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ABSTRACT

Clay-sized material (<2 pm size fraction) separated from rock samples from the McArthur River U deposit in the
Athabasca Basin (northern Saskatchewan, Canada) was analyzed for U, Mo and Tl isotopes to assess their potential to
track ore-forming fluids and secondary remobilization processes. These isotope systems were selected for their ability to
1) track changes in redox reactions, which are the main driver behind U mobilization and precipitation mechanisms, and
2) provide key information on the origin of fluids and secondary water/rock interaction processes. Thallium isotope signa-
tures of the ore-forming fluids are well preserved throughout the mineralized system all the way up to the top of the silici-
fied sandstone layer, although U and Mo isotopic signatures are readily impacted by secondary remobilization, except for
samples with high illite content, which seemingly preserve the original ore-forming fluid signature. The potential for these
isotope systems to be used as pathfinders for U ore deposits is also discussed.

Introduction

The International Atomic Energy Agency (IAEA) estimates that the world nuclear capacity will increase by a factor of
2.5 in the context of transition towards cleaner energy (NEA/IAEA 2025). Canada, as the second largest producer and
exporter of U in the world (15%) behind Kazakhstan (43%) (NEA/IAEA 2025), has an important part to play in the future of
U resources at the global level.

The mobility of U in natural systems is greatly influenced by its redox state. The oxidized species, U(VI), forms oxy-
anions that are highly mobile in surficial environments, whereas the reduced species, U(IV), tends to combine with oxygen
and form U-rich minerals such as uraninite (UO2) (Giblin et al. 1981; Bots and Behrends 2008; Cumberland et al. 2016).
Developing robust proxies of redox conditions is thus of prime importance, as these will give valuable insight into not only
the formation and alteration of U-ore deposits, but also the long-term evolution of nuclear waste repositories and mine tail-
ings or possibly the development of new pathfinders for U exploration.

In this context, several non-traditional stable isotope systems, such as Cr, Fe, Cu, Se, Te, Sb or U, have been used in
a variety of contexts to study changes in redox conditions in the current and past environments (Markl et al. 2006;
Johnson et al. 2008; Nielsen et al. 2011; Scholz et al. 2017; Johnson et al. 2022; Voinot et al. 2024). Amongst these, we
have selected U, Mo and Tl to use in this study, due to their ubiquity at high concentrations in U-ore deposit samples and
demonstrated ability, especially for U and Tl isotopes, to successfully track and record change in redox conditions (Bopp
et al. 2009; Brennecka et al. 2010; Uvarova et al. 2014; Keatley et al. 2021; Voinot et al. 2024).

In this study, we focus on clay-sized material (<2 um size fraction) separated from bedrock samples collected around
the McArthur River deposit in the Athabasca Basin of northern Saskatchewan, Canada. This unconformity-related U
deposit exhibits some of the highest grades in the world (>15 wt% U30g) and offers a unique geological context, with the
deposit being overlain by a thick silicified sandstone layer that possibly focused fluids responsible for ore deposition
(McGill et al. 1993; Derome et al. 2005). For this purpose, clay fractions were sampled throughout a bedrock stratigraphic
profile to assess the evolution of the isotopic signature of several redox sensitive elements — U (6238U, §234U), Mo
(897Mo) and TI (¢205T1) — from the ore deposit at depth to the overlying sandstone units in the Athabasca group.

GEOLOGICAL SETTING

The McArthur River U deposit belongs to the unconformity-related class of U deposits (IAEA 2018), along with all the
other high-grade U deposits in the Proterozoic Athabasca Basin (e.g. Key Lake, Millennium, and Cigar Lake U deposits;
Fig. 1) (Cuney and Kyser 2009). The McArthur River deposit, discovered in 1988, is one of the world’s largest and highest
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continued from page 1

grade U deposits, with 327 million pounds
(Mlbs) of U3Og produced between the start
of production in 1999 and 2018, and total
reserves of 392 Mibs U30g at a grade of
6.9% (Bray et al. 2019). Individual assays
from delineation drilling in 1990 gave
grades of more than 77% U30g (Marlatt et
al. 1992). Uranium mineralization has
been delineated by surface and under-
ground drilling along a strike length of at
least 1700 metres and occurs in nine
areas at depths between 500 and 640 m
below the surface (Bray et al. 2019) (Fig.
2a). Uranium mineralization, predomi-
nantly uraninite, is distributed in both the
overlying Manitou Falls Group sandstone
and the underlying graphite + cordierite
pelitic gneiss of the Wollaston Group along
the southeast-dipping P2 reverse fault that
has accommodated 60—80 m of offset
(Marlatt et al. 1992) (Fig. 2b). Minor pyrite,
chalcopyrite, galena and Ni+Co sulphides
and arsenides accompany the uraninite.
Host-rock alteration associated with the
deposit includes alkali-free dravite (‘dra-
vite’), kaolinite, chlorite, and illite in the
sandstone, and chlorite and illite in the
basement rocks (Fig. 3) (Kotzer and Kyser
1995; Alexandre et al. 2005; Ng 2012; Ng
et al. 2013). A characteristic diagenetic
feature at McArthur River is a ~200 m thick
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Fig. 1. Location of the Athabasca Basin in central Canada and the locations of U
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Fig. 2. a) Map of the
McArthur River U deposit,
showing the surface trace of
the ore bodies and P2 fault,
and the drill holes sampled
for this study; the line of
section for Fig. 2b is shown
in white; b) cross-section of
the McArthur River U de-
posit, looking northeast;
yellow triangles denote non-
silicified sandstone samples;
green squares denote
silicified sandstone samples.
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Fig. 3. Chronology of significant geological events in the Athabasca Basin (dates adapted from Alexandre et al. 2009). The green
arrows represent the oxidizing fluids coming from the basin and carrying U and other metals (Kotzer and Kyser 1995; Cuney and Kyser
2009); the red arrow represents reducing fluids coming from the basement (Kotzer and Kyser 1995; Cuney and Kyser 2009); the purple
represents areas of chlorite alteration (Ng 2012; Ng et al. 2013); the yellow arrows represent secondary remobilization by later fluid
events (Ng 2012; Ng et al. 2013).

zone of strongly silicified sandstone that occurs between around 350 m below the natural land surface downward towards
the unconformity at 500-550 m below the surface (Marlatt et al. 1992; Ng et al. 2013) (Fig. 2b). Silicified sandstone
retains diagenetic purple Fe oxides and dickite, and has been interpreted as either an early diagenetic (Hiatt and Kyser
2007) or as a post-diagenetic hydrothermal feature (McGill et al. 1993; Derome et al. 2005) that likely focused U-mineral-
izing fluids and thus contributed to the anomalously high grade. The age of U mineralization in the Athabasca Basin is
between 1500 and 1600 Ma, and significant Pb loss from the deposits is indicated by discordance that is frequently
observed in geochronology of Athabasca uraninite (Fayek et al. 1997; Alexandre et al. 2009; Fayek et al. 2010; Cloutier et
al. 2011; Sheahan et al. 2016).

MATERIAL AND METHOD

Clay mineralogy was determined by short-wave infrared
spectroscopy (SWIR) on drill core samples (see Ng (2012)
for more details on the method). Twenty samples from var-
ious depths around the McArthur River deposit (Acevedo and
Kyser 2015) were prepared using the clay separation proce-
dures (<2 um fraction) that included ultrasonic disintegration
and centrifugation as described in Ng (2012). X-ray diffrac-
tion analyses of the clay-sized material after separation indi-
cate that it is dominated by phyllosilicates (Ng 2012; Ng et al.

2013).

About 100 mg of powdered clay separate was weighed Note: This EXPLORE article
into a perfluoroalkoxy (PFA) Savillex container in a class has been extracted from the
1000 clean laboratory at the Queen’s Facility for Isotope original EXPLORE Newsletter

Research (Queen’s University, Kingston, Canada), and
digested with a 3:2:1 mixture of HCI:HNO3:HF at 180°C until
no solid residue was visible, typically within 24 to 48 hours.
Samples were then evaporated to dryness at 80°C, before
being refluxed in a 1:1 mixture of 1.4% H3BO3 and concen-
trated HCI to remove excess F from the samples. Samples
were then evaporated to dryness again and then brought up
in 2% HNO3. An aliquot was set aside for U, Mo and Tl chro-
matography and subsequent isotope analyses by multi-col-
lector inductively coupled plasma mass spectrometry
(MC-ICP-MS, Thermo Finnigan Neptune). Another aliquot
was saved for trace and major element concentration analy-
ses by high-resolution (HR)-ICP-MS using a Thermo
Finnigan Element XR. The procedure is described in more
detail in Voinot et al. (2024).

High-purity reagents were used throughout the entire
procedure to minimize sample contamination. Concentrated

Therefore, page numbers may
not be continuous and any
advertisement has been masked.
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U, Mo, Tl isotopes in clay-sized material from the McArthur River U deposit continued from page 6

HCI and HNO3 were prepared from technical grade acids (Fisher) using an in-house distillation apparatus. High-purity HF
was sourced from Seastar (Baseline), whereas high-purity H3BO3 was prepared by passing the solution prepared from
technical grade powdered H3BO3 through a chromatography column loaded with 10 ml of Biorad AG50W-X8 cation
exchange resin. Ultrapure water (Milipore MiliQ 18.2 MQ.cm) was used for all dilutions.
Isotope compositions are expressed as deviation from reference standards in either %o or €-units, as per the following
equations:
238U

/235U

6%%Ucrmi1za = | oy "% — 1 | x 1000 (eq. 1)

o,

CRM112A

234U

/238U

823 cpmiioa = | m——222 1 | x 1000 (eq. 2)

234-U/
238U

CRM112A

97M0
/95 o
697M0NIST3134 = sample _ 1 ]x1000 (eq 3)

97Mo/
95
MO 1573134

ZOSTZ/
203Tl

205Tl/
203Tl

As the 234U/238U ratio of the U standard CRM112A is lower than secular equilibrium, a correction factor was applied to
1234U values, so that samples in secular equilibrium exhibit a 234U value of 0%. (Cheng et al. 2013; Voinot et al. 2024).

Procedure blanks were measured and accounted for less than 0.1% of the total U, Mo and Tl extracted from the sam-
ples by ion-exchange chromatography and analyzed by MC-ICP-MS for isotope ratios, making them negligible. Reference
materials (McArthur River 653 in-house uraninite standard as well as SDO-1 and SGR-1 shale reference material) were
analyzed, and values were within the uncertainty of reported isotope values for U, Mo and Tl isotopic compositions
(Crawford et al. 2021; Knaack et al. 2023; Voinot et al. 2024). Uncertainties (2 SD) are hereafter reported in the figures.

continued on page 9
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U, Mo, Tl isotopes in clay-sized material from the McArthur River U deposit continued from page 7
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Fig. 4. Evolution of €205T], 238U and 697Mo values as a function
of depth in various clay samples from the present study (4a, 4b and
4c, respectively); 6238U and 697Mo values as a function of illite
content (4d and 4e, respectively); €205T] values as a function of
K/Tl ratios (4f).

RESULTS

The 897Mo and €205T| values cover a wide range of isotopic
compositions in the clay separate samples (697Mo from -2.54
to +0.31%o, €205T| from -11.3 to +6.8 ¢-units, Fig. 4). Uranium
isotope compositions also span a range of 5238U values of
about 2.40%o, from -0.71 to +1.69%o (Fig. 4).

Samples collected from the silicified sandstone show
increasing 238U values with decreasing depth (6238U values
from -0.49 to +1.69%o), with the deepest samples showing
values similar to that of the uraninite from the ore deposit
(6238U = -0.25%o, Voinot et al. 2024), though £205T| values
span a very narrow range from -5.5 to -3.8 e-units, within
analytical uncertainty of the values of the U ore (¢205T| = -4.6
+ 0.7 e-units) (Fig. 4) (Voinot et al. 2024). The §97Mo values
of these samples (697Mo = -1.24 to +0.31%o) are significantly
lower than those of uraninite from the ore deposit itself
(8697Mo = +0.5%o, Voinot et al. 2024).

Samples of non-silicified Manitou Falls Group sandstone
show higher dispersion for Mo and Tl isotope compositions
(697Mo from -2.54 to +0.01%o, €205T| from -11.3 to +6.8 &-
units, respectively), as well as overall lower Mo and Tl con-
centrations (see Fig. 4 and Appendix 1). Uranium isotope

continued on page 11
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U, Mo, Tl isotopes in clay-sized material from the McArthur River U deposit continued from page 9

compositions cover 6238U values ranging from -0.71 to
0.82%o (Fig. 4).

Lastly, 5234U values are variable, ranging from -170 to
+276%o, with only one sample being at or close to secular
equilibrium (sample MAC_255 483 from the silicified sand-
stone layer, with a value of about -3%o).

DISCUSSION

Timing of U remobilization

Uranium mobility is heavily dependent on its redox state,
with U(VI) forming very mobile oxyanions in oxidizing con-
ditions, whereas U(IV) precipitates as uraninite in reducing
conditions (Grenthe et al. 1992). In addition, 234U is highly
mobile in geological environments because it is ejected from
the structure of minerals by alpha recoil when it is produced
during the fission of 238U (Kigoshi 1971). If the system is
opened and 234U loss occurs, the 6234U value of the system
will decrease, though the opposite is true when U gain
occurs (Uvarova et al. 2014; Voinot et al. 2024). Once the
system is closed again, the U activity ratio (234U)/238U)
returns to secular equilibrium within about 2.5 Ma (lvanovich
1994).

The high mobility of U in the samples from the current
study is highlighted by the wide range of 6234U values, as all
samples significantly depart from secular equilibrium (5234U
=0 %o) (see Appendix 1). This wide range of 5234U values
indicates that most samples have seen significant U gain
(positive 8234U values) or U loss (negative 234U values)
within the last 2.5 Ma (Uvarova et al. 2014). Variable 234U
values have been documented in other U ore deposits
around the globe and showcase the dynamic nature of these
systems (Uvarova et al. 2014; Keatley et al. 2021; Voinot et
al. 2024).

Isotopes systematics and bonding environment of U, Mo
and Tl in clays

Molybdenum and U have a high affinity for clay mineral sur-
faces, as they form inner sphere complexes during adsorp-
tion (Goldberg et al. 1996; Sylwester et al. 2000) (Fig. 5).
Adsorption efficiency of Mo and U varies with pH, with maxi-
mums observed at lower pH values for Mo (pH <4) than U
(pH between 5 and 9) (Goldberg et al. 1996; Echevarria et
al. 2001; Bachmaf and Merkel 2011). Preferential adsorption
of light Mo isotopes onto clay minerals has been observed in
several studies (Wang et al. 2018; Greaney et al. 2020;
Greaney et al. 2021), similar to what can be seen with other
mineral phases like oxides and hydroxide minerals, with
A97Mosoution-solid Values ranging from 0.5 to around 2%o
(Kendall et al. 2017 and references within). Our data agree,
exhibiting a preferential adsorption of the light isotope onto
clay minerals at the McArthur deposit, with 897Mo values
rapidly declining away from the ore body into the sandstone
above it.

Isotopes systematics and bonding environment of U, Mo
and Tl in clays

Molybdenum and U have a high affinity for clay mineral sur-
faces, as they form inner sphere complexes during adsorp-
tion (Goldberg et al. 1996; Sylwester et al. 2000) (Fig. 5).

erlayer sites

Fig. 5. Expected site occupancy for U, Mo and Tl in clay
minerals (Goldberg et al. 1996; Wick et al. 2018; Sylwester et
al. 2000). T: tetrahedral sheets; O: octahedral sheets.

continued on page 12
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Adsorption efficiency of Mo and U varies with pH, with max-
imums observed at lower pH values for Mo (pH <4) than U
(pH between 5 and 9) (Goldberg et al. 1996; Echevarria et
al. 2001; Bachmaf and Merkel 2011). Preferential adsorp-
tion of light Mo isotopes onto clay minerals has been
observed in several studies (Wang et al. 2018; Greaney et
al. 2020; Greaney et al. 2021), similar to what can be seen
with other mineral phases like oxides and hydroxide min-
erals, with 897Mosolution-solid Values ranging from 0.5 to
around 2%o (Kendall et al. 2017 and references within). Our
data agree, exhibiting a preferential adsorption of the light
isotope onto clay minerals at the McArthur deposit, with
897Mo values rapidly declining away from the ore body into
the sandstone above it.

These findings, along with those from other studies
(Wang et al. 2018; Greaney et al. 2020; Greaney et al.
2021), contrast with the negligible Mo isotopic fractionation
during the formation of clay minerals observed by Sibert et
al. (Siebert et al. 2015). This discrepancy could be attrib-
uted to 1) differences in physicochemical conditions of the
fluids (pH, Eh), which could have a high influence on Mo
adsorption systematics and associated isotope fractiona-
tion (Goldberg et al. 1996; Kendall et al. 2017); or 2) differ-
ences in context between the various studies, including the
mineralogy of clays and other associated mineral phases,
that will greatly influence the isotopic fractionation associ-
ated with adsorption reactions (Siebert et al. 2015; Kendall
et al. 2017; Wang et al. 2018; Greaney et al. 2020;
Greaney et al. 2021).

Similarly, preferential adsorption of the light isotope
235U is observed during U adsorption onto various mineral
phases (birnessite, goethite, quartz), with clay minerals like
illite exhibiting a 6238Ugqution-solid Of about 0.2%o
(Brennecka et al. 2011; Dang et al. 2016; Jemison et al.
2016). In our data, the U isotope signature of ore-forming
fluids seems to be somewhat better preserved initially
below a depth of about 500 m, above which 238U values
start increasing (Fig. 4b). This distribution suggests that the
U isotopic composition of the fluids evolves with increasing
distance from the deposit, with 238U being progressively
enriched in the residual fluid, and likely indicates that the
light U isotopes are preferentially adsorbing onto other min-
eral phases first before adsorption onto clay minerals. This
divergence between Mo and U isotopes could potentially
shed some insight into the physicochemical conditions dur-
ing the formation of the clay minerals. For example, low pH
conditions (pH <4) would lead to high adsorption efficiency
for Mo (Goldberg et al. 1996), but would be sub-optimal for
adsorption of U onto clay minerals (Echevarria et al. 2001;
Bachmaf and Merkel 2011) leading to competition and pref-
erential adsorption of U onto other mineral phases (such as
oxides and hydroxides), resulting in a fluid relatively
enriched in 238U,

Thallium, on the other hand, is capable of adsorbing
onto the surface of clay minerals, but can also substitute for
K'in its reduced form TI(l) in interlayer sites of phyllosil-
icates like illite and, as such, can undergo significant
adsorption when these mineral phases are present (Martin

continued on page 13
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et al. 2018; Wick et al. 2018; Voegelin et al. 2022) (Fig. 5).
Thallium can also be incorporated in its oxidized form TI(III)
in these mineral phases, where it can substitute for Fe in
octahedral sites, similar to the Fe/Tl substitution observed in
other mineral phases like jarosite (Dutrizac et al. 2005). As Tl
isotopes do not exhibit fractionation during mineral weather-
ing and alteration (Nielsen et al. 2017), changes in the redox
state of Tl are necessary to explain isotopic fractionation dur-
ing such processes. At McArthur River, the Tl isotopic com-
position in the clay minerals from the silicified sandstone are
within error of the €205T| value of the ore deposit (Fig. 4c),
which suggests that no change in redox conditions was
involved during the transport of Tl and the formation of these
clay minerals in the samples from the silicified sandstone
(Nielsen et al. 2017). Samples collected from non-silicified
sandstone show much higher variability in €205T| values (Fig.
4a), which could be attributed to either 1) differences in
source of the Tl for these samples, with contribution from a
different source within the basin with a much higher €205T|
signature; or 2) later remobilization of Tl associated by a
change in its redox state, similar to what has been observed
in the B-horizon of soils from the Erzmatt in Switzerland,
where high €205T| values are attributed to a 2-step process of
weathering of TI(Ill)-bearing phases followed by a TI(I) remo-
bilization, leading to an enrichment in the heavy isotope,
205Tl, in secondary phases like illite (Vanék et al. 2020).

These findings corroborate observations made on other
U ore deposit samples (intrusive, granite-related, metamor-
phite and other unconformity-related deposits, Voinot et al.
2024), showing that the initial €205T| value is being preserved
despite secondary remobilization processes, although Mo
isotopes are heavily impacted, likely due to their lighter
mass, bonding environment, and higher overall mobility in
these environments (Voinot et al. 2024). Samples of non-silicified sandstone do not appear to reflect the U, Mo or Tl isoto-
pic compositions of the ore deposit. This is potentially related to the fact that this unit is hydrologically isolated from the
ones below it by the silicified sandstone layer that acted as an impermeable layer (McGill et al. 1993; Derome et al. 2005;
Ng et al. 2013).

Relations with clay mineralogy

Samples showing high proportions of illite (85% or higher) determined using SWIR exhibit a tight population of 697Mo and
52381 values that are systematically close to the isotopic compositions of the U ore material at McArthur River (Fig. 4d, e).
This similarity in isotopic compositions likely indicates that either 1) the Mo and U trapping mechanism is very efficient and
all Mo and U present in solution is being adsorbed onto the illite (Goldberg et al. 1996; Sylwester et al. 2000); or 2) negli-
gible isotopic fractionation occurs during adsorption for both elements (Siebert et al. 2015). The data available does not
allow us to clearly distinguish between the two potential mechanisms, however it is worth noting that secondary clay for-
mation does not fractionate Mo isotopes (Siebert et al. 2015), and that adsorption on other surfaces (oxides, organic
matter) is usually accompanied by isotopic fractionation for both U and Mo (Siebert et al. 2015; Jemison et al. 2016). It is
thus more likely that the Mo and U adsorption on illite is happening very efficiently, quantitatively removing all U and Mo
from the solution. We can go as far as to postulate that the process is likely happening in a range of more favourable
acidic pH conditions, as discussed previously.

When a decrease of the proportion of illite in the samples is observed, the spread in both U and Mo isotope composi-
tions increases, and although the 238U values do not seem to show any correlation with the proportion of illite (Fig. 4d),
897Mo values decrease with decreasing illite content (Fig. 4e). This relationship between Mo isotopes and illite content
might provide some insight into the mechanism at play behind Mo adsorption, with preferential uptake of the light isotope
(95Mo) from the solution, as observed with other mineral phases (Kendall et al. 2017, and references within). It also
reinforces that extreme caution should be used when using Mo isotopes in isolation as tracers of paleoredox conditions,
as secondary processes can readily overprint the isotope signature of the initial ore-forming fluid event (Voinot et al.
2024).

continued on page 14
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Thallium as arobust tracer of ore deposition
mechanisms

Though U and Mo appear to exhibit very high mobility and
change in isotope composition in the samples from this study,
Tl isotope systematics indicate that the isotopic composition
of the clays in all samples from the silicified sandstone and
basement units is a direct reflection of the isotopic composi-
tion of the U ore deposit (Fig. 4a). This is in agreement with
what is observed in a variety of U ore deposits around the
globe, showing that Tl isotopes are not affected by secondary
processes, and as such, can be used as tracers of mech-
anisms of formation of U ore deposits (Voinot et al. 2024).
These results also suggests that no change of Tl redox state
occurred in the system, as these would be accompanied by
significant isotopic fractionation (Vanék et al. 2020).

In addition, plotting the €205T| values of the clay separates against K/Tl ratios (Fig. 4f) seems to indicate that two dif-
ferent end-members are controlling Tl isotope compositions in the samples: 1) a low [TI] but high [K] and £205T| value
(around 8 e-units) source, likely representing later contribution from the basin, as high €205T| values are typically found in
Fe-Mn crusts or pelagic clays or samples with high sulphide contents (Nielsen et al. 2017; Voinot et al. 2024); and 2) a low
[K] but higher [TI] and lower £205T| value (around -5 €-units), likely associated with U-rich fluids, as this corresponds to the
Tl isotopic composition of the U ore deposit.

CONCLUSIONS AND POTENTIAL IMPLICATIONS FOR MINERAL EXPLORATION
The data presented here suggests that Tl isotopic compositions of clay-sized material (<2 um) from the silicified layer
share a common Tl source with a fluid that likely led to the formation of the U deposit, and that the initial Tl isotopic com-
position of the ore-forming fluid appears to be preserved in these geological units (Fig. 4a). The patterns observed here
also likely indicate that the clay minerals from these units formed at the same time as the ore deposit and therefore Tl iso-
topes could potentially be used as pathfinders for U mineral-
ization as they appear to be unaffected by alteration and
secondary processes at depth, similar to what was observed
in U-ore deposit samples (Voinot et al. 2024). Analyzing
sandstone samples for £€205T| values to find areas of sand-
stone with compositions that are similar to that of the ore
deposit in the area could potentially prove to be a powerful
vectoring tool towards new discoveries.
To a lesser extent, similar results are observed for U iso-
topes, however, the original signature from the ore-forming
fluids seems to be quickly overprinted over a short distance
away from the deposit (Fig. 4b), even in the silicified sand-
stone. Though a more targeted approach using illite-rich
samples exclusively might lead to similar results, it also
means that this approach remains very limited, as slight
changes in clay mineralogy may adversely affect the results
and lead to false negatives or positives.
The discrepancy observed in the data between Mo iso-
topes (showing preferential adsorption of Mo onto clay min-
erals) and U isotopes (indicating that other mineral phases
likely quantitively remove U from solution before it is being
adsorbed onto clays) potentially brings insight into the physi-
cochemical conditions of the fluid during the formation of the
clay minerals in the silicified sandstone, likely indicating
acidic conditions (pH <4).
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