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Introduction
It was predicted by Bigeleisen (1996) that uranium isotopes fractionate as a result
of nuclear-field shift, which is a consequence of the difference in nuclear sizes and
shapes of isotopes. Thus, 235U with an odd number of neutrons has a smaller
nucleus relative to nuclei with an even number of neutrons such as those of 238U,
and this results in different bond strengths, with 238U preferentially incorporated into
the more condensed, solid phase. Schauble (2007) confirmed the theoretical
calculations and suggested that the nuclear-field shift results in 238U/235U ratios that
vary as a function of uranium oxidation state, with the highest 238U/235U ratio in more
reduced species. Recent investigations of natural terrestrial and extraterrestrial
samples have shown variations in 238U/235U ratios of ∼5.5‰ and 3.5‰, respectively,
commonly with more reduced hosts having higher ratios. Generally, media show
238 235
U/ U ratios increasing in the following order: CAIs (calcium-aluminium-rich
inclusions) in meteorites < manganese nodules and banded iron formations (BIFs) <
average chondrites < ocean water and corals < basalts and granites < suboxic
margin sediments < black shales (Stirling et al. 2005; Stirling et al. 2007; Weyer et al.
2008; Brennecka et al. 2010a; Brennecka et al. 2010b; Montoya-Pino et al. 2010;
Amelin et al. 2010; Bouvier et al. 2011; Tissot & Dauphas 2011; Tissot & Dauphas
2012; Telus et al. 2012; Brennecka et al. 2012; Connelly et al. 2012; Hiess et al.
2012; Goldmann et al. 2013).
Realisation that there were potential variations in the uranium isotope ratios in
various media prompted studies of 238U/235U ratios in uranium deposits. Bopp et al.
(2009) reported that 238U/235U values in sandstone-type uranium ores are higher than
magmatic-related uranium ores by ∼0.8‰. Similar results were reported by
Brennecka et al. (2010a) for uranium ore concentrates, with sandstone-type, lowtemperature deposits enriched in 238U by ∼0.4‰ relative to high-temperature
magmatic-related deposits. Both studies relate the observed isotopic difference to
the nuclear-field effect, which in turn, is temperature-dependent (Bopp et al. 2009;
Brennecka et al. 2010a).
We investigated the uranium isotopic compositions of natural ores from various
uranium deposit types to better understand (1) the primary mechanisms for
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fractionation of 234U and 235U isotopes with respect to 238U, (2) the relations between
the observed variations in isotope ratios and source of uranium, processes of
uranium mobilisation and transport, the mechanism of uranium capture and postdepositional fluid alteration of both ore and source rocks for all of the major types of
uranium deposits. Here, we propose that U isotopes can be used in exploration for
uranium deposits and even estimation of their grade.

Methodology
An aliquot of 0.02 to 0.05 g of a sample is weighed and dissolved in 1 mL of
concentrated HNO3 at 130°C for at least 24h. The resulting solutions were
evaporated to dryness and dissolved in 1.5 M HNO3. An aliquot containing
approximately 130 µg of uranium is loaded on an ion exchange column of 0.5 mL
TRU Spec, 100-200 mesh (Eichrom Technologies Inc.), and U is eluted using the
procedure of Pin & Zalduegui (1997). The purified uranium solution is evaporated to
dryness, redissolved in concentrated HNO3 at 180°C to remove residual column
material, dried and dissolved in 2% HNO3 for measurement of the uranium isotope
ratios by MC-ICP-MS.
Uranium isotope ratios are measured with a Thermo Finnigan Neptune MCICP-MS at the Queen’s Facility for Isotope Research, Queen’s University, Canada.
An APEX and Spiro (ESI) desolvating system with a 100µl/min PFA nebulizer (ESI)
are used for sample introduction to minimize hydride interferences. All samples and
standard solutions are prepared using 2% HNO3 for solution aspiration and an acid
wash between measurements is 3% HCl followed by 2% HNO3. Amplifier gain
calibrations and baselines are performed before each analytical session.
Additionally, because the SEM is used for measurement of 234U, the plateau voltage,
yield and dark noise are determined daily.
Uranium isotope ratios are determined relative to NBL CRM 129-A (New
Brunswick Laboratory, U.S. Department of Energy), and calculated first in delta
notation using the following equations:
𝛿238𝑈(‰) =
𝛿234𝑈(‰) =

[238𝑈/235𝑈𝑈𝑈𝑈𝑈𝑈𝑈]−[238𝑈/235𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈]
[238𝑈/235𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈]

[234𝑈/238𝑈𝑈𝑈𝑈𝑈𝑈𝑈] –[234𝑈/238𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈]
[234𝑈/238𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈]

× 1000

× 1000

(1)
(2)

The values are recalculated to CRM 112-A using the δ value of -0.89‰
between the CRM 129-A and CRM 112-A. A certified ratio of 137.837 for 238U/235U in
CRM 112-A is used in all calculations (Richter et al. 2010). The δ234U values are
calculated relative to secular equilibrium using the δ234U value of -29‰ between
CRM 129-A and the secular equilibrium and the 234U/238U ratio of 0.000054970
(Cheng et al. 2013).
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A double-spiking procedure using an IRMM-3636 233U-236U spike is applied to
internally correct for instrumental mass bias. Accuracy, precision and contamination
are monitored throughout preparation and measurement using various in-house
(UO2 uraninite standard, UO2 solution standard, and SPEX U standard) and certified
standards (CRM 129-A and CRM U0002) and procedure blanks. Each group of
thirteen samples is accompanied by a procedure blank, preparation and analysis of
an in-house standard UO2-653, a uraninite from the McArthur River uranium deposit,
Athabasca Basin, and an in-house stock solution UO2-sol.-std prepared from the
solid uraninite.

Results
The δ238U and δ234U values for uranium minerals have a range of ~1.8‰ (0.30 to 1.52‰) and of ~600‰ (from -292 to 281‰), respectively. Based on δ238U
values, U deposits studied here can be divided into two distinct groups. One group
has the lower δ238U values of ca. 0.1‰ and includes quartz-pebble conglomerate,
calcrete, volcanic-associated, magmatic-related and metasomatic-related (Figure 1).
A second group has higher δ238U values of ca. 0.4‰ and includes sandstone-hosted,
vein-type, most unconformity-type and most types of mineralisation in the
Beaverlodge area (Figure 1).
δ234U values may or may not be at secular equilibrium. Negative δ234U values
indicate only that U has been removed from the sample during the past 2.5 Ma.
Positive δ234U values indicate that U has been removed from an external source or
another area of the U deposit, and added to the sampled portion during the past 2.5
Ma. Further inferences from δ234U values would require knowledge of the original
δ234U value of the fluid.

Discussion
Different mechanisms are responsible for fractionation of 235U and 234U
isotopes with respect to 238U (Uvarova et al. 2014). In contrast to 234U/238U values
that reflect recent aqueous alteration (Cheng et al. 2000), 238U/235U values show
fractionation that occurred during formation and subsequent alteration of
mineralisation.
Uranium occurs naturally in two main oxidation states, generally U4+ as
reduced insoluble species and U6+ as oxidised mineral or mobile species. A
significant difference of 1‰ in 238U/235U values between oxidised Mn crusts (-0.6‰)
and reduced black shales (0.4‰) suggests that redox plays an important role in
fractionation of 238U and 235U (Weyer et al. 2008; Montoya-Pino et al. 2010).
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Figure 1. Tukey box-and-whisker plots of δ238U values for uranium ore minerals
from various deposits and prospects. Each box is defined by the 25th and 75th
percentiles of the data and represents the inter-quartile range (IQR). The
median is represented by a white horizontal line and the mean by a white dot.
Whiskers are extended from the box to the last value at <1.5 IQR, towards the
maximum and the minimum. Samples beyond the whiskers are considered
outliers or anomalies (circles)
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Figure 2. Relation between δ238U values for unconformity-related
mineralisation in Athabasca and Kombolgie basins and the corresponding
deposit grade.
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Theoretically, 235U is preferentially retained in oxidised species such as
dissolved U6+, whereas 238U is preferentially partitioned into reduced species such as
uraninite (Bigeleisen 1996; Schauble 2007). A simplified model for formation of many
uranium deposits involves oxidation and mobilisation of uranium from an initial
source followed by reduction and deposition of U4+ minerals or chemical precipitation
of U6+ minerals. Uranium isotopic fractionation can occur at any of these steps.
Based on the results of this study, we propose that observed 238U/235U values in
uranium ore minerals primarily reflect the source of the uranium, the efficiency of
uranium capture in the environment in which the uranium is fixed, the degree to
which uranium was previously removed from the fluid and the presence or absence
of later fluid alteration of the ore, and perhaps some effect of temperature. Influence
of these factors on the isotopic signatures of uranium ore minerals were previously
discussed (Uvarova et al. 2014). Here, we would like to articulate how the efficiency
of uranium capture results in a gradient of 238U/235U ratios that can be used in
exploration for uranium deposits and even for estimation of their grade.
If a mineralising fluid carrying U6+ interacts with a very effective reductant
barrier and all of the uranium is deposited as ore, the isotopic signature of this ore
should be identical to that of the uranium in the fluid. If, however, a portion of
uranium was not reduced and deposited, the isotopic composition of the precipitated
ore will be enriched in 238U, as 235U will preferentially fractionate into the fluid.
Unconformity-type uranium deposits in the Athabasca Basin show that the highest
grade deposits (McArthur River and Millennium) have the lowest δ238U values, which
we interpret as resulting from the effective reduction of uranium from the mineralising
fluid and absence of later alteration (Figure 2). Disseminated mineralisation located
below the main ore body at Millennium has a δ238U value of 0.51‰ and δ234U value
of -51‰. Other Athabasca unconformity-type deposits have higher δ238U values and
these deposits are of lower grade, as do low-grade Jabiluka and Nabarlek Australian
unconformity-type deposits with average δ238U values of 0.3 to 0.4‰ (Figure 2).
Thus, using a Rayleigh fractionation model, the lower δ238U values in high-grade
deposits may reflect more efficient reduction processes (Figure 3).
Thus, unconformity-type deposits in Canada and Australia, which display large
variations in their δ238U values from 0.05 to 1.52‰, reflect primarily the role that an
effective trapping mechanism plays. The difference between uraninites from highgrade deposits having lower 238U/235U values and uraninites from low-grade deposits
and disseminated mineralisation having higher 238U/235U values can be attributed to
two processes in the formation of uranium mineralisation in unconformity-type
deposits. One process involves continuous precipitation of uranium from the Ubearing fluids, wherein 238U is relatively enriched in the first precipitates so that there
is a zonation in uranium isotopes as a function of the ability of the system to
effectively reduce the uranium (Fig. 3). The more effective this mechanism, the more
constant and lower the δ238U values are, because this is a closed system. The
second process involves alteration of primary ore wherein 235U is preferentially
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mobilised into the fluid phase and the recrystallised uraninite preferentially uptakes
238
U. The first process initially precipitates uraninites with high 238U/235U values, as
the 238U is preferentially removed from the fluid following precipitation of uraninite
during Rayleigh processes, and this results in lower 238U/235U values in the remaining
fluid. The second process affects the uranium isotope ratios because 235U is
preferentially partitioned into the fluid phase and the primary ore becomes more
238
enriched
in
U,
whereas
uranium
leached
from
ore
during
235
alteration/recrystallisation and then reprecipitation is enriched in U.

Conclusions
The 234U/238U disequilibria ratios indicate recent fluid alteration (in the past 2.5
Ma) caused by preferential leaching of 234U or addition of previously leached 234U to
the system. The 238U/235U isotope fractionation occurs as a function of nuclear-field
shift, however, variations in 238U/235U ratios are small in high-temperature magmaticand metasomatic-related deposits and in cases where mobilised uranium from an
igneous protolith is effectively precipitated in a closed system. Significant variations
in 238U/235U values also occur during Rayleigh fractionation as a result of reduction of
U6+ to uraninite or during fluid alteration/recrystallisation of uraninite wherein 235U is
preferentially mobilised into the fluid. This potentially can be used in exploration for
uranium deposits because the isotopic composition of uranium minerals changes
gradually with proximity to mineralisation and is related to the grade of the deposit.
As there is a gradient of 238U/235U values with the highest ratios distal from the redox
centre, uranium isotopes may be used as exploration vectors and even for
estimation of the deposit size.
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Figure 3. Schematic diagram showing general alteration and geologic features
of basement- and basin-hosted unconformity uranium deposits with
distributions in δ238U values as a result of Rayleigh fractionation of U6+ in a
fluid being reduced to uraninite. The vertical axis is the depth in meters from
the modern surface. The unconformity between the basin sandstones (light
grey) and the basement (white and striped) is shown as a black dashed line.
The unconformity-type uranium mineralisation is shown in black: the basinhosted ore body is located directly at the unconformity, and the basementhosted ore body is located below the unconformity. Darker grey area in the
basin sandstone represents typical clay alteration zone above the basinhosted U mineralisation, while striped areas in the basement represent inner
and outer chlorite-illite alteration zones around basement-hosted
mineralisation.
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