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ARTICLE INFO ABSTRACT

Associate editor: Benjamin Tutolo Unconformity-related uranium deposits (URU deposits) in the Proterozoic Athabasca Basin (Canada) represent

the largest and richest (with average grades ranging from 0.127 to 19.5 wt% U) U deposits in the world. Fluid

Keywords: inclusion studies and experimental data suggest that the ore-forming fluids of URU deposits are hyperacidic (pH
Hyperacidic brines < 3.5), oxidizing basinal brines carrying high concentrations of U (0.2 to 3700 ppm), which are several orders of
pH . . magnitude higher than ordinary basinal and basement formation waters. While the oxidizing conditions of these
Sedimentary basins A . . . . . ‘1 .

Diagenesis fluids are well established, the mechanism responsible for the basin-scale generation of hyperacidic brines re-

mains unknown. This paper aims to address this problem and to explain why the Athabasca Basin is exceptionally
endowed with high-grade and large-tonnage uranium deposits. Based on petrographic and infrared hyperspectral
logging data indicating basin-wide coexistence of kaolinite and illite in quartz-dominated sandstones, and fluid
inclusion data showing high potassium (K) concentrations in diagenetic and ore-forming fluids within the
Athabasca Basin, it is proposed that the production of hyperacidic brines resulted from a pervasive diagenetic
reaction between K-rich brines and kaolinite: 3kaolinite [Al»SioO5(0H)4] 4+ 2 K « 2illite [KAl3Si3010(0H)5] +
3H,0 + 2H'. Geochemical modeling of fluid-rock reactions demonstrates that the basin-scale production of
hyperacidic brines is achievable when a combination of three specific conditions is satisfied: 1) the presence of a
thick package of compositionally mature sandstones, characterized by quartz-dominated framework grains with
minimal (<1%) feldspar and the interstitial space filled with kaolinite; 2) the development of K-rich brines
through seawater evaporation above the sandstone package; and 3) low fluid/rock ratios, which enable the
reaction between kaolinite and K-rich brines to reach equilibrium and produce illite and H'. Recognizing the
basin-scale development of hyperacidic brines and the specific conditions entailed offers insights into why the
Athabasca Basin is exceptionally endowed with high-grade, large-tonnage U deposits. The conditions of hyper-
acidic brine production revealed in this study may be used for evaluating the U mineralization potential of other
sedimentary basins.

Fluid-rock interaction
Kaolinite-illite
Uranium deposits
Athabasca Basin

1. Introduction underlying metamorphosed basement, are primarily concentrated in a

few Proterozoic basins in Canada and Australia (Kyser and Cuney, 2015;

Uranium (U) is a critical metal that plays an important role in the era
of energy and economy transformation toward low-emission and sus-
tainable systems (NEA-IAEA, 2023). Global U resources are dominantly
hosted by, and produced from, sedimentary basins, particularly from
two types of U deposits, i.e., sandstone-hosted and unconformity-related
(Kyser and Cuney, 2015; TAEA, 2018). While sandstone-hosted U (SHU)
deposits are widespread in Phanerozoic basins, particularly Mesozoic
and Cenozoic, unconformity-related U (URU) deposits, which typically
occur near the unconformity between sedimentary basins and the
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IAEA, 2018). The principal SHU deposits are characterized by relatively
low grades (0.013 - 0.49 wt% U) and variable tonnages (1,135 —
276,200 t U), whereas the URU deposits feature high grades (0.127 -
19.5 wt% U) and large tonnages (15,560 — 261,000 t U) (IAEA, 2018;
Fig. 1A). Among the URU deposits, those in the Athabasca Basin in
Canada have particularly high grades, with the average grades being
mostly > 2 wt% U (Fig. 1A). Considering a crustal U abundance of 1.8
ppm (Mason and Moore, 1982), such high average grades correspond to
concentration factors of ~ 10,000 to ~ 100,000 (Chi et al., 2019), which

0016-7037/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:Guoxiang.Chi@uregina.ca
www.sciencedirect.com/science/journal/00167037
https://www.elsevier.com/locate/gca
https://doi.org/10.1016/j.gca.2025.03.031
https://doi.org/10.1016/j.gca.2025.03.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2025.03.031&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Y. Wang et al.

are much higher than normal concentration factors of only a few hun-
dreds to a few thousands for most metallic ores (Robb, 2020). While
bonanzas are locally developed in many geological settings, the occur-
rence of a large number of high-grade ore deposits within a single basin
is unusual, and the mechanism behind this phenomenon remains un-
clear. Understanding this mechanism has important implications on the
ore genesis, geochemical behavior of U and further exploration for U
resources in sedimentary basins.

Fluid inclusion studies of the URU deposits in the Athabasca Basin,
and those in quartz overgrowths in sandstones within the basin, indicate
that the ore-forming fluids were derived from basinal brines with tem-
peratures mainly from 80 to 200°C, salinities mainly from 25 to 35 wt%,
and a composition system of H,O-NaCl-CaCl,-MgCly-KCl (Pagel, 1975;
Kotzer and Kyser, 1995; Derome et al., 2005; Richard et al., 2012, 2016;
Chu and Chi, 2016; Chi et al., 2019; Wang et al., 2018; Martz et al.,
2019; Rabiei et al., 2021, 2023; Ferguson et al., 2025). Furthermore, the
Cl/Br and §°7Cl analysis of fluid inclusions (Richard et al., 2011), and
the 8!'B analysis of Mg-rich tourmaline associated with URU minerali-
zation (Mercadier et al., 2012; Potter et al., 2022), indicate that the
basinal brines originated from seawater evaporation beyond halite
saturation, up to sylvite saturation (Richard et al., 2011). The ubiquitous
development of hematite within the sandstones and underlying paleo-
regolith, with no coexisting magnetite, indicates that the basinal brines
were oxidizing (above the hematite/magnetite buffer), and U was dis-
solved mainly as U(VI) in the form of uranyl (UO%*) chlorine complexes
(Hoeve and Quirt, 1984; Kotzer and Kyser, 1995). Thermodynamic
calculations suggest that for U solubility to reach ~ 17 ppm at 200 °C
with an assumed pH of 4.45, the log fO2(g) must be above — 24, which is
well above the hematite-magnetite buffer (log fO3(g) = — 39.5 at 200
°C) (Komninou and Sverjensky, 1996). All these results support the
“diagenetic-hydrothermal” model proposed by Hoeve and Sibbald
(1978), in which oxidizing basinal brines circulated within oxidizing
sandstones, extracted U from sandstones and/or basement rocks, and
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then precipitated uraninite near the basal unconformity upon interac-
tion with reducing lithologies and/or basement-derived fluids (Jefferson
et al., 2007; Kyser and Cuney, 2015). However, while this model satis-
factorily explains the geological and geochemical characteristics of the
URU deposits (Hoeve and Sibbald, 1978; Hoeve and Quirt, 1984; Jef-
ferson et al., 2007; Kyser and Cuney, 2015), it does not offer a mecha-
nism to explain why such large and rich deposits developed only in the
Athabasca Basin.

An important breakthrough in addressing the above problem was the
discovery of exceptionally high U concentrations (up to 3700 ppm) in
fluid inclusions associated with URU deposits in the Athabasca Basin
(Richard et al., 2012, 2016; Martz et al., 2019; Rabiei et al., 2023;
Ferguson et al., 2025). These concentrations are several orders of
magnitude higher than those in most natural fluids, including basin and
basement formation waters (Fig. 1B). The high concentrations of U in
the ore-forming fluids have been invoked as a necessary requirement for
the formation of giant U deposits in relatively short periods of time of
about 0.1-1 Myr (Richard et al., 2012). Another significant finding is the
widespread development of U-rich diagenetic fluids similar to the ore-
forming fluids, as recorded by fluid inclusions in quartz overgrowths
in sandstones of the Athabasca Basin, suggesting that U for URU
mineralization was mainly derived from the basin rather than the
basement (Chi et al., 2019). Several lines of evidence support this
interpretation: 1) URU deposits occur in different locations of the basin,
underlain by basement rocks belonging to different cratons with diverse
lithologies and U contents (Rabiei et al., 2023); 2) geochemical
modeling shows oxidizing and hyperacidic basinal brines quickly lose
their capability to dissolve and transport high concentrations of U due to
fluid-rock interactions when infiltrating basement rocks (Wang et al.,
2024); and 3) reactive transport modeling demonstrates that the abun-
dance of U-rich diagenetic fluids in the basin is essential for URU
mineralization (Wang and Chi, 2023). Given these recent advancements,
the question of why the Athabasca Basin is so favorable for the
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Fig. 1. (A) Metal tonnage — grade diagram of unconformity-related uranium (URU) deposits, including those in the Athabasca Basin (Canada), Thelon Basin
(Canada), and Kombolgie Basin (Australia), and sandstone-hosted uranium (SHU) deposits (global); data from IAEA (2018); (B) Concentrations of uranium in fluid
inclusions from URU deposits (Richard et al., 2016; Martz et al., 2019; Rabiei et al., 2023; Ferguson et al., 2025) and fluid inclusions in quartz overgrowths in
sandstone (Chi et al., 2019) in the Athabasca Basin, in comparison with concentrations of uranium in various natural fluids (Richard et al., 2012).
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development of URU deposits then becomes why U-rich brines were
favorably developed in this basin.

Although U(VI) is much more soluble than U(IV) and can form
complexes with various ligands, including Cl, OH, F, SO%, PO3, and
CO% (Romberger, 1984), uranyl chlorine complexes, particularly
UO,Cl" and UO,Cly(aq), are likely the dominant dissolved U species in
the ore-forming brines of the Athabasca Basin. This is supported by the
high CI" concentrations in basinal brines and the high formation con-
stants of uranyl chlorine complexes under URU mineralization condi-
tions (Richard et al., 2012; Dargent et al., 2013, 2015; Migdisov et al.,
2018). The presence of fluorapatite and aluminum-phosphate-sulfate
(APS) minerals in the sandstone suggests that F, SO%, and PO were
present in the basinal brines, but the low solubility of these minerals in
the presence of Ca* in the basinal brines makes the concentrations of
these anions subordinate compared to Cl" in U complexation (Gaboreau
et al., 2007). Additionally, the scarcity of carbonate minerals and the
instability of uranyl carbonate complexes above 100 °C suggest that
CO% played a negligible role in U(VI) mobility (Kalintsev et al., 2021).
Recent experimental studies on U(VI) solubility in oxidizing brines
(Richard et al., 2012; Dargent et al., 2013, 2015; Migdisov et al., 2018)
and thermodynamic modeling incorporating updated experimental data
(Xing et al., 2018; Deng et al., 2023; Wang et al., 2024) consistently
suggest that if U(VI) was primarily dissolved as uranyl chlorine com-
plexes, the ore-forming fluids must have a pH < 3.5 to account for the
anomalously high U solubilities observed in fluid inclusions. However,
the mechanisms responsible for the generation of such hyperacidic
brines remain enigmatic. Therefore, the question why the Athabasca
Basin hosts exceptionally high-grade, large-tonnage U deposits further
becomes why this basin is exceptionally favorable for the large-scale
generation of hyperacidic brines.

This study presents a novel model in which voluminous hyperacidic
brines with pH values < 3.5 are produced through the reaction between
K-rich brines and thick successions of quartz-dominated, kaolinite-
bearing, feldspar-poor sandstones. The model is supported by petro-
graphic observations and infrared hyperspectral logging data indicating
basin-wide coexistence of kaolinite and illite in the sandstones, and fluid
inclusion data indicating high concentrations of K in the basinal brines
of the Athabasca Basin. Geochemical modeling of fluid-rock reactions
was conducted to examine whether, and under what conditions,
hyperacidic brines can form through diagenetic processes in sandstones.
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The special geological and geochemical conditions required to produce
such hyperacidic brines, which facilitate the extraction of U from fertile
source rocks, can explain why the Athabasca Basin is exceptionally
favorable for the formation of high-grade, large-tonnage U deposits. The
results of this study also provide insights into the identification of
geological conditions required for the production and preservation of
hyperacidic brines in other sedimentary basins, which have important
implications for the formation of high-grade U deposits as well as other
types of sediment-hosted mineral deposits.

2. Geological background

The Athabasca Basin is a Paleo- to Mesoproterozoic intracratonic
basin developed on the Canadian Shield (Fig. 2A; Jefferson et al., 2007).
It unconformably overlies the Archean to Paleoproterozoic meta-
morphic basement of the Rae craton in the west and the Hearne craton in
the east, flanked by the Taltson magmatic zone and Thelon orogenic belt
to the west, and the Trans-Hudson orogen to the east (Card et al., 2021).
The preserved sedimentary rocks are generally flat-lying, indicating that
the basin has not experienced significant tectonic deformation, except
for considerable exhumation (Jefferson et al., 2007; Ramaekers et al.,
2007). This has resulted in a remnant sedimentary succession with a
maximum thickness of ~ 1,500 m, dominantly composed of variably
hematitic, medium- to coarse-grained, fluviatile quartzose sandstones,
with minor components of fluviatile conglomerates, lacustrine/marine
mudstones and marine carbonates (Ramaekers et al., 2007).

The sedimentary succession in the Athabasca Basin was initially
assigned to the Athabasca Group (Ramaekers et al., 2007), which was
later designated as part of the Athabasca Supergroup that includes the
older Martin Group in the Martin Basin (Bosman and Ramaekers, 2015).
The rocks in the Athabasca Basin are divided into four groups in the
Athabasca Supergroup, i.e., from bottom to top, the Fair Point, Manitou
Falls, Lazenby Lake, Wolverine Point, and MacFarlane groups (Bosman
and Ramaekers, 2015). The sedimentary succession in the Athabasca
Basin can be divided into five lithostratigraphic packages, i.e., from
bottom to top, a lower fluviatile sandstone package including the Fair
Point, Manitou Falls and Lazenby Lake groups, a middle lacustrine mud-
bearing package comprising the Wolverine Point Group, an upper
fluviatile sandstone package consisting of the Locker Lake and Otherside
formations, an upper marine shale-dominated package comprising the
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Fig. 2. (A) Generalized geological map of the Athabasca Basin stratigraphic units (Bosman and Ramaekers, 2015) and locations of significant URU deposits and
drillholes from which hyperspectral logging data were collected (Fig. 5). CWS — Clearwater structure; STZ — Snowbird tectonic zone; WMTZ — Wollaston-Mudjatik
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Douglas Formation, and a marine dolomitic package comprising the
Carswell Formation, all as part of the MacFarlane Group (Fig. 2B).
Deposition of the Fair Point Group may have started as early as 1810 Ma,
based on the youngest detrital zircon age, although the precise age is
currently unknown (Rainbird et al., 2007). A U-Pb age of ca. 1644 Ma
was reported for igneous zircon in a tuffaceous unit of the Wolverine
Point Group (Rainbird et al., 2007), and a Re-Os isochron age of ca.
1541 Ma was obtained for carbonaceous shales in the Douglas Forma-
tion (Creaser and Stasiuk, 2007). Isopach maps of the various strati-
graphic units and structural contours of the basal unconformity surface
suggest that the sedimentation distribution was influenced by basement
faults (Ramaekers et al., 2007, 2017; Maxeiner et al., 2021).

The fluviatile sandstones are characterized as continental red beds,
with hematite either as pore-filling material or as fine-grained coatings
on quartz grains. They account for > 90 % of the total volume of the
preserved sedimentary rocks in the Athabasca Basin and are dominantly
composed of detrital quartz grains (~99 vol%), with near-complete lack
of preserved feldspar grains across the basin (Ramaekers et al., 2007;
Bosman and Ramaekers, 2015; Chu et al., 2015). The interstitial mate-
rials are mainly composed of clay minerals dominated by kaolinite/
dickite and illite, with minor amounts of chlorite, tourmaline and
aluminum-phosphate-sulfate (APS) minerals (Hoeve and Quirt, 1984;
Kister et al., 2005; Chu et al., 2015; Percival et al., 2018).

The URU deposits in the Athabasca Basin are generally located near
the basal unconformity of the basin and associated with reactivated
basement faults. Most of the URU deposits are distributed along regional
fault zones, including the Wollaston-Mudjatik transitional zone
(WMTZ), Snowbird tectonic zone (STZ) and Clearwater structure (CWS)
(Fig. 2A). The oldest URU mineralization may have occurred at ca. 1590
Ma (Alexandre et al., 2009), but the most significant URU mineraliza-
tion, represented by the McArthur River deposit (the largest URU de-
posit in the Athabasca Basin), likely occurred between 1540 and 1570
Ma, as constrained by a uraninite U-Pb isotopic age of ca. 1540 Ma
(Alexandre et al., 2009) and an anatase U-Pb isotopic age of ca. 1569 Ma
(Adlakha and Hattori, 2021) from that deposit. These ages are also
consistent with a xenotime U-Pb age of ca. 1547 Ma from the Maw Zone
rare earth element deposit, which shows similar alteration assemblages
as the McArthur River deposit (Rabiei et al., 2017). The inferred age
(1540-1570 Ma) for the major URU mineralization is consistent with the
generation of basinal brines associated with the marine environments
that formed the Carswell Formation, which immediately overlies the ca.
1541 Ma Douglas Formation (Creaser and Stasiuk, 2007), supporting a
genetic link between the development of basinal brines and URU
mineralization (Chi et al., 2018).

3. Data and Methods

This study uses data compiled from the literature to establish a hy-
pothesis for the development of hyperacidic brines in the Athabasca
Basin and then uses geochemical reaction path modeling to test this
hypothesis. Fluid composition data were from laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) analyses of fluid in-
clusions reported by Richard et al. (2012, 2016), Chi et al. (2019), Martz
et al. (2019), Rabiei et al. (2023), and Ferguson et al. (2025). The
analytical methods and original data can be found in these studies, and
the data used in this study are compiled in the supplementary material.
The data for the basin-wide distribution of the proportions of different
clay minerals (and some non-clay minerals) were from core logging
using hand-held SWIR (short-wave infrared: 1200-2500 nm) and VNIR
(visible near-infrared: 380-1200 nm) spectrometers as reported by
Bosman and Percival (2014) and Percival et al. (2018). These methods
have been widely used to determine the mineralogy of sedimentary
rocks in both outcrops and drill cores, as described by Bowen et al.
(2007) and Okyay and Khan (2016). The locations of the drill cores with
logging data in this study are shown in Fig. 2A. The original data and
procedures for logging data processing are provided in the
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supplementary material. Selected polished thin sections of sandstones
that were previously studied for petrography (Scott et al., 2012; Chu
et al., 2015) were re-examined with scanning electron microscopy —
energy dispersive X-ray spectroscopy (SEM-EDS) for textural relation-
ships between clay minerals. The SEM-EDS analysis was carried out at
the University of Regina (Saskatchewan, Canada) using a TESCAN
VEGA3 SEM equipped with an Edax EDS system.

Reaction path modeling was performed using the Geochemist’s
Workbench (GWB) software (Bethke, 2022). The goal was to verify
whether hyperacidic brines with pH < 3.5 could be produced through
fluid-rock interaction and identify the conditions under which such
brines could form. This was done by testing various scenarios involving
different fluid compositions, sandstone compositions, fluid/rock ratios
and temperatures. The thermodynamic data for aqueous species, min-
erals, and the B-dot model for calculating activity coefficients of charged
aqueous species were all adopted from the standard Lawrence Livermore
National Laboratory (LLNL) thermodynamic database as implemented
in GWB (Bethke, 2022). The modeled fluid-rock system was assumed to
be in thermodynamic equilibrium, justified by the protracted contact
and reaction time between diagenetic fluids and sandstones, as well as
the elevated burial temperatures (80-200°C) in the Athabasca Basin.

The conceptual model was designed by incrementally adding sand-
stone with a specified mineral composition to a total of 1 kg of brine with
a specified initial fluid composition. As sandstone was progressively
added, the fluid/rock mass ratio decreased from 10° (after adding 107°
kg of sandstone) to 1 (after adding 1 kg of sandstone). Nine scenarios
were tested (Fig. 3), with Scenario 1 (Fig. 3A) serving as the base model,
in which the sandstone is composed of 99 vol% quartz and 1 vol%
kaolinite, with no K-feldspar or albite. The initial fluid was assumed to
be a brine with a pH of 6 at 120°C, a temperature consistent with typical
burial diagenetic temperatures recorded in fluid inclusions from the
Athabasca Basin (Pagel, 1975; Chu and Chi, 2016). The pH of 6 is
considered circumneutral at 120°C and is reasonable for basinal brines
derived from seawater evaporation. Based on compiled fluid inclusion
data, the initial fluid was assigned concentrations of 213,000 ppm Cl,
132,117 ppm Na, and 10,000 ppm K. The Si concentration was set at
14.67 ppm, based on equilibrium with detrital quartz. The Al concen-
tration was set at 2.7 x 107> ppm (10~° M), consistent with typical Al
concentrations in evaporated seawater and its low solubility under near-
neutral conditions.

Scenarios 2 to 9 were designed by modifying one parameter at a time
from the base model of Scenario 1 (Fig. 3B) to evaluate the effects of
initial K concentration in the brine, kaolinite and feldspar content in the
sandstone, and temperature on the modeling results. Scenarios 2 and 3
examine the effects of lower (1,000 ppm) and higher (25,000 ppm) K
concentrations in the brine. The 1,000 ppm K concentration represents
evaporated seawater between gypsum and halite saturation, while
25,000 ppm K corresponds to a point near sylvite saturation. Scenarios 4
and 5 investigate the impact of varying kaolinite content in the sand-
stone by testing a lower (0.1 vol%) and a higher (10 vol%) value. Sce-
narios 6 and 7 evaluate the influence of 1 vol% and 5 vol% K-feldspar in
the sandstone. Although K-feldspar is essentially absent in the Athabasca
Basin sandstones, minor amounts (1-5 vol%) of K-feldspar have been
reported in the Thelon Basin (Jefferson et al., 2007; Hiatt et al., 2010),
which hosts fewer, smaller, and lower-grade URU deposits. Therefore,
Scenarios 6 and 7 were designed to evaluate whether K-feldspar content
can affect the ore-forming potential of the fluid. Scenarios 8 and 9
examine the impact of higher (200°C) and lower (80°C) temperatures.
The 200°C represents the peak diagenetic and mineralization conditions
in the Athabasca Basin, as estimated from fluid inclusion and clay geo-
thermometric studies (Pagel, 1975; Kotzer and Kyser, 1995; Chu and
Chi, 2016), while 80°C may correspond to a shallow burial stage before
the basin reached its maximum burial depth (Chi et al., 2018).
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(A) Scenario 1
(Base model)
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(B) Variation scenarios

(All parameters remain the same as in the base model
except for the changes indicated below)

Scenario 2: K in solution changed to 1000 ppm;

Initial fluid chemistry:

K: 10000 ppm

Cl: 213000 ppm .

Na: 132117 ppm Scenario 3:

Al: 1.74E-5 ppm

Si: 14.67 ppm Scenario 4:

pH=6 .
|:> Scenario 5:

Temperature: 120°C Scenario 6:

Sandstone mineralogy: Scenario 7:

Quartz: 99 vol.% .

Kaolinite: 1 vol.% Scenario 8:

K-feldspar: 0 vol.% Scenario 9:

Na in solution changed to 137,411 ppm

K'in solution changed to 25000 ppm
Na in solution changed to 123,294 ppm

Kaolinite in sandstone changed to 0.1 vol.%
Kaolinite in sandstone changed to 10 vol.%
K-feldspar in sandstone changed to 1 vol.%
K-feldspar in sandstone changed to 5 vol.%

Temperature changed to 80°C

Temperature changed to 200°C

Fig. 3. Initial sandstone and fluid compositions used in different scenarios of geochemical path modeling of fluid-rock interaction. Scenario 1 (A) is the base model,
and each of Scenarios 2 to 9 (B) is deviated from the base model by changing one parameter.

4. Results
4.1. Concentrations of K and Cl in basinal brines

The concentrations of K and Cl in basinal brines were compiled from
fluid inclusion analyses reported in the literature (Richard et al., 2016;
Chi et al., 2019; Martz et al., 2019; Rabiei et al., 2023; Ferguson et al.,
2025) and summarized in the supplementary material. The concentra-
tions of Cl range from 68,848 to 290,885 ppm, with an average of
204,827 ppm. The concentrations of K range from 403 to 86,924 ppm,
with an average of 10,812 ppm. In the K-Cl diagram (Fig. 4), the fluid
inclusion data mostly fall within the range extending from immediately
before halite saturation to after sylvite saturation along the seawater
evaporation path (Fontes and Matray, 1993). The concentrations of K
are mainly between the values at halite saturation (~8,500 ppm) and
sylvite saturation (~26,000 ppm) (Fig. 4).

4.2. Basin-scale distribution pattern of clay minerals in sandstones

The basin-scale distribution of clay minerals in the sandstones of the
Athabasca Basin is established based on infrared hyperspectral logging
data of drill cores across the basin (Fig. 2A; Bosman and Percival, 2014;
Percival et al., 2018). The identified mineral groups include kaolin
(kaolinite, dickite, nacrite), white mica (illite, muscovite, paragonite),
chlorite (Fe-chlorite, Fe-Mg-chlorite, Mg-chlorite), epidote (epidote,
zoisite), smectite (montmorillonite, nontronite), tourmaline (Fe-Tour-
maline, Mg-Tourmaline), amphibolite (hornblende), diaspore, carbon-
ate (calcite, ankerite, dolomite, siderite), and sulfate (gypsum, alunite).
The original data are provided in the supplementary material. These
minerals are combined into three groups: “kaolinite” group (well-crys-
talline kaolinite, poor-crystalline kaolinite, dickite, nacrite), “illite”
group (muscovite, muscovitic illite, phengitic illite, paragonitic illite),
and “others”, with their relative proportions detailed in the supple-
mentary material. By plotting these data as a function of depth across 12
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Fig. 4. Diagram showing K-Cl concentrations in fluid inclusions from URU deposits (Richard et al., 2016; Martz et al., 2019; Rabiei et al., 2023; Ferguson et al., 2025)
and sandstone quartz overgrowths in the Athabasca Basin (Chi et al., 2019). Note a chlorinity of 6.5 molal was assumed for all fluid inclusions by Richard et al.

(2016). The seawater evaporation path is from Fontes and Matray (1993).
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drill cores, a basin-scale pattern of the prominent coexistence of
“kaolinite” and “illite” and their dominance as interstitial minerals be-
tween detrital quartz grains are revealed (Fig. 5). “Kaolinite” and “illite”
consistently occur within the same depth intervals across all drill cores,
although their relative proportions vary between cores (Fig. 5). The
“others” group appears sporadically throughout the drill cores, generally
in low proportions, with a slight tendency to be more concentrated at
greater depths near or within the basement (Fig. 5).

4.3. Petrographic observations on the relationship between kaolinite/
dickite and illite

Petrographic examination of thin sections of sandstone samples and
SEM-EDS analyses consistently show that kaolinite/dickite and illite are
the dominant clay minerals in the sandstones of the Athabasca Basin.
The coexistence of well-crystallized kaolinite or dickite with illite in the
interstitial space between quartz grains was observed in most of the
samples examined (Fig. 6A, B). Authigenic, needle-shaped illite typically
interweaves with kaolinite/dickite or fills the open space between
kaolinite/dickite crystals (Fig. 6C, D). Locally, illite crosscuts kaolinite/
dickite or wraps the latter as “reaction rims” (Fig. 6D). These textural
relationships indicate that kaolinite/dickite was present before illite,
and illite likely developed from the reaction of kaolinite/dickite with
permeating K-rich fluid. Furthermore, the ubiquitous coexistence of
these two minerals suggests that the reaction reached equilibrium in
most parts of the basin.

4.4. Geochemical reaction path modeling results

Geochemical reaction path modeling was conducted for nine sce-
narios involving different initial fluid and sandstone compositions and
temperatures (Fig. 3). In each scenario, up to 1 kg of sandstone was
incrementally added to 1 kg of brine, corresponding to decreasing the
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fluid/rock mass ratio gradually from 10° to 1. The modeling results,
illustrating changes in pH and mineral proportions as a function of
reacted sandstone mass or fluid/rock mass ratio, are shown in Fig. 7.

The results for Scenario 1 (base model) indicate that a pH of 3.4 can
be achieved at a fluid/rock mass ratio of < 40, together with the
development of both kaolinite and illite (Fig. 7A). In Scenario 2, with the
initial K concentration in the brine being reduced from 10,000 ppm in
the base model to 1,000 ppm, the minimum pH that can be achieved is
4.4 (Fig. 7B). Conversely, if the initial K concentration increases to
25,000 ppm, the minimum pH drops to 3.0, as shown in Scenario 3
(Fig. 7C). Changing the initial content of kaolinite in the sandstone to a
lower value (0.1 vol%, Scenario 4, Fig. 7D) or a higher value (10 vol%,
Scenario 5, Fig. 7E) have no effect on the minimum pH value (3.4)
during the brine-sandstone interaction. However, the fluid/rock mass
ratio at which this pH is achieved varies depending on the initial
kaolinite content. A comparison of Fig. 7D and Fig. 7E indicates that
higher kaolinite content in the sandstone promotes the development of
low-pH brines at higher fluid/rock mass ratios. Adding a minor amount
of K-feldspar (1 vol%, Scenario 6) to the initial sandstone does not affect
the minimum pH either, as the K-feldspar is completely replaced by the
kaolinite + illite assemblage at low fluid/rock mass ratios (Fig. 7F).
However, if the sandstone initially contains a significant amount of K-
feldspar (5 vol%, Scenario 7), the lowest pH attained is 5.1, with a final
mineral assemblage of quartz, K-feldspar and illite, without kaolinite
(Fig. 7G). If the diagenetic temperature is set to 200°C, the minimum pH
decreases to 3.0 (Scenario 8, Fig. 7H). Conversely, if the diagenetic
temperature is set to 80°C, the minimum pH increases to 3.6 (Scenario 9,
Fig. 7I).

The modeling results consistently show that at high fluid/rock mass
ratios, where only a small amount of sandstone reacts with 1 kg of brine,
pH remains above 5, and the brine is in equilibrium with K-feldspar or
albite (Fig. 7A-I). This suggests that at high fluid/rock mass ratios,
kaolinite originally in the sandstone is completely dissolved, while K-
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Fig. 6. (A, B) Cross-polarized petrographic photos showing kaolinite/dickite coexisting with illite in the interstitial space between detrital quartz grains. (C, D) SEM
images showing illite coexisting, crosscutting, and replacing pre-existing kaolinite/dickite. Note the interweaving relationship between illite and kaolinite/dickite

and local development of reaction rims of illite around kaolinite/dickite.

feldspar or albite precipitates by using K* or Na® from the brine.
Conversely, at low fluid/rock mass ratios, pH is decreased, and the fluid
equilibrates with both kaolinite and illite (Fig. 7A-I). The lowest pH
values reached are mostly < 3.5, except when K concentrations in the
fluid are low (e.g., K = 1,000 ppm, pH = 4.4, Scenario 2) or K-feldspar
content in the sandstone is high (e.g., K-feldspar = 5 vol%, pH = 5.1,
Scenario 7).

5. Discussion

5.1. Mechanisms and conditions of basin-scale generation of hyperacidic
brines

Based on the infrared hyperspectral logging data and petrographic
observations indicating the basin-wide coexistence of kaolinite and illite
in quartz-dominated sandstones (Figs. 5 and 6), and fluid inclusion data
indicating high concentrations of K in basinal brines in the Athabasca
Basin (Fig. 4), we propose that the basin-scale development of hyper-
acidic brines resulted from pervasive reactions between K-rich brines
and kaolinite, as shown by the reaction equation below:

3kaolinite [Al3SioOs5(0H)4] + 2 Kt o 2illite [KAl3Si3010(OH)2] +
3H,0 + 2H"

The geochemical modeling results presented in this study (Fig. 7)
clearly indicate that hyperacidic brines with pH below 3.5 can be pro-
duced from an originally circumneutral brine with a pH of 6 through
fluid-rock interaction in sandstone-dominated sedimentary basins. The
necessary conditions for this to occur include high concentrations of K in
the original brine, a dominance of detrital quartz with low content or

absence of feldspar in the sandstone, the presence of kaolinite in the
original sandstone, and relatively low fluid/rock mass ratios. It can be
demonstrated that all these conditions for the generation of hyperacidic
brines were satisfied through sedimentary and diagenetic processes in
the Athabasca Basin, as summarized in Fig. 8 and discussed below.

The fluviatile sandstones that constitute the bulk of the basin infill
are predominantly composed of compositionally and texturally mature,
quartz-dominated, feldspar-poor detrital clasts, together with minor
amounts of clay minerals, mainly kaolinite. These detrital clasts were
derived from provenance areas that experienced intense chemical
weathering and were subsequently deposited in continental fluvial en-
vironments (Ramaekers et al., 2007; Fig. 8A). The intense chemical
weathering of feldspar and other silicate minerals into kaolinite-
dominated clays in the source region was likely facilitated by the rela-
tively high concentrations of CO2(g) in the Proterozoic atmosphere
compared to modern levels (Halevy and Bachan, 2017). The chemical
weathering was further enhanced by the tropical and humid climate
during the deposition of fluviatile sedimentary rocks in the Athabasca
Basin, as evidenced by the extensive development of iron oxide (he-
matite) minerals in the sandstones and the paleoregolith profiles
immediately below the basin (Jefferson et al., 2007).

During the deposition of the marine carbonates in the Carswell
Formation and the overlying eroded evaporite deposits (Fig. 2B), large
amounts of K-rich brines likely formed through intense seawater evap-
oration beyond the saturation point of halite, with some approaching
sylvite saturation (Fig. 4; Fontes and Matray, 1993; Richard et al., 2011).
This marks a significant paleoclimatic transition from the tropical,
humid conditions for the deposition of fluviatile sandstones and
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Fig. 7. Modeling results of Scenario 1 to 9 (A to I) showing the variation of pH and mineral volume fraction as a function of mass (kg) of sandstone reacting with 1 kg

brine, with corresponding fluid/rock mass ratios from 10° to 1.

lacustrine mudstones (from the Fair Point Group to the Douglas For-
mation) to the subtropical, arid conditions for the deposition of marine
carbonates and evaporites of the Carswell Formation (Ramaekers et al.,
2007; Richard et al., 2011). The K-rich brines produced at the surface
subsequently descended due to their high density, infiltrating the un-
derlying quartz-dominated, kaolinite-bearing fluviatile sandstone lith-
ostratigraphic packages (Fig. 8B). Their migration was likely channeled
through structural or lithostratigraphic windows with relatively high
permeabilities within the mudstone-bearing interlayers of the Douglas
Formation and Wolverine Point Group. The most probable flow path-
ways are intra-basinal faults that breached these mud-rich aquitards,
with such faults likely best developed in areas above regional basement
fault zones, such as WMTZ, STZ, CWS, and GRSZ shown in Fig. 2A
(Ramaekers et al., 2007; Kitchen, 2022). The influence of major base-
ment faults on structures within the basin is reflected by isopach maps of
the stratigraphic units (Ramaekers et al., 2007, 2017; Maxeiner et al.,
2021) as well as seismic reflection data indicating reactivated basement-
rooted faults propagating into the sedimentary cover (Hajnal et al.,
2010).

Once the K-rich brines infiltrated into sandstone aquifers, they
formed plumes that spread laterally (Fig. 8B). The brines gradually
mixed with the original pore water (meteoric) and, facilitated by fluid
convection, finally replaced the original pore water (Fig. 8C). At the
same time, the K-rich brines extensively reacted with kaolinite to form

illite and released H, through the fluid-rock reaction shown above
(Fig. 8C). This reaction was facilitated by elevated burial temperature
(>120°C) (Berger et al., 1997) and fluid convection, which homogenizes
the composition of pore fluids. Fluid convection in the Athabasca Basin
has been demonstrated to be viable through numerical modeling of fluid
flow (Raffensperger and Garven, 1995; Li et al., 2016) and is reflected by
a basin-scale quartz dissolution-precipitation pattern identified by
petrographic studies and supported by reactive mass transport modeling
(Wang et al., 2021). The multi-pass nature of fluid convection implicates
low fluid/rock mass ratios, because a specific volume of fluid can
repeatedly interact with a given volume of sandstone if convection
persists (Wang et al., 2021). Additionally, the intense evaporation
required to generate K-rich brines necessitates the removal of ~ 90.6 %
(halite saturation) to ~ 99.4 % (sylvite saturation) of the original
seawater (McCaffrey et al., 1987; Fontes and Matray, 1993), further
supporting a low fluid/rock mass ratio. Geochemical path modeling
shows that only low fluid/rock mass ratios are favorable for achieving
low pH values, allowing an excess of kaolinite relative to K-rich brines to
produce illite and H' (Fig. 7). Once the equilibrium between kaolinite
and illite is achieved through the above-discussed reaction, the low pH
of the brines remains stable, as demonstrated by the geochemical path
modeling results (Fig. 7). However, although kaolinite-illite equilibrium
is suggested by the ubiquitous coexistence of the two minerals and the
interweaving and reaction-rim textures between them (Fig. 6), it does
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not mean that all kaolinite in the sandstone was in equilibrium with the
brine and illite. The kaolinite and dickite with 8D-5'%0 isotope signa-
tures indicating a supergene chemical weathering origin (Quirt, 2001)
may have escaped the reaction with the K-rich brines. However, large
amounts of hyperacidic brines could still be produced if K-rich brines
interacted with sufficient amounts of kaolinite/dickite within the
sandstone. It is important to note that despite the intensive fluid-rock
interactions discussed above, the high fO5 in the evaporated seawater
due to dissolved atmospheric O, (g) may be largely retained, because the
sandstone is dominantly composed of quartz and lacks minerals that
contain significant amounts of reducing agents (e.g., Fe?"). This,
coupled with the hyperacidic nature of the brines, facilitates the
leaching of uranium from detrital minerals and contributes to subse-
quent uranium mineralization.

5.2. Implications for mineralization of U and other metals in sedimentary
basins

Based on the study of the Athabasca Basin, three fundamental con-
ditions are required for the generation and preservation of voluminous
hyperacidic brines in sedimentary basins. The first one is the develop-
ment of thick successions of compositionally mature sandstones, with
quartz as the dominant framework mineral and feldspar being negli-
gible, and kaolinite as the dominant mineral filling the interstitial space.

The second condition is the development of K-rich brines, which
generally requires seawater evaporation beyond the halite saturation
point. The third condition is relatively low fluid/rock mass ratios, which
facilitate the equilibrium of the diagenetic reaction between kaolinite
and K-rich brine to form illite and ultimately control pH. While the first
condition can be examined through systematic core logging and petro-
graphic studies of sandstones, the second condition may be evaluated
based on data from evaporites, formation water and fluid inclusions. The
third condition for the development of hyperacidic brines, i.e., low
fluid/rock mass ratios, is relatively difficult to evaluate. However, based
on the example of the Athabasca Basin, a hydrostratigraphic configu-
ration with thick sandstone packages (aquifers) sandwiched between
mudstone-bearing intervals (aquitards) may be considered favorable for
keeping fluid/rock mass ratios low, which is also consistent with the
development of multi-pass fluid convection (Wang et al., 2021). While
any one of these favorable conditions may exist in sedimentary basins at
a given time, the coexistence of all three is relatively rare, which may
explain why hyperacidic brines are not commonly preserved. Conse-
quently, recognition of the combination of all these favorable conditions
is highly valuable for understanding why certain sedimentary basins are
exceptionally enriched in certain resources (e.g., U in the Athabasca
Basin) or for predicting whether other basins have the potential for
holding similar resources.

It is interesting to note that a global compilation of compositional
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data of saline fluids in modern sedimentary basins shows a distinct
negative correlation between K concentrations and pH values: as the K
concentration increases from 1,000 to 20,000 mg/L, the pH of the brines
decreases from 6 to 3.5 (Hanor, 1994). As K-rich brines are commonly
developed through seawater evaporation beyond halite saturation to-
ward sylvite saturation (McCaffrey et al., 1987; Fontes and Matray,
1993), the development of evaporites beyond halite saturation may be
considered as a favorable condition for the generation of hyperacidic
brines. However, the development of K-rich brines alone is insufficient
for the formation of hyperacidic brines, which can be demonstrated by
counterexamples such as the Paleozoic Williston Basin. This basin,
located a few hundred kilometers south of the Athabasca Basin, hosts
one of the largest potash resources in the world (Broughton, 2019),
implicating that large amounts of K-rich brines were once developed in
the basin. However, the pH values of the basinal brines are mostly be-
tween 6.2 and 8.1 (Peterman and Thamke, 2016). The lack of hyper-
acidic brines in this basin is likely due to the abundance of marine
carbonate rocks, which act as pH buffers by consuming H'. This may be
a key reason for explaining why there is no U mineralization here,
despite a portion of the basement rocks underlying the Williston Basin is
the same as those underlying the U-rich Athabasca Basin, i.e., belonging
to the Hearne and Rae cratons of the Churchill Province (Hoffman,
1988).

The critical role of hyperacidic brines in the formation of high-grade
U deposits can be further demonstrated by comparing the Athabasca
Basin with other Proterozoic basins with known URU mineralization,
especially the Thelon Basin in Canada and the Kombolgie Basin in
northern Australia (Jefferson et al., 2007; Kyser and Cuney, 2015). The
Thelon Basin, located ~ 900 km northeast of the Athabasca Basin, is
strikingly similar to the Athabasca Basin in terms of age, tectonic setting,
and basin fill (dominated by fluviatile sandstones). However, while the
Thelon Basin also hosts significant URU deposits, they are smaller and of
lower grade than those in the Athabasca Basin (Jefferson et al., 2007).
This difference is likely related to a subtle difference in sandstone li-
thology between the two basins: while only rare feldspar grains are
preserved in the Athabasca Basin sandstones, the Thelon Basin sand-
stones contain 1-5 vol% K-feldspar (Jefferson et al., 2007; Hiatt et al.,
2010). Based on our geochemical modeling results (Fig. 7G), the pres-
ence of even minor amounts of K-feldspar (5 vol%) would prevent the
formation of hyperacidic brines with pH < 3.5. Therefore, the relatively
small-scale and low-grade URU mineralization in the Thelon Basin
(Fig. 1A) may be due to the limited or poor development of hyperacidic
brines.

Similarly, the Paleo- to Mesoproterozoic Kombolgie Basin in north-
ern Australia, which is part of the larger McArthur Basin, hosts several
URU deposits that are comparable to those in the Athabasca Basin in
terms of metal tonnage but at much lower grades (Fig. 1a). It is inter-
esting to note that the stratigraphic succession of the Kombolgie Basin
(the Kombolgie Subgroup) is similar to that in the Athabasca Basin. It
comprises thick packages of coarse-grained siliciclastic rocks of fluvial
facies, followed by finer-grained distal fluvial and lacustrine facies, and
finally interbedded marine and eolian facies, with a distinctive middle
interval that is marked by mud-rich, fine-grained sandstones and mud-
cracked siltstones representing tidal deposition, and a top interval that
contains halite casts, gypsum nodules, stromatolites, and phosphate
(Hiatt et al., 2021). However, like the siliciclastic rocks in the Thelon
Basin, those in the Kombolgie Basin contain feldspar in sandstones and
polymict conglomerates (Hiatt et al., 2021), which may have resulted in
less development of hyperacidic brines and consequently lower-grade U
mineralization compared to the Athabasca Basin. It is noteworthy that
URU deposits are rarely found outside the Kombolgie Basin in the larger
McArthur Basin, where carbonates and feldspar are abundant at various
stratigraphic levels (Polito et al., 2006), which may have hampered the
basin-scale development of hyperacidic brines throughout the McArthur
Basin, thereby restricting the formation of URU deposits only to the
Kombolgie Basin.
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The implications of hyperacidic brines for mineralization may be
further extended to other types of mineral deposits in sedimentary ba-
sins. Ore-forming fluids with low pH values between 3 and 6 have been
inferred for many important basin-hosted mineral deposits, including
Mississippi Valley-type (MVT) Zn-Pb (Anderson and Macqueen, 1988;
Corbella et al., 2004), sedimentary-exhalative (SEDEX) or clastic-
dominated (CD-type) Zn-Pb (Cooke et al., 2000; Leach et al., 2010;
Spinks et al., 2022), and sediment-hosted stratiform Cu (Co) (Hitzmann
et al., 2010; Williams-Jones and Vasyukova, 2022). Some studies sug-
gest that ore-forming fluids for sediment-hosted Zn-Pb deposits were
hyperacidic, with pH values below 3.5, such as ~ 2 (Liu et al., 2021) or
2.8-4.2 (Cooke et al., 2000). The acidic nature of these fluids is
consistent with the widespread development of carbonate dissolution
features in MVT and SEDEX or CD-type deposits (Anderson and Mac-
queen, 1988; Leach et al., 2005, 2010). Several studies also indicate that
K-rich basinal brines were involved in the formation of MVT and Sedex
Zn-Pb deposits (Viet and Leach, 1990; Wilkinson et al., 2009), and
sediment-hosted stratiform Cu-Co deposits (Davey et al., 2020). How-
ever, unlike URU deposits that appear to be exclusively associated with
quartz-dominated sedimentary successions, the Zn-Pb-Cu mineraliza-
tion can develop in basins with abundant carbonates and feldspar. Un-
derstanding the mechanisms behind these subtle differences in the
geological and geochemical conditions favorable for U and Zn-Pb-Cu
mineralization in sedimentary basins is critical for identifying ore-
controlling factors and warrants further investigation.

6. Conclusions

A key reason why most high-grade and large-tonnage unconformity-
related uranium (URU) deposits in the world are concentrated in a few
Proterozoic sedimentary basins is revealed in this study by geochemical
reaction path modeling based on petrographic, infrared hyperspectral
logging, and fluid inclusion data from the Athabasca Basin. It is shown
that the development of voluminous oxidizing, hyperacidic (pH < 3.5)
basinal brines capable of dissolving high concentrations of U (up to
3700 ppm) is critical for the formation of large numbers of high-grade
URU deposits. These hyperacidic brines were generated on a basin-
wide scale through diagenetic reactions between K-rich brines and
kaolinite-bearing, quartz-dominated sandstones with rare or no feld-
spar. The incursion of K-rich brines derived from seawater evaporation
into the underlying fluviatile sandstones caused basin-wide illitization
of kaolin group minerals, resulting in pH decrease via the reaction:
3kaolinite [Al»Sip0s(0H)4] 4 2 Kt « 2illite [KAI3Si3019(0H)2] + 3H20
+ 2H*. The abundance of hyperacidic brines, combined with their high
oxygen fugacity inherited from the evaporated seawater, facilitated U
extraction from U-bearing detrital minerals, leading to the development
of large volumes of U-rich brines, which contribute to the formation of
exceptionally rich and large URU deposits in the Athabasca Basin. The
conditions for basin-scale development of hyperacidic brines as identi-
fied in this study, including thick successions of quartz-dominated,
kaolinite-bearing, feldspar-poor sandstones, K-rich brines from
seawater evaporation, and low fluid/rock mass ratios, have important
implications for evaluating the potential of high-grade, large-tonnage U
resources in sedimentary basins and their exploration.
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Appendix A. Supplementary material

This file is the Supplementary Material (SM) for the manuscript GCA-
D-24-01080 submitted to Geochimica et Cosmochimica Acta. This file
contains the compiled K-Cl concentration data from fluid inclusion LA-
ICP-MS analyses of diagenetic fluids and ore-forming fluids in the
Athabasca Basin, published up to the time of manuscript submission
(compiled from Richard et al., 2016; Chi et al., 2019; Martz et al., 2019;
Rabiei et al., 2023; Ferguson et al., 2025). These data are presented in
SM Table S1 and are used in Fig. 4 to illustrate the correlation between K
and ClI concentrations. SM Table S2 shows data on K and CI concentra-
tions during seawater evaporation (from Fontes and Matry, 1993),
which is used to delineate the typical reaction path for K-Cl concentra-
tions variations during seawater evaporation. This file also includes
detailed information on the dataset of raw infrared hyperspectral log-
ging data for sedimentary rocks in the Athabasca Basin (Bosman and
Percival, 2014; Percival et al., 2018). SM Table S3 presents the pro-
cessed data on the relative abundances of kaolinite, illite, and other
minerals, obtained using the binning method with a 40-meter interval.

Supplementary material to this article can be found online at htt
ps://doi.org/10.1016/j.gca.2025.03.031.
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