
2021). However, owing to the relative inacces-
sibility and limited availability of ancient, deep 
basin data compared to modern and near mod-
ern systems, most explanations for the develop-
ment of deep formational brines involve some 
combination of late-stage seawater evaporation, 
complex water-rock interactions, meteoric water 
mixing, or hydrothermal influx (e.g., Connolly 
et al., 1990a, 1990b; Elders and Cohen, 1983; 
Wilson and Long, 1993; Stueber et  al., 1993; 
Tesmer et al., 2007; Sanjuan et al., 2022). More-
over, it is not always clear whether the emplace-
ment of metals is the result of syndepositional 
or post-depositional processes, hindering the 
ability to characterize potential resources and 
understand their distributions. As such, without 
a clearer understanding of the source of Li to 
these basins, it becomes difficult to elucidate the 
precise mechanisms responsible for its enrich-
ment in their brines.

The Western Canada Sedimentary Basin 
(WCSB) is an archetype of these challenges, 
with >500 Ma of sediments preserving a 
complex history of transgressive-regressive 
sequences, tectonic uplift, subsidence, and con-
tinental accretion (Porter et  al., 1982). Here, 
brines of economic interest are documented 
within Paleozoic sediments of Alberta and Sas-
katchewan, but the source to these brines and 
timing of their emplacement remains elusive. 
Groundwaters hosting Li concentrations up to 
57 mg/L and 190 mg/L are recognized in the 
Devonian aged Winnipegosis and Duperow For-
mations of southern Saskatchewan, respectively 
(Jensen, 2015, 2016). Within the Alberta basin, 
concentrations up to 115 mg/L, 130 mg/L, and 
140 mg/L are recognized in Devonian carbon-
ates of the Wabamun, Beaverhill Lake, and 
Woodbend Groups, respectively (Hitchon et al., 
1993). A previous investigation noted that in the 
western portion of the Alberta basin, elevated 
Li concentrations correlate with increased 
radiogenic 87Sr/86Sr levels and commonly occur 
within dolomitized carbonates (Eccles and 
Berhane, 2011). Those authors suggest that Li 

enrichment may have resulted from either (1) 
direct contact between Devonian seawater and 
the basement or (2) an influx of hydrothermal 
fluids mobilized from the basement via fault 
and fracture systems, which migrated along 
the overlying siliciclastics and upward into 
carbonate units (Eccles and Berhane, 2011). 
Ultimately, Eccles and Berhane (2011) favored 
a hydrothermal model in which Li emplacement 
was a post-depositional process that may have 
been associated with the Laramide Orogeny as 
late as the Cretaceous, although they acknowl-
edged this hypothesis to be highly speculative. 
Eastward into the central and southern Alberta 
basin, an analysis of stable hydrogen and oxy-
gen isotopes suggests these brines originally 
formed through evaporation-concentration of 
seawater, and that the Li was later emplaced by 
the dissolution of in situ Li-bearing evaporitic 
minerals (i.e., carnallite, KMgCl3·6H2O; Huff, 
2016, 2019). It was further suggested that grav-
ity-driven migration drove these high-density 
brines westward, where they were tectonically 
flushed into the overlying carbonate units (Huff, 
2016, 2019). Although these hypotheses are 
compelling, to the best of our knowledge, there 
has been no direct evidence for the existence 
of Li-enriched late-stage evaporite minerals or 
hydrothermal transport.

Here we investigate the nearby Precambrian 
basement and its overlying siliciclastic and car-
bonate units, which Eccles and Berhane (2011) 
have suggested are the conduit for hydrothermal 
migration. We couple lithofacies analyses and 
Li-isotope geochemistry to examine three drill-
cores from west-central Alberta (Unique Well 
Identifier [UWI]: 14-02-077-22-W5, 09-16-
076-21-W5, 10-27-080-08-W5). Sedimentolog-
ical analysis reveals that these sediments were 
derived from a high relief crystalline structure 
and transported basinward along a system of 
laterally migrating fluvial channels into a shal-
low marine basin. Much like modern and near 
modern systems, we report that coarse-grained, 
superficially weathered lithologies show the 
lowest Li concentrations and highest δ7Li values, 
whereas fine-grained lithologies characterized 
by the formation of secondary clay minerals host 
the highest Li concentrations and are enriched 
in 6Li. Additionally, our results show a general 
dilution in Li concentration with distance from 
crystalline rocks of the Precambrian basement, 
as well as a lack of hydrothermal alteration in 
any of the five stratigraphic units analyzed in this 
study. Contrary to the prevailing assumption that 
Li in the WCSB was derived from a post-depo-
sitional influx of hydrothermal fluids, we show 
that Li was weathered from crystalline basement 
and emplaced syndepositional to the surround-
ing basin. Our findings are the first to charac-

terize a Li source within the WCSB, revealing 
a clear correlation between the distribution of 
Li-rich weathered sediments and Li concentra-
tions in formational waters. We propose a uni-
fying hypothesis for Li cycling throughout the 
WCSB, integrating sedimentary processes and 
geochemical evolution.

Li isotope systematics are widely used in 
modern and near-modern settings to differen-
tiate high-temperature hydrothermal processes 
from low-temperature weathering systems 
(i.e., Huh et  al., 1998; Millot et  al., 2010a; 
Araoka et  al., 2014; Pogge von Strandmann 
et al., 2016; Tomascak et al., 2016; Godfrey 
and Álvarez-Amado, 2020). However, this is 
the first study to use Li isotopes to directly 
identify and trace Li from its source to its sink 
within a deep basin weathering regime. By 
integrating Li isotopes with sedimentological 
and hydrogeochemical data, we demonstrate a 
direct link between syndepositional processes 
and modern dissolved Li concentrations in 
groundwater. Although Li-rich groundwa-
ters have been identified in deep sedimentary 
basins worldwide, including the WCSB, their 
sources and timing of emplacement remain 
poorly constrained. Without a more compre-
hensive understanding of the origins of Li in 
these basins, it is challenging to elucidate the 
mechanisms responsible for their enrichment 
or rationalize their spatial distributions. This 
study provides a novel methodology, leverag-
ing Li isotopes to establish a framework for 
understanding the genesis of Li concentrations 
in deep-time contexts. This framework can be 
directly applied to analogous sedimentary 
basins globally, offering valuable insights to 
inform future Li exploration efforts.

Lithium Isotopes Background

Li has two stable isotopes, 6Li and 7Li, found 
in abundances of 7.52% and 92.48%, respec-
tively (Jeppson et al., 1978). It is a fluid mobile 
element, and because of the large mass differ-
ence between isotopes (∼15%), Li isotopes are 
prone to large fractionations during low-tem-
perature water-rock interactions. Accordingly, 
Li isotopes have proven to be effective trac-
ers of weathering processes (Huh et al., 1998; 
Tomascak, 2004; Millot et al., 2010a; Pogge von 
Strandmann et al., 2017; Kalderon-Asael et al., 
2021). Both field and experimental studies show 
that during weathering, primary silicate miner-
als dissolve without significant fractionation of 
Li isotopes and that 6Li is preferentially retained 
by secondary minerals (clays, zeolites, and oxy-
hydroxides). By contrast, 7Li goes into solution, 
leaving the residual waters isotopically heavy 
(Huh et al., 1998, 2001; Pistiner and Hender-
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son, 2003; Vigier et al., 2009; Wimpenny et al., 
2010). Within the secondary silicate minerals, Li 
may be fixed into two isotopically distinct reser-
voirs (Pistiner and Henderson, 2003); structural 
incorporation strongly favors 6Li. There is a 
weaker preference during sorption to exchange-
able sites, leading to lower and potentially 
imperceptible fractionation factors (Pistiner and 
Henderson, 2003; Pogge von Strandmann et al., 
2019). As a result of weathering processes, δ7Li 
values across Earth’s surface span more than 
50‰, with Li sourced from continental crust 
(−10‰ to +10‰; mean = ∼+0.6‰) parti-
tioning between solids (continental sediments: 
−7.0‰ to +22‰; mean = ∼−1.0‰), fresh 
water (rivers and lakes: +2.0‰ to +43‰; mean 
= ∼+23‰), seawater (+31‰), and marine sed-
iments (−4.0‰ to +24‰; mean = ∼+4.4‰; 
see Chan et al., 1992; Huh et al., 1998; Pistiner 
and Henderson, 2003; Teng et al., 2004; Jeff-
coate et al., 2004; Chan et al., 2006; Qiu et al., 
2009; Tomascak et al., 2016).

Rivers are estimated to account for ∼50% 
of Li input into the oceans. Nonetheless, riv-
ers have generally low Li concentrations (∼1.8 
ppb), whereas terrestrial clay minerals have 
higher concentrations (∼5.0–300 ppm) suggest-
ing a substantial proportion of Li derived from 
primary rocks is retained by secondary minerals 
on the continents (Huh et al., 1998; Tomascak 
et al., 2016; Pogge von Strandmann et al., 2020). 
The remainder originates from high-temperature 
hydrothermal fluids along mid-ocean ridges 
(Hathorne and James, 2006). Here, concentra-
tions are considerably higher than in river sys-
tems, ranging from 0.1 ppm to 10 ppm, and δ7Li 
values span a small range (+5.0‰ to +11.0‰; 
mean ∼+8.0‰) but are typically heavier than 
their source, mid-ocean ridge basalts (MORB, 
δ7Li = ∼+4.0‰). The parameters controlling 
Li concentrations and isotopic fractionation in 
hydrothermal fluids is attributed to the tempera-
ture of the system, the primary minerals with 
which fluids interact, water/rock ratios, and the 
degree of water-rock interactions (Penniston-
Dorland et al., 2017).

Although the stable (Ca, Mg, and Si) and 
radiogenic (Sr and Os) isotopes of other metals 
and metalloids are fractionated by weathering 
processes, Li isotopes exhibit several key advan-
tages as a tracer (Pistiner and Henderson, 2003). 
Li concentrations in silicates (∼5.0–300 ppm; 
mean ∼60 ppm) are considerably higher than 
those in carbonates (0.02–21 ppm; mean 
∼1.1 ppm), meaning Li isotopes, in essence, 
only track silicate weathering (Teng et  al., 
2004; Millot et al., 2010a; Romer et al., 2014; 
Tomascak et al., 2016; Pogge von Strandmann 
et al., 2020; Kalderon-Asael et al., 2021). No Li 
isotope fractionation has been observed by the 

growth of phytoplankton (Pogge von Strand-
mann et al., 2016), and although some fraction-
ation of Li isotopes in plants has been reported 
by Li et al. (2020), other studies (Lemarchand 
et  al., 2010; Clergue et  al., 2015; Steinhoefel 
et al., 2021) report no fractionation. This sug-
gests that Li may be one of a select group of 
elements that does not experience biologically 
mediated isotope fractionation (Pogge von 
Strandmann et al., 2020).

Geologic Setting of the Western Canada 
Sedimentary Basin

The WCSB is a northeast-tapering wedge of 
sedimentary rocks extending from southwest-
ern Northwest Territories, across northeastern 
British Columbia and Alberta, and into south-
ern Saskatchewan and Manitoba (Porter et al., 
1982). Near its western extent, strata reach over 
6 km in thickness and thin to 0 km in north-
eastern Alberta (Porter et al., 1982). The earli-
est sediments comprise a series of diachronous 
sandstones ranging in age from the Cambrian 
to Ordovician periods that were deposited fol-
lowing continental rifting in the late Precam-
brian eon (600–555 Ma) and the development 
of a cratonic platform along the western flank 
of North America (Porter et al., 1982; Bond and 
Kominz, 1984). The emerging passive margin 
was followed by a period of tectonic subsidence 
and sea level rise, which resulted in an exten-
sive transgression of the North American Cra-
ton that led to deposition of the Sauk Sequence 
(Porter et al., 1982). Sea level continued rising 
through the Middle-Late Cambrian, overlaying 
transgressive cycles of deep marine siltstone and 
shale on the basal sandstones, and a subsequent 
lowering of sea level through the Ordovician led 
these deposits to grade into shallow water car-
bonates along the western margin of the basin 
(Aitken, 1971).

Following the decrease in sea level, an epi-
sode of erosion differentially removed Sauk 
Sequence deposits across the WCSB and left 
a widespread unconformity near the base of 
the Middle Ordovician (Aitken, 1971). In par-
ticular, the entire Sauk Sequence was removed 
along two northeast-trending bands across west-
central Alberta and southwestern Northwest 
Territories, leaving the Precambrian basement 
exposed prior to the transgressive phase of the 
Middle Devonian period (Benvenuto and Price, 
1979; Porter et al., 1982). In these regions, the 
complete removal of Sauk Sequence deposits is 
attributed to the uplift of a series of arches and 
ridges that extensively influenced the distribu-
tion of sediments throughout the Middle Devo-
nian (Fig.  1; Cant, 1988; Porter et  al., 1982). 
Three major structures are recognized: (1) the 

Tathlina High, located in northwestern Alberta 
and southwestern Northwest Territories; (2) the 
Peace River Arch (PRA), which lies along the 
British Columbia–Alberta border and extends 
into central Alberta; and (3) the West Alberta 
Ridge, which sits south of the PRA and parallels 
the passive margin in the approximate position 
where the front and main ranges of the Canadian 
Cordillera are today, potentially forming a con-
tinuation of the PRA landmass (Fig. 1; Moore, 
1989; O’Connell et al., 1990).

The largest of these features is the PRA, 
which extends ∼700 km from northeastern 
British Columbia into central Alberta, reaching 
800–1000 m above regional basement eleva-
tion to the west and 400–500 m above regional 
elevation at its eastern extent (Cant, 1988). It is 
∼140 km wide and has an asymmetrical shape, 
dipping steeply to the north and gently to the 
south (Cant, 1988; O’Connell et  al., 1990). 
Evidence suggests that uplift of the PRA was 
initiated by at least the Middle Cambrian and 
may have begun as early as the late Proterozoic. 
However, it is not believed to have grown into 
a prominent feature until sometime thereafter 
and did not achieve peak relief until the Early-
Middle Devonian (Cant, 1988; O’Connell et al., 
1990; McMechan, 1990). The Tathlina High is 
a smaller cratonic arch that is believed to have 
initiated in the Middle Cambrian (Porter et al., 
1982). It is not known when the West Alberta 
Ridge developed; nonetheless, by the Middle 
Devonian these structures were high-standing 
topographic features that restricted seawater 
circulation into the basin and enclosed topo-
graphic depressions to the north and south of the 
PRA. This facilitated sediment shedding during 
renewed cycles of transgression and regression 
until their burial in the Late Devonian (Porter 
et al., 1982; Trotter, 1989).

The origins of the PRA remain under debate. 
Theories for the upward movement of Precam-
brian rock include: doming due to a mantle 
hotspot (Burwash and Krupička, 1970; Stelck, 
1975; Stelck et al., 1978); a failed Paleozoic rift 
system (Cant, 1988); transform faulting along 
a mid-ocean ridge (O’Connell et  al., 1990; 
McMechan, 1990); and flexural uplift of the 
basement (Beaumont et al., 1993). Regardless of 
the mechanism, the PRA remained tectonically 
active throughout the entirety of its history, with 
early uplift and extension resulting in numerous 
high-relief horsts and grabens from the Cambrian 
to the Middle Devonian. This was followed by 
post-burial subsidence and syn-sediment accu-
mulation in the Mississippian period, renewed 
extension in the Pennsylvanian period, stability 
through the Permian period, and an overall col-
lapse into the Mesozoic era (Sikabonyi and Rod-
gers, 1959; Cant, 1988; O’Connell et al., 1990; 
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Balshaw, 2010). By the Late Cretaceous, partial 
reactivation of the basement raised the PRA to a 
subtle high until its reburial near the end Creta-
ceous (Donaldson et al., 1999).

In addition to the normal faulting associated 
with uplift of the PRA, a more ancient, local-
ized zone of extensional faulting has been rec-
ognized within Precambrian basement rocks 
named the Kimiwan isotope anomaly (Burwash 
et  al., 2000). Here, high grade minerals show 
retrograde alteration to chlorite and epidote and 
feature anomalously low δ18O values, which are 
interpreted to result from extensional faulting 
and fluid-rock interactions with meteoric water 
at ca. 1800 Ma (Burwash et al., 2000). The Kim-
iwan isotope anomaly extends roughly perpen-
dicular to the trend of the PRA covering an area 
∼250 × 50 km (Fig. 1; Burwash et al., 2000). 
Although the Kimiwan isotope anomaly is much 
older than more regional Tathlina High, PRA, 
and West Alberta Ridge, periodic reactivation of 
these basement faults are credited with the devel-
opment of faults in the overlying Phanerozoic 
strata (Burwash et al., 2000).

Local Geology of the Peace River Arch and 
Study Area

Following erosion of the Sauk Sequence, the 
earliest deposits to blanket the PRA comprise 
diachronous siliciclastics of the Granite Wash, 
which are sediments derived from, and uncon-
formably overlying, the granitic and gneissic 
Precambrian basement rocks that make up the 
PRA (Figs.  1 and 2; Cant, 1988; Trotter and 
Hein, 1988). Granite Wash sediments can be 
found within the shallow marine environments 
flanking the arch, along the limbs of the uplift, 
and within fault-bounded grabens and other 
paleotopographic lows on the crest, where they 
reach over 100 m in thickness (Dec et al., 1996). 
To the north and south of the PRA, the Granite 
Wash forms widespread sandstone units depos-
ited in fluvial, fan-delta, and shallow marine 
complexes, which interfinger with onlapping 
transgressive deposits of the Middle-Late Devo-
nian (Trotter and Hein, 1988; O’Connell et al., 
1990). Toward the lower relief, eastern extent of 
the PRA, the Granite Wash forms narrow sand 

bodies deposited in fluvial and possibly estua-
rine environments (Trotter and Hein, 1988). The 
age of the Granite Wash is unknown, except 
where they interfinger with Middle-Late Devo-
nian strata (O’Connell et al., 1990).

As previously mentioned, the PRA, West 
Alberta Ridge, and Tathlina High were promi-
nent features by the Middle Devonian, and sea-
water circulation into the basin was severely 
restricted (Hauck and Grobe, 2020; Porter 
et al., 1982). The result was an accumulation of 
evaporites, carbonates, and clastics of the Elk 
Point Group, which were the first sediments to 
onlap the PRA and interfinger with stratigraphi-
cally equivalent, backstepping Granite Wash 
sediments (Fig.  3A; Hauck and Grobe, 2020; 
O’Connell et al., 1990). Carbonate and evaporite 
successions in north-central Alberta make up the 
Muskeg Formation (Hauck and Grobe, 2020). 
Southeastward, the WCSB became increasingly 
evaporitic and lateral equivalents to the Muskeg 
Formation were primarily composed of halite 
and sylvite (Hauck and Grobe, 2020). Transgres-
sion through the Middle Devonian was punctu-

Figure 1. (Left) Location of cratonic arches and ridges that influenced deposition throughout the Devonian in the Western Canada Sedi-
mentary Basin (modified from Cant, 1988; O’Connell et al., 1990). (Right) Isopach of the Granite Wash (20 m contours) along the extent of 
the Peace River Arch (PRA), and the location of core used in this study (red stars; modified from Trotter and Hein, 1988). The approximate 
edges of the PRA are represented by narrow dashed lines.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/137/11-12/4993/7367138/b38102.1.pdf by University of Alberta user on 15 November 2025



Lithium isotopes of the Peace River Arch, Canada

	 Geological Society of America Bulletin, v. 137, no. 11/12	 4997

ated by several regressive events in which arch-
derived siliciclastics prograded into the basin 
(e.g., Balshaw, 2010). The Gilwood Member is 
the most prominent incursion, interpreted as a 
fluvio-deltaic transitional sequence that devel-
oped along an extensive coastal plain swelling 
from the arch (Fig. 3B; Williams, 1997; Shawa, 
1969; Jansa and Fischbuch, 1974).

The PRA remained an emergent, topographic 
high following deposition of the Elk Point 
Group, when a brief period of sea level stand-
still or slight regression led to the development 
of evaporitic sequences conformably overlying 
shales and terrigenous clastics of the Watt Moun-
tain Formation and fluvio-deltaic deposits of the 
Gilwood Member (Fig. 3B; Hauck, 2014; Jansa 
and Fischbuch, 1974). These evaporites com-
prise the Fort Vermilion Formation and consist 
of massive to nodular anhydrites interbedded 
with dolomitic muds and laminated anhydrite 
(Hauck, 2014). They are characterized as supra-
tidal, intertidal, and lagoonal deposits that pinch 
out toward the PRA and extend up to 80 km 
into the basin, thickening up to ∼25 m (Fig. 3C; 
Keith, 1990; Jansa and Fischbuch, 1974).

Sea level continued rising with the over-
all transgressive phase of the Middle-Late 
Devonian, and evaporites of the Fort Vermil-
ion Formation were conformably overlain 
by carbonates of the Slave Point Formation 
(Fig. 3D; Hauck, 2014). Slave Point strata are 
characterized by a fossiliferous lime mudstone 
that reaches ∼12 m thickness away from the 
PRA and extends beyond the underlying Fort 

Vermilion evaporites toward the arch, onlap-
ping Granite Wash sediments (Keith, 1990; 
O’Connell et  al., 1990). Transgression of the 
WCSB continued for the remainder of the Mid-
dle-Late Devonian, leading to an accumulation 
of open marine calcareous shales and nodular 
limestones of the Waterways Formation (Jansa 
and Fischbuch, 1974).

In this study, we examine three cores from 
north-central Alberta (UWI locations: 09-16-
076-21-W5, 14-02-077-22-W5, 10-27-080-08-
W5) for their Li content and Li isotopic values. 
These cores are located along the southern flank 
of the PRA, reaching from the Precambrian 
basement upward through the overlying Granite 
Wash, Muskeg Formation, Watt Mountain For-
mation, Gilwood Member, and Slave Point For-
mation (Fig. 2). The hypothesis of hydrothermal 
emplacement suggests sandstones of the Granite 
Wash and Gilwood Member to be the conduit 
for fluids mobilized from the basement, and the 
overlying Muskeg Formation, Watt Mountain 
Formation, and Slave Point Formation have pre-
viously been recognized to host Li-rich brines 
(Hitchon et  al., 1993; Eccles and Berhane, 
2011). Two of the cores (UWI locations: 14-02-
077-22-W5, 09-16-076-21-W5) examined in 
this study are located within the Kimiwan iso-
tope anomaly, which is the zone hypothesized 
to be responsible for hydrothermal upwelling, 
while the third core (UWI location: 10-27-080-
8-W5) is located away from the Kimiwan iso-
tope anomaly, toward the eastern flank of the 
PRA (Fig. 1).

METHODS

A detailed description of the methods used 
in this study is outlined in Section 1 of the 
Supplemental Material.1 Briefly, they include 
core logging and sample collection, followed 
by powder X-ray diffraction, bulk leaching of 
the carbonate material, and bulk digestion of 
the silicate material. All samples were mea-
sured for their bulk Li content with a Thermo 
Scientific Element XR ICP-MS (inductively 
coupled plasma–mass spectrometry), and Li 
isotopic measurements were conducted using 
a Thermo Finnigan Neptune Plus multicollec-
tor (MC)-ICP-MS. Lithium concentration and 
isotope work followed the methods detailed in 
Kalderon-Asael et al. (2021). Error on the con-
centration and isotopic measurements, based on 
repeat analysis of SBC-1, BHVO-2, L-SVEC-1, 
and Atlantic seawater in the same batches as our 
samples was better than 6.6% and better than 
0.07‰. Jeffcoate et al. (2004) previously char-
acterized the δ7Li value of modern seawater for 
use as a reference material and measured 31.1‰ 
(±0.20‰). In this study, our repeat measure-
ments of Atlantic seawater returned values of 
31.05‰ (±0.16‰).

1Supplemental Material. Methodology, lithofacies, 
depositional setting, and Supplemental Plates S1–
S3. Please visit https://doi​.org​/10​.1130​/GSAB​
.S.29189762 to access the supplemental material; 
contact editing@geosociety​.org with any questions.

Figure 2. Middle to Late Devo-
nian stratigraphy around the 
Peace River Arch (PRA) fol-
lowing complete erosion of the 
Sauk Sequence. Diachronous 
siliciclastics of the Granite Wash 
drape across the Precambrian 
Basement. Restricted seawater 
exchange with the open ocean 
led to the deposition of extensive 
evaporites of the Muskeg For-
mation, following which sea level 
rise capped the Elk Point Group 
with marginal-marine brackish 
and lacustrine shales of the Watt 
Mountain Formation (Hauck 
and Grobe, 2020). Several brief, 
punctuated events of regression 
led to the progradation of arch-
derived siliciclastics into the ba-
sin, the most extensive of which 

is the Gilwood Member (Williams, 1997). Following deposition of the Gilwood Member, a short period of sea level standstill or slight regression 
led to the deposition of evaporitic sequences of the Fort Vermilion Formation, and the eventual resumption of sea level rise led to the flooding of 
these deposits and development of the Slave Point Formation carbonate platform around the PRA (Jansa and Fischbuch, 1974; Hauck, 2014).
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Geological Lithofacies and Depositional 
Setting

Table 1 provides a summary of each facies 
including the lithologic characteristics, mineral-
ogy, and whether or not trace fossils are present. 
It outlines lithofacies associations, the nature of 

their contacts, and interpreted depositional envi-
ronment. Section 2 of the Supplemental Mate-
rial provides full descriptions of each lithofacies 
and interpretations of their depositional setting. 
Plates exhibiting the core expression of each 
facies are also given in the Supplemental Mate-
rial (Supplemental Plates S1–S3).

Li Isotopic Contents and Concentrations of 
Lithofacies

Lithium was identified in all 56 samples, cov-
ering a broad extent of bulk composition and iso-
topic values, with concentrations ranging from 
0.4 ppm to 167.3 ppm and δ7Li values ranging 

A B

C D

Figure 3. Distribution of Western Canada Sedimentary Basin (WCSB) sediments throughout the Middle Devonian (Middle-Late Give-
tian). (A) Distribution of the Muskeg Formation and its equivalents across the WCSB (modified from Drees et  al., 1994). Restricted 
seawater circulation coupled with a near equatorial location led to the deposition of extensive, thick evaporites across the WCSB. The 
Muskeg Formation is the first sediments to onlap the Peace River Arch (PRA) and interfinger with stratigraphically equivalent backstep-
ping Granite Wash sediments (Hauck and Grobe, 2020). It is dominated by anhydrite and dolomite that become more evaporative in its 
equivalent units toward the south-southeast into central Alberta and southern Saskatchewan, where the sediments comprise up to 90% 
halite (modified from Drees et al., 1994). (B) Transgression into the basin deposited marginal-marine, brackish water and lacustrine shales 
and carbonates across the Alberta basin and into south-central Saskatchewan (modified from Drees et al., 1994). The Watt Mountain For-
mation is characterized by several punctuated periods of regression in which arch-derived clastics prograded into the basin. The Gilwood 
Member is the most prominent incursion, interpreted as a fluvial-deltaic transitional sequence that developed along an extensive coastal 
plain swelling from the arch (Williams, 1997, Shawa, 1969). (C) Following deposition of the Watt Mountain Formation and Gilwood 
Member, sea level remained at a standstill or slightly regressed, leading to the development of a continental to supratidal sabkha around 
the PRA and coastal sabkha in the surrounding area (modified from Drees et al., 1994). (D) The overall transgressive phase of the Middle-
Late Devonian resumed, flooding the evaporitic deposits into shallow and open marine environments (Hauck, 2014). A carbonate platform 
developed along the flanks of the PRA as well as the nearby West Alberta Ridge (modified from Drees et al., 1994). Red stars indicate the 
locations of cores used for this study.
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from 1.5‰ to 23.5‰ (Table 2). Figure 4 out-
lines the log of each core highlighting sample 
locations and the distribution of lithologic char-
acteristics, facies, isotopic composition, and Li 
content. Figure 5 shows a scatter plot of all Li 
isotopic measurements and concentrations by 

facies. A scatter plot of Li isotopic compositions 
and concentrations separated by core is found 
in the Supplemental Material. Samples from 
the crystalline basement of Facies 1 all mea-
sured within a narrow δ7Li range (3.0‰–6.4‰), 
regardless of whether they were deformed or 

altered. However, the altered and recrystallized 
basement samples from UWI: 14-02-077-22W5 
(103.4–109.8 ppm) notably contain ∼4 times 
more Li than those that are not altered from 
UWI: 10-27-080-08-W5 (21.7–29.0 ppm). 
Facies 2 regolith was only sampled from the 
altered basement core (UWI: 14-02-077-22-W5) 
and showed a slightly more positive δ7Li value 
(8.5‰) and lower concentration (94.0 ppm) 
compared with the directly underlying base-
ment. The sharp based, pebbly channel sand-
stones of Facies 3 mark the base of the Granite 
Wash and an abrupt shift in Li content and iso-
topic composition. Facies 3 sediments are mark-
edly more enriched in 7Li (6.2‰–23.5‰) and 
have lower Li concentrations (2.1–36.5 ppm). 
It is worth noting that sample N-008 (6.2‰; 
36.5 ppm) is an outlier in Facies 3 with respect 
to both Li isotopic content and Li concentration, 
where the remaining samples average 17.2‰ 
and 12.2 ppm. Facies 4 also makes up the Gran-
ite Wash, where floodplain paleosols developed 
along the banks of fluvial channels draining the 
PRA. They record the highest Li concentrations 
of all samples (28.2–167.3 ppm) and show a nar-
row range of δ7Li values (1.5‰–8.1‰).

Facies 5 characterizes the base of the Muskeg 
Formation and Facies 6 and 7 record a transition 
into marginal-marine sediments onlapping the 
PRA. A single sample from the restricted lagoon 
dolomitic mudstones of Facies 5 revealed lim-
ited Li content (0.4 ppm) and high enrichment 
in 7Li (δ7Li = 22.0‰). A single sample from 
deeper lagoon laminated evaporites of Facies 6 
also displayed a low Li concentration (1.4 ppm). 
However, they are isotopically lighter than their 
shallow water counterpart (6.7‰). Microbi-
ally laminated calcareous mudstones of Facies 
7 were not sampled for analysis in this study, 
although it is worth noting that this facies only 
appears once in all three cores and accounts for 
only ∼70 cm of the >60 total m of material that 
were assessed in this study.

Facies 8 and 9 comprise the Gilwood Member 
and represent fluvial-deltaic siliciclastics prograd-
ing into the basin during the subsequent fall in 
relative sea level. Distal bar sandstones of Facies 
8 display a considerable range of both Li concen-
trations (1.6–80.5 ppm) and δ7Li values (2.6‰–
23.3‰). Facies 9, consisting of bioturbated silty 
sandstones of the prodelta, similarly display a 
broad extent of concentrations (1.4–86.6 ppm), 
but their Li isotopic values fall within a distinctly 
narrow range (6.8‰–9.5‰). A modest rise in rel-
ative sea level flooded the Gilwood Member and 
led to deposition of Facies 11 comprising brackish 
and freshwater mudstones of the Watt Mountain 
Formation. Analysis of Facies 11 indicated low 
Li content (3.1–5.6 ppm) and enrichment in 7Li 
(16.4‰–19.6‰). Continued sea level rise led to 

TABLE 2. LITHIUM ISOTOPE AND BULK CONCENTRATIONS OF SELECTED ROCK 
SAMPLES FROM THE THREE CORES ANALYZED IN THIS STUDY

Sample ID δ7Li
(‰)

Standard error
(‰)

Li concentration
(ppm)

14-02-077-22-W5
D-001 5.9 0.04 109.8
D-002 3.0 0.04 103.4
D-003 8.5 0.03 94.0
D-004 18.8 0.04 2.1
D-005 19.7 0.03 4.5
D-006 7.6 0.03 167.3
D-007 7.8 0.03 85.2
D-008 7.1 0.04 152.4
D-009 7.9 0.04 66.2
D-010 7.6 0.03 147.1
D-011 7.2 0.03 77.8
D-012 17.8 0.04 4.6
D-013 8.0 0.04 137.0
D-014 7.5 0.03 110.7
D-015 7.3 0.03 80.5
D-016 7.1 0.03 78.6
D-017 7.0 0.05 48.9
D-018 23.3 0.04 1.6
D-019 2.6 1.77 7.6
D-020 9.3 0.03 86.6

09-16-076-21-W5
G-001 7.7 0.02 48.6
G-002 11.9 0.04 4.0
G-003 7.2 0.04 81.6
G-003 dup 7.1 0.05 80.3
G-004 6.6 0.03 109.4
G-005 16.5 0.03 3.4
G-006 7.9 0.03 34.2
G-007 9.5 0.03 1.4
G-008 14.3 0.04 2.7
G-009 14.0 0.04 2.8
G-010 10.4 0.03 0.4
G-011 16.7 0.07 1.4

10-27-080-08-W5
N-001 6.1 0.03 22.5
N-002 3.4 0.04 21.7
N-003 6.4 0.03 29.0
N-004 16.7 0.04 17.5
N-005 1.5 0.04 66.4
N-006 16.0 0.03 15.0
N-007 7.3 0.03 28.2
N-008 6.2 0.03 36.4
N-009 10.6 0.04 27.5
N-010 22.0 0.05 0.4
N-011 6.7 0.03 1.4
N-012 8.1 0.03 127.6
N-013 6.8 0.03 166.4
N-014 23.5 0.04 16.5
N-015 3.7 0.04 46.0
N-016 12.8 0.03 16.0
N-017 6.1 0.04 67.5
N-018 5.7 0.04 52.4
N-019 7.3 0.04 96.5
N-020 7.2 0.03 43.7
N-021 19.5 0.03 14.6
N-022 6.7 0.03 70.0
N-023 6.7 0.04 5.6
N-024 16.4 0.04 5.6
N-025 19.6 0.03 3.1

Geostandards Average δ7Li
(‰)

Standard deviation Li concentration
(ppm)

Recovery
(%)

L-SVEC-1 (n = 4) −0.05 0.16 - -
Atlantic seawater (n = 4) 31.05 0.16 - -
BHVO-2 (n = 5) - - 4.43 98.44%
SBC-1 (n = 6) - - 153.89 94.41%

Note: Isotopic measurements were obtained via multicollector–inductively coupled plasma–mass 
spectrometry (MC-ICP-MS) and Li concentrations were determined by ICP-MS. The normalized isotopic 
notation of Li was calculated and reported relative to the L-SVEC-1 lithium carbonate standard, and Atlantic 
seawater was measured for comparison. Georeference standards BHVO-2 and SBC-1 were digested and 
analyzed along with each batch of rock samples to determine bulk Li recovery.
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the development of shallow marine onlap of the 
PRA and deposition of Facies 10 carbonates of 
the Slave Point Formation. Platform carbonates of 
Facies 10 returned the lowest Li concentrations of 
all samples (0.4–2.8 ppm) and tend to show mod-
erate to high δ7Li values (10.4‰–16.8‰).

Source of Li and Controls on Its 
Distribution

Basement Weathering
Previous investigations into Li sources to 

the Alberta Basin were limited to interpreta-

tions based on H, O, and Sr isotopic variations 
and trace metal geochemistry of the basinal 
brines (Eccles and Berhane, 2011; Huff, 2016, 
2019). An analysis of the highly concentrated 
brines found in west-central Alberta explored 
various basement features as potential sources 
of Li. However, it ultimately proposed the 
source as a post-depositional influx of hydro-
thermal fluids expelled upward through the 
Kimiwan isotope anomaly. These fluids were 
proposed to have migrated along permeable 
siliciclastics of the Granite Wash and Gilwood 
members before moving into the overlying 

carbonate strata (Eccles and Berhane, 2011; 
Huff, 2019).

Of relevance to hydrothermal fluids, the frac-
tionation of Li isotopes is dependent on tempera-
ture. Several studies have noted that as the tem-
perature of the fluid increases during water-rock 
interactions, the degree of Li isotope fraction-
ation decreases (δ7Lisolid − δ7Lisolution = Δ7Lisolid-

solution) (Penniston-Dorland et al., 2017). Experi-
mental and field examinations of hydrothermal 
fluids interacting with basalts from mid-ocean 
ridges show Δ7Lisolution-solid values of 4.0‰ at 
350 °C, 6.7‰ at 250 °C, 9.0‰ at 160 °C, and 

Figure 4. Stratigraphic logs outlining the lithofacies and Li concentration and isotopic values identified in three cores from UWI: (top) 
10-27-080-08-W5; (middle) 14-02-077-22-W5; and (bottom) 9-16-076-21-W5. Li isotopes are reported as δ7Li and concentrations are 
reported in parts-per-million (ppm) and outlined in Table 2. Missing core is denoted by a dashed “X” and all legend information are 
provided in each log. A summary of all facies is provided in Table 1, and core expressions of each facies are outlined in Supplemental 
Plates S1–S3 (see text footnote 1). A summary of δ7Li values and Li concentrations is provided in Table 1. BI—Bioturbation Index.
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19.0‰ at 25 °C (Chan et al., 1993, 1994; Millot 
et al., 2010b). Similarly, Pogge von Strandmann 
et al. (2016) measured δ7Li values of relatively 
cold (3.0–7.0  °C) continental groundwaters 
and compared them with hydrothermal springs 
(200–300 °C), which have cooled during trans-
port (17–44 °C). They reported that isotopic val-
ues remained low (δ7Li: 4.9‰–10‰) even in the 
cooled hydrothermal waters and were similar to 
δ7Li values for waters >350 °C, whereas δ7Li 
values for the cold groundwaters were consider-
ably larger in magnitude, ranging from 15.3‰ to 
27‰. Pogge von Strandmann et al. (2016) attrib-
uted these variations to the production of sec-
ondary clay minerals at varying temperatures, as 
has been observed during chemical weathering 
of rocks. In high temperature geothermal waters, 
secondary mineral formation is inhibited, lead-
ing to lesser fractionation of Li isotopes, whereas 
low temperature systems promote formation of 
authigenic clay minerals, which preferentially 
incorporate 6Li, during water-rock interaction 
(Pogge von Strandmann et  al., 2016; Millot 
et al., 2010b).

With respect to Li concentrations, Chan 
et  al. (1994) found hydrothermally altered 
sediments from Guaymas Basin in the Gulf 
of California to be similarly depleted in Li 

(11.5–20.8 ppm) compared with the overlying 
unaltered sediments (37.5–41.0 ppm). Their 
experimental results further demonstrated that 
elevated temperatures reduce the capacity of 
secondary minerals to retain Li, leading to sig-
nificant leaching of Li from host sediments. 
In all cases, increasing temperature decreases 
the magnitude of Li isotope fractionation and 
increases the mobility of Li in fluids, leaving 
the host rocks depleted and solutions enriched 
in Li concentrations (Chan et al., 1994; Araoka 
et al., 2014).

Despite two of the three cores being located 
within the Kimiwan isotope anomaly, we 
observed no visual, mineralogical, or geo-
chemical evidence of hydrothermal alteration 
or overprinting throughout any of the basal 
siliciclastics or onlapping stratigraphic units. 
The ranges of Li concentrations and Li isoto-
pic values vary by nearly 167 ppm and 22‰, 
respectively, and, as is illustrated in Figure 5, 
these distributions are facies-dependent and 
display a similar profile across all three cores, 
regardless of their location. As expected from 
previous reports of the Li isotopic content of 
continental crust (δ7Li = −10‰ ± 10‰; mean 
∼0.6‰ ± 0.6‰), the δ7Li values of crystalline 
basement were found to lie within a relatively 

narrow range of 3.0‰–6.4‰ across both drill 
cores from the PRA. However, within the 
deformed but unaltered basement, Li concen-
trations range from 21.7 ppm to 29.0 ppm but 
reach 103.4–109.8 ppm in the recrystallized 
basement, indicating that the recrystallized 
rocks host ∼4× more Li (Tomascak et  al., 
2016). Lithium is an incompatible element in 
magmatic systems, leading to its enrichment 
in increasingly felsic melts (Huh et al., 1998). 
As such, Li concentration increases from the 
primitive mantle (1.4 ± 0.1 ppm), through mid-
ocean ridge basalts (5.5 ± 3.8 ppm), and into 
bulk continental crust (∼18 ppm) and upper 
continental crust (35 ± 11 ppm; see Tomas-
cak et al., 2016; Marschall et al., 2017; Teng 
et al., 2004).

Given that a significant proportion of the unde-
formed basement consists of biotite and large 
potassium feldspar crystals, it appears unlikely 
that these primary igneous minerals host any 
more Li than average continental crust. Instead, 
in early studies on the basement of the WCSB, 
Burwash and Krupička (1969, 1970) identified a 
zone of deformation and potassium metasoma-
tism named the Athabasca Mobile Zone trending 
northeast through the PRA and into a large portion 
of west-central Alberta. They found that metaso-

Figure 5. Scatter plot of Li iso-
topic compositions and bulk 
concentrations of samples 
grouped by facies.
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matic recrystallization significantly increased the 
proportion of silicate and alteration minerals and 
suggested that the resulting decrease in average 
rock density was responsible for upward move-
ment of the PRA (Burwash and Krupička, 1970). 
The K-metasomatized rocks notably showed the 
largest changes in potassium feldspar, musco-
vite, and epidote content, increasing on average 
by 73%, 383%, and 484%, respectively, com-
pared to nearby unaltered basement (Burwash 
and Krupička, 1970). Considering the highly 
altered basement from UWI: 14-02-077-22-W5 
contains nearly 4× more Li than the unaltered 
basement and 3× the Li of average continental 
crust, it seems likely that Li was mobilized into 
the crystalline basement during K-metasomatism. 
Moreover, X-ray diffraction of the recrystal-
lized basement was used to identify microcline, 
epidote, muscovite (Li-bearing), siderophyllite 
[Li-bearing KFe2+ 2Al(Si2Al2)O10(OH)2], clino-
chlore, and chalcopyrite. Although it is worth 
recognizing the limitations of our two-core data 
set, it appears likely that K-metasomatism played 
a key role in Li enrichment of the PRA basement 
and that Li-bearing muscovite and Li-bearing sid-
erophyllite are the major host phases. It is also 
noteworthy that we did not interrogate muscovite 
and siderophyllite directly via microanalytical 
techniques, and future work is needed to separate 
and analyze these minerals to thoroughly charac-
terize the major host phases of Li.

Sediment Accumulation of Li and 
Syndepositional Emplacement

The overlying siliciclastics display many 
of the same trends that have been reported in 
modern weathering studies illustrating that the 
fractionation of Li isotopes are controlled by the 
balance between primary mineral dissolution 
and secondary mineral formation—a process 
known as the weathering congruency (Misra and 
Froelich, 2012; Pogge von Strandmann and Hen-
derson, 2015). As mentioned in the lithium iso-
topes background section, primary minerals dis-
solve without notable fractionation. Secondary 
minerals preferentially retain 6Li, dictating the 
isotopic values of water-rock interactions (Huh 
et al., 1998, 2001; Pistiner and Henderson, 2003; 
Vigier et al., 2009; Wimpenny et al., 2010). If 
a rock dissolves congruently without forming 
secondary minerals, then both the sediment and 
water will have δ7Li values approximately equal 
to the parent rock (Pogge von Strandmann et al., 
2020). In contrast, incongruent dissolution of 
minerals is characterized by secondary mineral 
formation, which results in greater Li isotopic 
differences between sediment and water, where 
sediments are enriched in 6Li and waters are 
enriched in 7Li (Misra and Froelich, 2012). This 
behavior during weathering enables Li to be 

used as a tracer for silicate weathering processes 
(Dellinger et al., 2015).

Regolith directly overlying the recrystallized 
basement (109.8 ppm, 5.9‰) shows a minor 
decrease in Li content (94.0 ppm) and a more 
positive δ7Li value (8.5‰). This is interpreted to 
be the result of early mineral dissolution preced-
ing the accumulation of significant abundances 
of secondary minerals (i.e., congruent disso-
lution) leading to a δ7Li value near that of the 
source rock, and the leaching of dissolved Li 
basinward by meteoric waters. Pebbly to coarse-
grained channel sandstones of Facies 3 exhibit 
some of the isotopically heaviest and Li-depleted 
sediments (6.2‰–23.5‰; 2.1–36.5 ppm). This 
is attributed to the high mechanical energy and 
short residence time in a braided fluvial system. 
Fine-grained alteration minerals produced dur-
ing chemical weathering in such high energy 
systems are more likely to bypass deposition 
and the resulting paucity of secondary miner-
als would therefore prevent the accumulation 
of 6Li leading to δ7Li values within the river 
that are more reflective of its waters. As evi-
denced in the surrounding floodplain deposits 
of Facies 4, extensive paleosols formed along 
the banks of these channels: X-ray diffraction 
results show that these sediments are composed 
of quartz, microcline, orthoclase, muscovite, 
and kaolinite. As expected, the formation of 
clay minerals in these paleosols lead them to 
be isotopically light (δ7Li = 1.5‰–8.1‰) and 
these deposits host the greatest bulk Li concen-
trations recorded in this study (28.2–167.3 ppm; 
Fig. 5). Within Facies 4, kaolinite and muscovite 
are interpreted to be the major host phases of 
Li, and fluctuations in their concentration are 
ascribed to varying sources of weathered rego-
lith and soil forming processes.

Interestingly, all three cores are located on 
the subaerially exposed drainage of the PRA, 
and despite being as much as 150 km away 
from each other, the maximum concentration 
of Li in paleosol samples reached similar val-
ues (166.4 ppm, 167.3 ppm, and 109.4 ppm; 
Table  2). This suggests that the intensity of 
weathering across the arch remained similar, and 
if correct, it can be reasoned that these probably 
represent the Li carrying capacity of paleosols 
that formed along the flanks. This, however, 
raises questions regarding the weathering inten-
sity and carrying capacity of sediments located 
along the crest of the PRA. Numerous studies 
have shown that the PRA is riddled with fault-
bounded grabens and other paleotopographic 
lows owing to the extensive nature of its forma-
tion, and these regions have accumulated up to 
100 m of Granite Wash sediments (Cant, 1988; 
Trotter, 1989; Dec et al., 1996; Balshaw, 2010; 
Fig. 1). Although still speculative, it is possible 

that these comparatively stable sub-basins host 
larger volumes and higher concentrations of Li-
enriched sediments. This could be due to base-
ment sources with greater Li concentrations, 
or overall lower erosion rates, which may have 
allowed for more intense weathering and poten-
tially greater Li-carrying capacity compared to 
sediments located along the basin’s limbs. By 
contrast, evidence for congruent dissolution of 
minerals suggests that, at the highest levels of 
weathering intensity, secondary minerals hosting 
Li break down and the Li is leached into sur-
rounding waters (Dellinger et  al., 2015). This 
decrease in Li abundance is observed in paleo-
sol samples D-008 and D-009 as well as D-010 
and D-011 (Fig. 4). In both cases, samples were 
taken at the base and near the top of the paleosol 
bed, and while their δ7Li values remained similar 
within error, the samples taken up-section con-
tained less than 50% of the amount of Li in the 
lower sample (Table 2). If more intensely weath-
ered sediments exist along the crest of the arch, 
it is reasonable to assume these same processes 
occurred. However, even if these sediments are 
weathered to such an extent that Li has now been 
leached out, considering that many of these sub-
basins remained relatively isolated from drain-
age into the surrounding WCSB, they may 
represent localized regions of greater Li enrich-
ment. As such, isolated, fault-bounded grabens 
filled with Granite Wash sediments represent an 
intriguing target of future study in understanding 
the extent of weathering intensity and Li accu-
mulation along the crest of the PRA.

Facies 8 and 9 siliciclastics of the Gilwood 
Member display many of the same trends exem-
plified by the Granite Wash (Fig. 5). Medium-
grained sandstones of the delta front generally 
show low Li concentrations and high δ7Li values, 
whereas heterolithic sediments characterized by 
flaser and wavy bedding distinctly show lower 
δ7Li values and higher Li concentrations. Pro-
deltaic, bioturbated silty sandstones of Facies 9 
exhibit a narrow range of low δ7Li values and, 
aside from a single sample, moderate to high Li 
concentrations (Fig. 5). Much like the Granite 
Wash, these variations are ascribed to the pro-
portion of secondary clay minerals within the 
sediments. Although Gilwood Member sedi-
ments display Li isotopic signatures similar to 
the Granite Wash, they notably contain lower 
Li concentrations (Fig. 5). Early characteriza-
tions of the Gilwood Member show that these 
sediments are similar to those of the Granite 
Wash, but are texturally and mineralogically 
more mature (Shawa, 1969). This is because 
the Gilwood Member is at least a second order 
deposit of Granite Wash sediments, which 
were reworked along the coastal plain follow-
ing a regressive phase in the Middle Devonian 
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(Shawa, 1969). Our results support this interpre-
tation, and we attribute the lower Li concentra-
tions to losses of Li during sediment transport 
and reworking that increased sediment maturity.

The remaining evaporitic, carbonate, and 
brackish to freshwater mudstones of Facies 5, 
6, 10, and 11 generally have higher δ7Li values 
and very low Li concentrations (Fig. 5). These 
sediments were all deposited under various 
subaqueous conditions and are interpreted to 
reflect their local hydrochemistry and deposi-
tional environment. Dolomitic mudstones of the 
restricted lagoon are extremely Li depleted and 
isotopically heavy (0.4 ppm; 22.0‰) because 
Li does not readily incorporate into carbonate 
phases (Burton and Vigier, 2012), and the near-
shore lagoons from which they were deposited 
were highly influenced by the 7Li-enriched river 
waters draining the PRA. The deep lagoon lami-
nates of Facies 6 display equally low Li concen-
trations. However, they are isotopically much 
lighter (1.4 ppm; 6.7‰), comparable with paleo-
sols on the PRA. These values are attributed to 
the suspension settling of isotopically light clay 
minerals in the deep lagoon, because as in car-
bonate minerals, Li does not readily accumulate 
in evaporitic minerals (Mertineit and Schramm, 
2019). These findings are consistent with those 
of Sarchi et al. (2023), who examined Li-rich 
brines in the salars of Argentina and found that 
even under extreme evaporative conditions, dis-
solved Li remained in solution and concentrated 
in the residual brine.

Although primary carbonates can be a reliable 
archive of paleoseawater chemistry (Kalderon-
Asael et al., 2021), various diagenetic processes 
are known to influence carbonate geochemis-
try and can result in Li isotope ratios that are 
unrelated to seawater composition (Brand and 
Veizer, 1980; Swart, 2015; Dellinger et  al., 
2020). Marine burial diagenesis may reset the 
δ7Li value of carbonate rocks to the composition 
of marine water with little variability (Dellinger 
et al., 2020). By contrast, meteoric diagenesis 
may impart highly variable δ7Li signatures that 
are wholly unrelated to the original composi-
tion and have been shown to impart δ7Li values 
up to 9‰ ± 4‰ lighter than seawater composi-
tion (Dellinger et al., 2020). The platform car-
bonates of Facies 10 show low concentrations 
of Li (0.4–2.8 ppm) and variable δ7Li values 
(10.4‰–16.8‰), which we interpret, at least in 
part, as post-depositional overprinting by mete-
oric diagenesis.

Blocky mudstones of Facies 11 show simi-
larly low Li concentrations (3.1–5.6 ppm) and 
relatively heavy δ7Li values (16.4‰–19.6‰), 
which we interpret to reflect the isotopic com-
position of their brackish to freshwater subaque-
ous conditions.

Implications for Li Brines in the WCSB 
and Deep Sedimentary Basins Globally

The aim of this discussion is not to resolve 
the evolution of deep groundwater brines in the 
WCSB. Rather, it is an initial effort to identify 
the origins of Li in the WCSB and demonstrate 
the greater potential of Li isotopes for identify-
ing the genesis and distribution of Li in deep-
time contexts. By examining when and where it 
was deposited in relation to the basin’s evolution, 
we offer a new perspective on the processes of 
Li cycling and enrichment in deep sedimentary 
basins globally.

Figure  6 outlines the Li concentrations of 
brines sampled across Alberta and Saskatchewan 
overlain with the locations of the PRA, West 
Alberta Ridge, and the approximate boundary 
of the Athabasca Mobile Zone (modified from 
Drees et al, 1994; Burwash and Krupička, 1970; 
Reimert et al., 2022; Government of Saskatch-
ewan, 2023). It was previously recognized that 
within the Alberta basin, the highest Li concen-
trations (≤140 mg/L) exist within formation 
waters of west-central Devonian strata (Give-
tian and Frasnian) (Hitchon et al., 1993; Eccles 
and Berhane, 2011; Lyster et al., 2022). This is 
similarly observed in Saskatchewan, where ele-
vated Li concentrations are observed within the 
respective Givetian and Frasnian aged Winni-
pegosis and Duperow formations (Jensen, 2015, 
2016; Jensen and Rostron, 2018). The highest Li 
concentrations occur on the PRA or along a zone 
that approximately parallels the West Alberta 
Ridge trending southeast into central Alberta. 
Although the complex hydrochemical evolution 
of formation waters within the WCSB is beyond 
the scope of this discussion, a few notable trends 
have emerged in this study.

Li brines in west-central Alberta are cor-
related with enriched 87Sr/86Sr levels, whereas 
those from central Alberta show the influence 
from the evaporation-concentration of paleo-
seawater and the subsequent dissolution of 
evaporite minerals (Eccles and Berhane, 2011; 
Huff, 2016, 2019). We suggest that these trends 
reflect the weathering and accumulation of con-
tinental sediments in the surrounding basin and 
not hydrothermal influxes. Our results imply that 
crystalline basement of the PRA served as a Li 
source material through which weathering pro-
cesses led to its enrichment in overlying silici-
clastics of the Granite Wash. These sediments 
were transported into the surrounding restricted 
basin syndepositional to its development, and 
the accumulation of Li was facies dependent, 
and directly related to the extent of secondary 
mineral formation. Siliciclastics of the Granite 
Wash represent a series of freshwater fluvial 
systems draining the high relief basement struc-

ture and have been shown to interfinger in some 
capacity with every onlapping unit throughout 
transgression of the Sauk Sequence and until 
its burial in the Late Devonian (Porter et  al., 
1982; Keith, 1990; McMechan, 1990; Trot-
ter and Hein, 1988). Much like modern fluvial 
systems (e.g., Huh et  al., 2001; Millot et  al., 
2010a), rivers draining the PRA carried a sus-
pended load and trace levels of dissolved Li into 
the restricted basin. We suggest that the enriched 
87Sr/86Sr levels observed by Eccles and Berhane 
(2011) near the PRA reflect the syndepositional 
emplacement of basement-derived, Li-bearing 
sediments, rather than post-depositional hydro-
thermal overprinting.

Eastward into central Alberta and south-
central Saskatchewan, seawater evaporation 
reached extreme levels throughout the Devo-
nian (Fig. 3A; Hauck and Grobe, 2020). Halite 
precipitation occurs after ∼90% of seawater is 
evaporated, and as suggested by Huff (2016, 
2019), it was this extreme evaporation-concen-
tration of seawater that led to the formation of 
Li-rich brines in central Alberta. Although the 
Li concentration of Devonian seawater in the 
WCSB is not known, modern seawater averages 
∼0.18 ppm Li (Penniston-Dorland et al., 2017). 
It is not difficult to envision the evaporation-
concentration of seawater increasing Li to values 
ranging between 0.1 ppm and 50 ppm: marine 
circulation was limited during this time (i.e., 
Hauck and Grobe, 2020) and the basin straddled 
the equator during the lower Devonian. Lithium 
was also persistently supplied by fluvial input 
from within the basin, at least in the area of the 
PRA. The average concentration of dissolved 
Li in modern rivers ranges between 0.0001 ppb 
and 23 ppb (average ∼1.8 ppb), and suspended 
sediments from contemporary rivers draining the 
Mackenzie Basin in Canada, for example, show 
Li concentrations ranging between 17.8 ppm 
and 57.8 ppm (Tomascak et  al., 2016; Millot 
et al., 2010a). Considering the basin’s restricted 
nature, it is probable that Li sourced from the 
PRA and transported via river processes com-
plemented the evaporation-concentration of Li in 
the seawater. We suggest this process to be par-
ticularly important toward the southeast, where 
the basin becomes increasingly evaporative, and 
age equivalent units comprise thick successions 
of halite and sylvite. In south-central Saskatch-
ewan, Jensen et al. (2020) observed high Li con-
centrations in the evaporites and carbonates of 
the Duperow Formation (≤113 ppm). It seems 
unlikely that Li-enriched regolith was confined 
solely to the PRA. The nearby exposed Canadian 
Shield on the northeast edge of the WCSB is also 
a likely source.

Lastly, we cannot discount the complex post-
depositional processes that led to the evolution 
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of formational brines, particularly in the Alberta 
basin. While we suggest Li emplacement to be 
syndepositional to development of the basin, and 
the concentrations of these formational waters 
seemingly reflect their proximity to the PRA 
(Fig.  6), the complex water-rock interactions 
associated with the density driven migration 
and tectonic flushing of these units undoubtedly 
played a significant role in the redistribution 
of Li across the basin (Connolly et al., 1990a, 
1990b; Huff, 2016, 2019).

In a global context, Li rich groundwaters 
have been documented in 48 sedimentary basins 
worldwide, yet the sources of Li in these brines 
and timing of emplacement remains elusive 
(Dugamin et  al., 2021; Sanjuan et  al., 2022). 
Current explanations for the formation of these 
groundwaters focus on reconstructing brine 
chemistry using some combination of late-stage 

seawater evaporation, meteoric water mixing, 
water-rock interactions, or hydrothermal influx 
(e.g., Connolly et al., 1990a, 1990b; Elders and 
Cohen, 1983; Wilson and Long, 1993; Stue-
ber et  al., 1993; Tesmer et  al., 2007; Sanjuan 
et al., 2022; Dugamin et al., 2023). While these 
approaches may effectively describe ground-
water chemistry, the limited availability of rock 
data from many deep basins often results in a 
lack of detailed geological context, leading to 
reliance on generalized or theoretical scenar-
ios. The WCSB exemplifies these challenges 
given its complex geological and hydrological 
history. Previous interpretations of Li enrich-
ment in the basin have primarily been ascribed 
to hydrothermal fluids exsolving from deep 
basement fractures, with secondary contribu-
tions from seawater evaporation-concentration 
(Eccles and Berhane, 2011; Huff, 2016, 2019). 

Our findings suggest that while evaporation-con-
centration likely played a role, tracing Li to its 
source requires a robust geological framework 
of the basin.

Modern rivers, estimated to account for 
∼50% of Li input into the oceans (Hathorne and 
James, 2006), have generally low Li concentra-
tions (∼1.8 ppb). However, terrestrial clay min-
erals contain significantly higher concentrations 
(∼5.0–300 ppm), suggesting that a substantial 
proportion of Li derived from primary rocks is 
stored within secondary minerals on the conti-
nents (Huh et al., 1998; Tomascak et al., 2016; 
Pogge von Strandmann et al., 2020). Although 
continental weathering is known to fluctuate 
over geological time scales (i.e., Kalderon-Asael 
et al., 2021), weathering processes represent a 
significant proportion of mobile Li at Earth’s 
surface (Liu and Rudnick, 2011). Source rocks 

Figure 6. Distribution of Li brines across Alberta and Saskatchewan in relation to the Peace River Arch (PRA) and West Alberta Ridge 
(modified from Drees et al., 1994). Dashed lines represent the approximate zone of deformation and K-metasomatism as defined by Bur-
wash and Krupička (1970). These are overlain by a schematic depiction of the transportation of Granite Wash sediments. Li-rich sediments 
derived from the PRA are transported into the basin along prograding fluvial systems. These sediments interfinger with every unit onlap-
ping the PRA until its burial in the Late Devonian (McMechan, 1990). Li brine data are from the respective Alberta Geological Survey 
(Reimert et al., 2022) and the Government of Saskatchewan (2023) databases.
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with high Li potential, such as volcanic, granitic, 
and pegmatitic rocks, occur globally, and sedi-
ments weathered from these sources accumu-
late in continental basins where they are buried 
and preserved. To effectively characterize the Li 
potential of deep sedimentary basins, it is essen-
tial to recognize that weathering processes, both 
modern and ancient, have played a central role 
in Li transport at Earth’s surface. Understand-
ing the nature and distribution of basin-fill sedi-
ments is therefore essential for informing global 
Li exploration strategies.

CONCLUSIONS

In order to test the prevailing hypotheses for 
the Li source to the Alberta basin, we exam-
ined Precambrian basement rock of the PRA 
and its overlying siliciclastics, carbonates, and 
evaporites. We logged the units, divided them 
into lithofacies, and examined them for their 
Li isotopic content and Li concentration. The 
enrichment of Li and its isotopic content in the 
derived sediments are entirely controlled by 
the ratio of secondary mineral formation dur-
ing low temperature weathering processes. We 
report no evidence of hydrothermal alteration; 
instead, our results indicate that the Li is derived 
from crystalline basement of the PRA. It accu-
mulated in overlying sediments and was subse-
quently transported into the surrounding basin 
through fluvial processes. We propose that Li 
enrichment occurred syndepositional to devel-
opment of the basin, where concurrent evapora-
tion of basinal seawater and continental delivery 
of Li contributed to its enrichment. Our results 
highlight a direct link between syndepositional 
processes and modern dissolved Li concentra-
tions in groundwater. Our approach integrates 
Li isotopes with sedimentological and hydro-
geochemical data to establish a framework for 
understanding the genesis of Li concentrations 
in deep-time contexts. This approach can be 
directly applied to analogous sedimentary basins 
worldwide, providing valuable insights to guide 
global Li exploration efforts.
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