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ABSTRACT: Uranium isotopic signatures can be harnessed to monitor the
reductive remediation of subsurface contamination or to reconstruct paleo-redox
environments. However, the mechanistic underpinnings of the isotope fractionation \)@\
associated with U reduction remain poorly understood. Here, we present a
coprecipitation study, in which hexavalent U (U(VI)) was reduced during the
synthesis of magnetite and pentavalent U (U(V)) was the dominant species. The
measured 6***U values for unreduced U(VI) (~—1.0%o), incorporated U (96 + 2%
U(V), ~—0.1%o0), and extracted surface U (mostly U(IV), ~0.3%o¢) suggested the
preferential accumulation of the heavy isotope in reduced species. Upon exposure of
the U-magnetite coprecipitate to air, U(V) was partially reoxidized to U(VI) with no
significant change in the 6*°U value. In contrast, anoxic amendment of a heavy
isotope-doped U(VI) solution resulted in an increase in the 5***U of the incorporated
U species over time, suggesting an exchange between incorporated and surface/aqueous U. Overall, the results support the presence
of persistent U(V) with a light isotope signature and suggest that the mineral dynamics of iron oxides may allow overprinting of the
isotopic signature of incorporated U species. This work furthers the understanding of the isotope fractionation of U associated with
iron oxides in both modern and paleo-environments.
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B INTRODUCTION source of U isotope fractionation when a heavy isotope
signature is detected in sediments.”™'® Additionally, the
isotopic signature of U serves as a paleo-redox proxy in a
variety of low-temperature paleo-environments'®'”~** and
modern analogues'™'”**** to constrain global atmospheric
and oceanic redox chemistry variations. The enrichment of
28U has been identified in geological samples (e.g, black
shales),” and the decrease of **U/**U in aqueous U(VI)
documented in groundwater during bioremediation or from
laboratory microbial experiments.”*°~>” While monitoring the
U isotope ratio rather than U concentration may represent a
superior strategy to pinpoint U reduction,® there remain
significant uncertainties as to the mechanistic underpinnings of
uranium’s isotopic fractionation behavior, particularly in the
solid phase and in association with iron oxides.

U redox transformation can be coupled to the iron redox
cycle. For instance, aqueous-phase U can be captured by iron
oxides through adsorption, surface reduction, and incorpo-

Uranium (U) is a contaminant of concern in the subsurface as
a result of mining and processing the U ore and improper
storage of nuclear waste.”” Hexavalent U (U(VI)) is largely
soluble as it typically exists as uranyl solution complexes with
carbonate or organic ligands. In contrast, tetravalent U
(U(1V)) is sparingly soluble under anoxic conditions. U(VI)
can be reduced to U(IV) through biotic transformation by
microorganisms as well as abiotic reduction by Fe(II)- or
sulfide-bearing minerals.”~> The stimulation of biological
activity in the subsurface has been used as a strategy for the
in situ immobilization of U.*” However, monitoring the U(VI)
concentration in the groundwater is not a sufficient indicator of
the processes underway as it integrates reduction, dissolution,
adsorption, and desorption, with the latter three having limited
relevance to remediation efforts.

Thus, U isotope fractionation (based on changes in the
uranium isotope ratio **U/***U) has been used to follow the
progression of U bioreduction in situ.”” Based on ab initio
calculations,'” the equilibrium isotopic fractionation associated Received:  October 11, 2021
with the reduction of U(VI) to U(IV) favors the accumulation Revised:  January 3, 2022
of the heavy isotope (***U) in the U(IV) product. This is Accepted: January S, 2022
opposite to the direction expected for traditional mass- Published: January 21, 2022
dependent stable isotope fractionation due to the nuclear
field shift (NFS)."°""* Thus, reduction is often invoked as the
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Figure 1. Schematic of the experiment. U-mag represents the original coprecipitated suspension; “-aq” represents the extracted aqueous phase after
extraction with a bicarbonate (“-bic-aq”) or a HCI (“-HCl-aq”) solution; “-bic” represents the remaining solid phase after bicarbonate extraction and
(“-HCI”) after HCI extraction. Here, aqueous samples are represented in blue text and solid samples in underlined black italics text. For example, U-
mag-HCl represents the solid-phase sample after extraction of the U-mag suspension with a HCl solution; meanwhile, U-mag-HCl-aq represents the

corresponding extracted aqueous phase.

ration during coprecipitation with magnetite or during the
transformation of ferrihydrite to goethite.’*™** Thus, banded
iron formations (BIFs) and other iron oxide-rich deposits can
be U sinks and have been reported to harbor lighter U isotope
signatures in comparison to that of contemporaneous sea-
water.">*>?* The accumulation of lighter U isotopes in Mn/Fe
oxides has been attributed, for example, to adsorption.’*
Furthermore, while U(IV) species are major products of U(VI)
reduction, there is increasing evidence for the presence of
pentavalent U (U(V)).2132337 Oy study’’ showed the
occurrence of U(V) as a result of U(VI) reduction by
preformed magnetite and its persistence prior to further
reduction to form U(IV)O, nanoparticles. Furthermore,
during the dissolution and recrystallization of Fe(II)-bearing
minerals, the coprecipitation of U(VI) with magnetite and
green rust, or the reduction of U(VI) incorporated in goethite,
U(V) incorporation into the bulk mineral or near-surface
structures is well documented, leading to the persistence of
U(V) as uranate(V).31’32’36’38 The isotope fractionation
imparted upon U during these processes remains unexplored
as does the stability of the U isotope signature in the mineral
matrix. Investigation of the U(V) isotope signature and its
dynamics is needed to advance our understanding of the
fundamentals of uranium isotope fractionation, to refine
interpretation of the origin of light or heavy U isotope
signature in modern and paleo-sediments, and to constrain the
application of U isotopes to groundwater remediation.

The major goals of this study are to decipher the isotopic
signature of U preserved as U(V) in an iron oxide matrix and
to determine its stability to environmental conditions. Iron
oxide surface-associated U can be desorbed, dissolved, or
reoxidized.” As a result, only mineral matrix-associated U may
remain as long as the iron oxide itself does not undergo
alteration. This fact underscores the importance of investigat-
ing the persistence and the isotope signatures of iron oxide
matrix-associated U, particularly for paleo-redox applications.
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We tackle the specific case of U incorporated in magnetite, a
common mineral in reducing environments. U(VI) was
coprecipitated with magnetite under anoxic conditions,
resulting in the incorporation of U(V) in the mineral. A series
of wet chemistry treatments followed to retain only U(V). The
stability of the isotopic signature of the incorporated U was
monitored upon exposure to air or to an isotopically heavy
U(VI) solution. This work enhances our understanding of the
behavior of U isotopes in soils, sediments, and rocks and
facilitates the interpretation of U isotope signatures in iron-rich
rocks in paleo-environments and modern environments.

B MATERIALS AND METHODS

Sample Preparation. All experiments were performed in
an anoxic chamber (MBraun) with an N, atmosphere and O,
< 0.1 ppm. All reagents and chemicals were of ACS or optimal
grade (hydrochloric acid). Aqueous solutions were prepared
with 18.2 MQ cm water and were deoxygenated by N, purging
prior to transfer into the anoxic chamber. All glassware and
stoppers were cleaned with optimal grade 6 N HC], rinsed with
18.2 MQ cm water, and dried before usage.

U-magnetite nanoparticles were synthesized by coprecipita-
tion.”" Briefly, anoxic solutions of 0.1 M FeCl, (40 mL), 0.1 M
FeCl, (20 mL), and 20 mM uranyl chloride (1 mL, IRMM184,
stored in 0.1 N isotope grade HCl) were mixed and
continuously stirred inside the anoxic chamber. The pH of
the mixture was increased by gradually adding 0.5 M NaOH
until the pH value reached 7.8 + 0.1. The final total Fe
concentration was 60 mM, while that of U(VI) was 200 uM.
The as-synthesized U-magnetite coprecipitate suspension
(abbreviated as U-mag) contained a magnetite concentration
of 4.64 g magnetite/L (equivalent to an Fe aqueous
concentration of 60 mM) and a final U concentration of 4.3
X 107° mol/g magnetite (equivalent to an aqueous
concentration of ~203 uM) and was sealed in a serum bottle.
After 12 h, the pH value was readjusted to 7.8 + 0.1 if
necessary. Replicate coprecipitated U-mag suspensions were

https://doi.org/10.1021/acs.est.1c06865
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Table 1. Fraction of U(IV), U(V), and U(VI) Components in Each U-Bearing Magnetite Solid Sample as Calculated by the
Iterative Transformation Factor Analysis (ITFA) method®’?

composition (%) u(v) (%) u(v) (%) U(vI) (%) composition (%) u(1v) (%) U-mag-HCI-2 (%) u(vI) (%)
U-mag 16 + 1 78 £2 6+2 U-mag-doped 45 = 1 SS+2 -
U-mag-bic 15+1 83+2 2+2 U-mag-doped-HCl - 97 £ 2 3£2
U-mag-HCl - 96 + 2 4+2 U-mag-oxidized - 67 £2 33+£2
U-mag-HCI-2 - 94 £2 6+2 U-mag-oxidized-HC - 84 +2 16 +£2

“U-mag-doped, U-mag-doped-HCI, U-mag-oxidized, and U-mag-oxidized-HCI were collected after 2 months of incubation. On the left-hand-side
table, the composition of U-mag solids is shown as a function of UO,(U(IV)), BiUO,(U(V)), and uranyl-acetate (U(VI)). The corresponding
estimated root-mean-square error (RMS) associated with the ITFA analysis® were reported as 1% for U(IV) and 2% for U(V) and U(VI),
representing the relative error. On the right-hand-side table, the composition of treated U-mag solids is shown as a function of the U(IV) and
U(VI) references as well as the U-mag-HCI-2 (a replicate sample to U-mag-HCI) solid shown on the left-hand-side table to be composed mostly
(94%) of U(V) with the corresponding RMS <1% for U(IV) and 2% for U(V) and U(VI). -bic represents bicarbonate treatment.

stored in sealed serum bottles in the anoxic chamber for 10 remaining solid phase and the extracted aqueous-phase
days prior to further treatment. XRD spectra of the U- solution were separated with a strong Nd magnet. The
containing magnetite solids are available (Figure S1). Please remaining solids were collected as U-mag-bic, U-mag-doped-bic,
note that solid-phase names are italicized throughout this and U-mag-oxidized-bic, corresponding to the bicarbonate
article. extraction. The results of extraction with a 50 mM bicarbonate
The isotope signatures measured for all samples are reported solution are presented in Table S1. Alternatively, HCl solutions
in the delta notation (6*3%U) relative to the IRMM184 stock (2—2.5 mM HClI final concentration) were applied to induce
(eq 1) to indicate the direction and extent of isotope the dissolution of insoluble uraninite from the magnetite
fractionation by comparing the measured U isotope signature surface. The 2.5 mM HCI solution induced the release of U
to the initial signature (IRMM-184) before experiments. Thus, into solution while affecting minimal magnetite dissolution
the initial solution uranyl chloride carries an isotope signature (Table S2). A higher concentration of HCI (2.8 mM HCI) was
of U = 0% used for extraction of the U-mag-doped suspension due to the
rise - 23 higher pH value of this system. Similar to the bicarbonate
238 (**u/ U)sample treatment, the magnetite suspension was equilibrated with HCI
67U = — 1| X 1000[%o]

— | 723877235 for 30 min, and the remaining solids were collected
( u/ U)IRMM184 (1) .

magnetically as U-mag-HCI, U-mag-doped-HCI, and U-mag-
oxidized-HCI. For both types of extractions, the aqueous phase
remaining after Nd magnet separation was filtered through a
PTFE filter (0.22 ym) to remove any particles remaining in the
supernatant. The amount of U collected on the filter was
negligible (as determined by digestion with 6 N HCI), and
thus, its isotope composition could not be measured. The
concentration of U was measured in the extracted aqueous

Isotope Exchange. Isotope exchange experiments were
performed to investigate the stability of the U isotope signature
present within the iron oxide structure. The originally
synthesized U-mag suspension was aged inside the anoxic
chamber for a year (U-mag-aged). In parallel, the original U-
mag suspension was mixed with a freshly prepared uranyl(VI)-
chloride solution with a 6**U = 4.5%0 containing S mM

bicarbonate, which was prepared by mixing depleted uranium phase as well as in the collected solid (after complete digestion
as U(VI)-chloride (*¥U/?5U = ~499) with the IRMM184 with 6 N HCI). Only part of the solid sample was digested for

uranyl(VI)-chloride stock solution (**U/?3U = 137.68).% isotope measurements beceuse most of it was used for
synchrotron-based characterization (see below). The percent-

age of U in the solid phase was thus calculated based on the
measured extracted aqueous U and the total U concentrations.
All extraction procedures were performed in the anoxic
chamber, except the treatment of U-mag-oxidized samples.

The newly prepared suspension (1.16 g magnetite/L) was
abbreviated as U-mag-doped (8.6 X 107> mol of U/g magnetite,
equivalent to ~100 uM of aqueous U) (Figure 1) and included
~50% of U from the U-mag suspension and ~50% from the
newly introduced heavy isotope-doped U(VI) solution

(replicate 1, 50% U-mag and replicate 2, $5% U-mag). Bicarbonate extraction and acid Ieachizrslgzshave been reported
Additionally, SO mL of the original U-mag suspension (4.64 not to induce U isotope fractionation.™ .
g magnetite/L, containing 203 M U) was removed from the Aqueous Phase and Isotope Analysis. Aqueous-phase
anoxic chamber and placed under ambient conditions (open to solutions and digested solid solutions were diluted with 1%
the atmosphere) to undergo oxidation. This treatment is HNO; to appropriate concentrations for U and Fe measure-
referred to as U-mag-oxidized (Figure 1). The U-mag-doped ments by inductively coupled plasma—mass spectrometry
and U-mag-oxidized suspensions were monitored over time and (ICP-MS, PerkinElmer). Samples were stored and shipped in
probed at 0.5, 1, 2, 4, and 6 months for changes in the U Falcon tubes to Hannover in Germany for U isotope
isotope signature. Figure 1 offers a schematic of the measurements. Samples were prepared for measurements of
experimental design. isotopic composition on a Thermo Scientiﬁc—Neptune multi-
U Species Separation. A bicarbonate extraction (100 collector inductively coupled plasma source mass spectrometer
mM) was applied to three of the four types of solid phases (U- (MC-ICP-MS), as previously."”** More detail is provided in
mag, U-mag-doped, and U-mag-oxidized) in order to extract Text S1.
surface-associated U(VI) species by the formation of soluble Solid Characterization. The uranium valence state was
uranyl—carbonate complexes.”’ After equilibrating 5 mL of determined in solid phases using X-ray absorption near-edge
each type of suspension with S mL of 200 mM bicarbonate structure (XANES) spectroscopy at the M,-edge (3725 eV)
solution for 30 min (final concentration 100 mM), the with high-energy-resolution fluorescence detection (HEREFD).
1755 https://doi.org/10.1021/acs.est.1c06865
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Figure 2. U M,-edge HERFD—XANES spectra for the original U-mag for the remaining solid phase after extracting U-mag with bicarbonate
solution (U-mag-bic) and for the remaining solid phase after extracting U-mag with 2.5 mM HCI (U-mag-HCl). For comparison, U(IV)O,, BiUO,”’
(uranate U(V)), and uranyl(VI)-acetate reference spectra are included. Dashed lines indicate the white line energy position for U(IV), U(V), and

U(VI) valence states. The BiUO, spectrum is the same as that reported by Popa et a

IR

This measurement was performed using a Johann-type X-ray
spectrometer**~* installed at the ACT endstation of the CAT-
ACT-Beamline for catalysis and actinide/radionuclide science
at the KIT synchrotron radiation facility, Karlsruhe.*” Detailed
descriptions on the sample preparation, the M,-edge HERFD—
XANES measurement, and spectral analysis are included in
Text S2. The U Lj-edge X-ray adsorption spectroscopy
measurements were performed at the Diamond Light Source,
beamline 120-Scanning, and sample preparation and measur-
ments were the same as those described in Pan et al.”” Sample
preparation for transmission electron microscopy (TEM)
analysis is also described in Text S3.

B RESULTS AND DISCUSSION

Characterization of Reduction Products. U-mag
Coprecipitate. Based on previous studies, the formation of
U(V) was expected as the main product of U(VI)
coprecipitation with magnetite.“’32 By comparison to the
spectra of uraninite, BiUO,, and uranyl acetate as references
for U(IV), U(V), and U(VI), respectively, M,-edge HERFD—
XANES spectra of the coprecipitated U-mag solid support the
presence of 6 + 2% U(VI), 78 + 2% U(V), and 16 + 1%
U(IV) (Table 1 and Figure 2). Thus, a U(V) species was
confirmed to be the dominant reduced product. The L;-edge
XANES spectra also show the presence of mixed valence states.
The broadness of the spectra at the energy position of the
white line (Figure S2a) area suggests a typical uranate type of
structure for U(V)/U(VI) species,®"*** indicating the
incorporation of U into the magnetite structure. From Fourier
transforms of the L;-edge EXAFS spectra, the distinct peak
(Figure S2c) further confirms the presence of a U—Fe pair
correlation, indicating the substitution of U for Fe atoms at
octahedral sites.”””** Thus, we propose that the coprecipitated
U-mag solid is similar to that produced by others, and U(VI)
and U(IV) remained on the magnetite surface, while the
stabilization of U(V) was achieved by its incorporation into the
magnetite structure.

Bicarbonate Extraction. Following coprecipitation of U-
mag, wet chemistry treatments were applied aiming to separate

1756

U species according to their valence state. Unreduced U(VI)
adsorbed on the magnetite surface was removed with a 100
mM bicarbonate solution, releasing ~1% of the total U into the
extracted aqueous phase (Table 2). Additionally, the M,-edge

Table 2. Fraction of U in the Solid and Aqueous Phases
after Treatment of Duplicate U(VI)-Magnetite
Coprecipitated Solids (U-mag) with Either a Bicarbonate or
an HCI Solution and the Corresponding Individual Isotope
Signatures in Either the Extracted Aqueous Phase or the
Remaining Solid Phase”

U-mag replicate 1 U-mag replicate 2

100 mM Bicarbonate Extraction

%of U  6°U %o % of U  &U %o
total
aqueous (U-mag- 1.2% —0.68 £ 0.01  0.8% —0.89 + 0.04
bic-aq)
solid (U-mag-bic)  98.8% 99.2% 0.02 + 0.01
2.5 mM HCI Extraction
% of U &6%°U %o % of U 67U %o
aqueous (U-mag- 17.7% 0.34 + 0.01 18.9% 0.30 + 0.06
HCl-aq)
solid (U-mag- 82.3% —0.11 +£ 0.06  81.1% —0.13 £ 0.01
HCI)

“A dash indicates that data were not collected. -bic represents
bicarbonate treatment.

HERFD—XANES spectrum of the remainin§ solid phase (U-
mag-bic) was interpreted by ITFA analysis’’ and showed a
decrease in the contribution of U(VI) species, confirming that
the majority of U(VI) was successfully removed (Table 1 and
Figure 2). Thus, the U species in the extracted solution (U-
mag-bic-aq) were considered to represent U(VI) for the
purposes of isotopic analysis. The removal of U(VI) only
resulted in a slight increase of the fraction of U(V) but not in
that of U(IV) (Table 1), likely due to the limitations of
synchrotron measurements (~8% error as the relative error)
and the error associated with ITFA analysis. Incidentally, LCF
analysis with Athena yields similar results (Table S3).
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HCI Extraction. Based on the XANES analysis, there is a 16
+ 1% contribution of U(IV) in U-mag. Considering previous
work,”" U(IV) is most likely present as uraninite (UO,) at the
magnetite surface. Thus, obtaining a U(V)-only sample from
U-mag requires the removal of UO,. HCI solutions of
increasing concentration (1.5, 2, and 2.5 mM) were applied
individually, aiming to dissolve UO, while minimizing the
dissolution of magnetite and the release of incorporated U
species. With 1.5 and 2 mM HC], only between 0.3 and 2% of
the total U was extracted, with 6—8% of the total Fe released
into the extracted solutions, suggesting that the HCI
concentration was too low to achieve sufficient uraninite
dissolution (Table S2). After extracting U-mag with 2.5 mM
HCI for 30 min, a large amount of U (~18% of total U) and Fe
(~10% of total Fe) were extracted. The amount of U extracted
(~18%) is comparable to the sum of the fractions of U(VI)
and U(IV) (~22%) detected in U-mag by M,-edge HERFD—
XANES (Table 1). The M,-edge HERFD—XANES spectrum
of U-mag-HCI showed a significant intensity decrease at the
energy position corresponding to U(IV) species (Figure 2),
suggesting the successful removal of the majority of U(IV).
ITFA confirmed that 96 + 2% of U in U-mag-HCl was in the
pentavalent valence state (Table 1). Thus, a nearly pure U(V)
solid phase was obtained, while most of the U(IV) species was
dissolved in the HCI extracted solution. It also confirms that in
the U-mag sample, most of the U(IV) was present at the
magnetite surface. Fe detected in the 2.5 mM HCI solution
(corresponding to ~10% of total Fe) suggests that the
dissolution of some magnetite solid occurred, and thus, the
release of incorporated U(V) into the extracted phase cannot
be ruled out. However, the fact that the U(IV) signal nearly
disappeared in the M,-edge HERFD—XANES suggests that a
major part of the U released originated from U(IV) (at the
surface) rather than U(V) incorporated in iron oxide. This is
because the amount of U removed by HCI treatment (17.7%)
corresponded to the percentage of U(IV) in the U-mag solid
phase (16 + 1%). Thus, the U species in the extracted solution
should be dominated by U(IV), while a small amount of
U(VI) and U(V) is present. As the two Fe valence states are
expected to be released from magnetite dissolution, uranate(V)
could undergo (1) disproportionation into U(IV) and U(VI),
(2) reoxidation to U(VI) by aqueous Fe(III), or (3) reduction
to U(IV) with aqueous Fe(1I). The accurate quantification of
the aqueous fractions of U(IV), U(V), or U(VI) and the
corresponding isotope signatures would require further studies.
We consider the U species in the aqueous phase resulting from
HCI treatment as an overall HCl-extractable form that includes
mostly U(IV).

U(V) Isotopic Signature. Based on the solid-phase
characterization, we confirmed the formation and stabilization
of magnetite-associated U(V) species, preventing either
reduction to U(IV) or disproportionation to U(IV) and
U(VI) under anoxic conditions. The removal of U(VI) and
U(IV) species at the magnetite surface through extractions
provided the opportunity to identify the U(V) isotopic
signature. Through bicarbonate extraction, the U(VI)
adsorbed on the magnetite surface was extracted into sample
U-mag-bic-aq and the corresponding 6***U value ranged from
—0.89 to —0.68%o. This finding suggests the preferential
reduction of heavy U(VI) to U(V) or U(IV). Thus, the light
isotope accumulates in the remaining U(VI) species.

Through HCI extraction, the majority of U(IV) and U(VI)
species were removed. Although the composition of U(VI)/
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U(V)/U(IV) in the extracted solution is not resolvable, the
remaining solid phase (U-mag-HCl) was confirmed to consist
mainly of U(V) species with a 6**U value of —0.11 or
—0.13%o0, demonstrating that U(V) carries a slightly light
isotope signature but heavier than U(VI). This is the first
elucidation of the isotope signature of U(V) species.

As both U(VI) and U(V) exhibit light isotope signatures, the
heavy isotope must accumulate in the U(IV) species. The
majority of U(IV) was successfully extracted by the 2.5 mM
HCI solution. The associated 6**U in the extracted solution
was 0.34 or 0.30%0 (from replicate U-mag suspensions). A
small amount of U(VI) and U(V) surely contributed to the
overall isotope signature of the extracted aqueous phase,
suggesting that the 6*°U of the pure U(IV) species should be
slightly more positive than the values above. In fact, assuming
that only U(IV) and U(VI) species were present in the HCI-
extracted aqueous phase and that 1.2% of U(VI) was released
in U-mag-HCl-aq (as it was in U-mag-bic-aq), then the
remaining U(IV) would carry an isotope signature of 0.41 +
0.01%o (calculation in the Supporting Information, Text S4).
Comparison of the weighted sum of 5***U values for U in the
extracted solutions (6***U = 0.34%o for 17.7% of U in U-mag-
HCl-aq) and that in the remaining solid phase (5**U =
—0.11%0 for 82.3% of the U in U-mag-HCI) evidenced a
difference of only 6**U = —0.03%o relative to the starting
solution, demonstrating isotope mass balance for this system.

Thus, we characterized the isotopic fractionation associated
with the incorporation of U species into the iron oxide
structure and the one-electron transfer during the abiotic
reductive coprecipitation of U(VI). Although a precise isotopic
signature could not be determined for U(IV), the direction of
isotope fractionation during U(VI) incorporation into the iron
oxide structure and reduction to U(IV) was identified as
5238UU(VI) < 5238UU(V) < 5238UU(N). The accumulation of the
heavy isotope in U(IV) and the light isotope in U(VI) and
U(V) conforms to the valence-dependent trend predicted by
NFS-dominated equilibrium isotope fractionation and provides
a reduction mechanism that may explain lighter solid-phase
isotope signatures observed in the iron-rich rocks or sediments.

Stability of the U Isotopic Signature in Magnetite.
While U oxidation, desorption, complexation, or reduction
may alter the isotope composition of the U species associated
with the mineral surface, stably mineral-incorporated U can
provide more robust insight into the isotopic signature of U
that persists regardless of the chemical environment. A
previous study has reported the persistence of incorporated
U(V) when coprecipitated U(V)-containing magnetite was
exposed to O, for 1 year, suggesting the stability of
incorporated U(V).” However, over long-term laboratory
studies, atomic exchange of Fe atoms between the solid phase
and surface or solution could occur’>* and may affect the
stability of U valence states and their isotopic signature. Thus,
we investigated the stability of the isotopic signature of U
species incorporated within the magnetite structure in U-mag
in two ways. One was by equilibrating the U-mag suspension
with a heavy isotope-doped U(VI)-carbonate solution under
anoxic conditions. This treatment was intended to represent
the exchange between U(V) incorporated in magnetite and
solution U(VI) under anoxic conditions. The second was by
exposing the U-mag suspension to the atmosphere. This
treatment was intended to represent exposure of U(V)-doped
magnetite to oxic conditions. As a control, the U-mag
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Figure 3. Isotope signatures of U in the HCl-extracted aqueous phase and remaining in the solid phase for (a) U-mag-doped and (b) U-mag-
oxidized. (a) Orange and yellow symbols: isotopic signature of U in the HCl-extracted aqueous phase in duplicate U-mag-doped reactors; the
unfilled symbols represent the calculated 6*3*U of the initial HCl-extracted phase for replicates; dark green and light green symbols: isotopic
signature of U remaining in the solid phase after HCI extraction in duplicate U-mag-doped reactors. (b) Orange and yellow symbols: isotopic
signature of U in the bicarbonate-extracted and HCl-extracted (duplicate extractions) aqueous phase for U-mag-oxidized; dark green and black
symbols: isotopic signature of U in U-mag-oxidized-bic (only one extraction) and U-mag-oxidized-HCI (duplicate extractions) samples, respectively.
The purple symbol in (a,b): isotopic signature of U in the U-mag-aged-HCI sample. Error bars represent measurement 2 S.D. values. In (a), the 2

S.D. values were smaller (<0.1%o0) than the marker.

suspension (replicate 1) was stored for 1 year under anoxic
conditions, producing a U-mag-aged suspension.

First, we consider the control U-mag-aged and produce a
HCl-extracted solid phase (U-mag-aged-HCI) through treat-
ment with 2.5 mM HCI (~20% of U was extracted) (Figure 1).
The 6***U value associated with U in the remaining solid after
HCI extraction was —0.07 =+ 0.06%o, which was undistinguish-
able from the 5***U value for the original U-mag-HCI sample of
—0.11 + 0.06%0. The result suggests the stability of the
isotopic signature of the U(V) species incorporated within the
magnetite structure under long-term and constant laboratory
conditions, such as those that could be encountered post-
remediation.

U-mag Amended with Heavy U(VI). The U-mag-doped
suspension extracted with a bicarbonate solution showed that
the amount of bicarbonate-extractable U (i.e, U(VI))
decreased over time from 17 to 10%, then 2%, and finally
<1% (Figure S3a). This result evidences the reduction of the
amended heavy U(VI) carbonate by magnetite in U-mag
(Figure S3a). In contrast, HCI extractions (2.8 mM HCI)
removed a similar amount of U (~60%) from U-mag-doped
samples at all time points with ~40% of the total U remaining
in the solid (as U-mag-doped-HCI). In the U-mag sample, about
80% of the total U was incorporated within the magnetite
structure as U(V). However, the addition of heavy U(VI) to U-
mag doubled the overall amount of U in the system. Thus, it is
expected, and observed, that if incorporated U(V) remains
within magnetite, it would represent about 40% of total U in
the U-mag-doped sample. In order to ascertain the valence state
of U within the solid-phase matrix in the U-mag-doped sample,
we compared their M,-edge HERFD—XANES spectra to those
of two replicate U-mag-HCI samples (U-mag-HCl and U-mag-
HCI-2, corresponding to replicate U-mag batches). We
previously established that U-mag-HCl was composed of
mostly U(V) (Table 1 and Figure S4). As expected, U-mag-
doped was composed of 45% U(IV), while 55% of U
corresponded to U-mag-HCI-2 (i.e., U(V)), which corresponds
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to the same original batch of U-mag. This finding confirms that
heavy U(VI) amended to U-mag was reduced to U(IV). In the
U-mag-doped-HCI sample, U(IV) was no longer detected and
the U speciation consisted of 97% U(V) and 3% U(VI). This
result demonstrates that the amendment of additional U(VI)
did not alter the speciation of the U incorporated in magnetite.

U isotope signatures in the HCl-extracted solution (U-mag-
doped-HCl-aq) and remaining solids (U-mag-doped-HCI) were
measured. 6*U of the extracted aqueous phase decreased
from ~3.8 to 3.00%0 (and 3.4 to 2.33%o for the replicate) and
that in the solid phase increased from —0.1 to ~1.5%o (Figure
3a and Table S4). It should be noted that the 5*3®U values of
3.8 and 3.4%c0 were calculated as HCI extraction was not
performed immediately after the preparation of U-mag-doped
samples (Table S4). Based on the HCI extraction results and
the XANES measurements, it appears that heavy U(VI)
amended to the U-mag suspension was readily reduced to
U(IV) at the magnetite surface (as it was readily extractable by
HCl treatment). However, as observed, the U isotope
signature in the remaining solid phase increased from —0.1
to 1.5%o, suggesting that either the U species with a heavy
isotope was incorporated into the magnetite phase or U(IV)
was not completely removed by the HCI extraction. To
identify the most likely explanation, we calculated the
percentage of heavy U(IV) that must remain after HCI
extraction to account for the measured increase in §***U in the
solid phase. For instance, at 2 months, a contribution of at least
25% of U(IV) (assuming that all newly formed U(IV) has the
highest 6**U of 4.5%o) is needed to account for the observed
1.1%0 increase in 6°U in U-mag-doped-HCI (replicate 1).
However, U(IV) was not detected by XANES in the 2 month
U-mag-doped-HC| sample and would have been had it
accounted for 25% of the total U. Thus, this result indicates
that the increase in 6**U values is likely due to the
incorporation of heavy U(V) in magnetite.

Considering the extracted U, the fraction of U extracted with
HCl does not vary over time (Figure S3a), while the
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corresponding 6°*U in the extracted aqueous phase decreases
over time (Figure 3a). This trend indicates the release of
incorporated U(V), carrying a slightly light isotope signature,
into the extracted aqueous phase.

On one hand, we observe only small changes in the amount
of U incorporated in magnetite over time and that its valence
state remains pentavalent. On the other hand, we observe a
trend in the isotope signature pointing to the incorporation of
heavy U into magnetite and the release of lighter U into the
solution. We conclude that together, these observations point
to iron mineral dynamics, where dissolution and recrystalliza-
tion and additional U(V) incorporation might occur. The
dynamics of the mineral phase is particularly evident when
contrasted with the U-mag-aged-HCI sample that exhibited the
same isotopic signature as the initial sample after 1 year of
equilibration. We attribute the difference in the behavior of the
two systems to the introduction of U(VI)-chloride and
bicarbonate, which (1) altered the water chemistry as the
pH increased from 7.8 to 8.2 due to the presence of S mM
bicarbonate in solution and (2) induced the reduction of
additional U(VI) on the surface and the associated oxidation of
Fe(II) in magnetite particles. We hypothesize that the pH
change and the redox equilibration were sufficient to affect
dissolution and reprecipitation of magnetite, allowing for an
exchange between U on the magnetite surface and U
incorporated within magnetite.

U-mag Equilibrated with Air. After equilibration with air
for 0.5, 1, 2, or 6 months, treatment of the suspension with
either bicarbonate or HCI extracted a similar amount of U
(~20%, Figure S3b), suggesting that the ~15% of the U(IV) in
the original U-mag (Table 1) was oxidized to U(VI) and,
consequently, was extractable by both bicarbonate and HCI
solutions. M,-XANES analysis shows a contribution of 67 +
2% U(V) and 33 + 2% U(VI) in the U-mag-oxidized
suspension (Table 1). Thus, the contribution of U(V) to the
U-mag-oxidized suspension is lower than that prior to oxidation
(because U-mag harbors 78 + 2% U(V)). Furthermore, the
contribution of U(VI) to U-mag-oxidized was greater than the
sum of U(VI) and U(IV) in the U-mag sample. This suggests
that both U(IV) and a part of U(V) were oxidized through
exposure to air. Indeed, after HCI extraction, the M, -edge
HERFD XANES spectra of U-mag-oxidized-HCl show the
presence of a contribution of 16 + 2% of U(VI) in addition to
84 + 2% of the U species present in U(V). The data suggest
that part of the incorporated U(V) was oxidized to U(VI).
Most likely, the latter remained incorporated in the solid phase
and was unextractable by HCI solution. The incorporation of
U(VI) in iron oxide structures has been reported in the
hematite structure.’

In the U-mag-oxidized system, a decrease of 5***U values in
the extracted aqueous phase (U-mag-oxidized-HCl-aq or U-
mag-oxidized-bic-aq) was only observed in the first 2 weeks
(from 0.3 to 0.1%o), while the 6**U in the solid phase (U-
mag-oxidized-HCI) remained unchanged. Indeed, §**U varied
from —0.11 + 0.06 to —0.07 + 0.06%o in the U-mag-oxidized-
HCI (black symbols in Figure 3b) or U-mag-oxidized-bic (dark-
green symbols in Figure 3b) samples. These results point to
the stable isotope signature of U incorporated within magnetite
despite partial oxidation of U(V) to U(VI). We propose that
the equilibration of the U-mag suspension with the atmosphere
resulted in the rapid oxidation of the magnetite surface to
maghemite until depletion of surface Fe(Il). There is likely
quantitative oxidation of U(V) in a near-surface layer, resulting
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in no isotopic fractionation (as was shown for quantitative
oxidation of U(IV) in uraninite).*® The result of wet chemical
treatment indicated that there was no significant change in the
amount of U incorporated over time, and M,-edge HERFD—
XANES analysis also suggested little change in the speciation
of incorporated U species (except partial oxidation of U(V) to
U(VI) in the U-mag-oxidized sample).

Comparison of the three systems, U-mag-aged, U-mag-doped,
and U-mag-oxidized, reveals that dynamic isotope exchange
occurs only when the chemical conditions change, likely
requiring re-equilibration of the magnetite surface under
distinct water chemistry conditions. When the chemistry of
the system is unaltered, such as in the aged U-mag, the 58U in
the HCl-extracted solid phase remains at a value of —0.07 +
0.06%o, suggesting the stability of the U(V) isotope signature.
Also, in the U-mag-oxidized system, a slight variation of §**U
values was detected in the aqueous phase within the first 2
weeks, corresponding to the time during which the surface of
magnetite was oxidized. After this point, surface Fe(Il) was
absent, and no further change in isotopic signature was
observed. In contrast, when water chemistry conditions
changed, particularly upon the introduction of a U(VI)-
bicarbonate solution in the U-mag-doped system, mineral
dynamics of magnetite was suggested. The oxidation of Fe(II)
in the magnetite structure and the change of the pH value from
7.8 to ~8.2 might have induced the dissolution and
reprecipitation of a small fraction of iron oxide with the
presence of surface or aqueous Fe(Il). Scherer’s group has
proposed the redox conveyor belt theory for iron oxide
minerals (goethite and hematite) where spatially separated
adsorption and release of Fe(Il) at the mineral surface could
occur, even though no visible dissolution and precipitation of
iron oxide minerals were observed.”® *** High-angle angular
dark field (HAADF) STEM images of U-mag, U-mag-HCI, U-
mag-doped, and U-mag-oxidized samples did not show obvious
differences in magnetite morphology and particle size (Figure
S5). Based on the fast Fourier transform (FFT) analysis, all the
nanoparticles can still be fitted with the magnetite crystal
structure using the JEMS software.”” Even when the
nanoparticles should have been partially oxidized to
maghemite in the U-mag-oxidized sample, the differences
between magnetite and maghemite could not be distinguished
via FFT analysis. XRD spectra of U-mag, U-mag-HCl, and U-
mag-doped samples also confirmed the magnetite phase (Figure
S1). Although the tools used did not allow direct observation
of mineral dynamics, it remains the most parsimonious
explanation for the data collected.

Overall, the isotopic signature of pentavalent U(V) in
magnetite is stable, except in the cases where mineral
dynamics, which would result in the incorporation of U
species originating outside the mineral phase, occurs. In this
scenario, the isotope signature of the U species originally
incorporated in the mineral structure is impacted by exchange
with U on the magnetite surface.

B ENVIRONMENTAL IMPLICATIONS

Monitoring the success of reductive remediation strategies to
immobilize U in situ benefits from U isotope measurements.
Additionally, the investigation of U isotope signatures in the
geological rock record can advance the understanding of redox
conditions in paleo-environments. Iron-rich rocks in BIF have
been reported to exhibit either negative §**U values (as low as
—0.9%0) or 6***U values close to that of background igneous
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rocks (—0.4 to —0.2%0).”> The two major interpretations
invoked to explain the solid-phase light isotope are the
preferential adsorption of U onto mineral surfaces’*** and
the reduction of **U by preformed magnetite.”* However, U
and Fe coprecipitation is also a scenario for uranium
sequestration by iron oxides during the formation of BIF.
During the sporadic increase of seawater oxygen level before
the great oxygen event (i.e., whiffs of oxygen),”® the oxidation
of Fe(Il) to Fe(Ill) and the coprecipitation of Fe(Il) and
Fe(IlI) with U(VI) might result in the sequestration of
uranium (V) within iron oxides. These minerals, formed under
anoxic conditions, may be transformed under oxic conditions
(or vice versa), but pentavalent U would remain incorporated
in the mineral phase, with its isotopic signature protected from
isotopic exchange. Thus, the present study provides insights
into reaction pathways that could explain the preferential
accumulation of ***U within some iron oxide phases and iron-
rich sediments.
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