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Knowledge of paleo-redox conditions in the Earth’s history pro-
vides a window into events that shaped the evolution of life on
our planet. The role of microbial activity in paleo-redox processes
remains unexplored due to the inability to discriminate biotic from
abiotic redox transformations in the rock record. The ability to
deconvolute these two processes would provide a means to iden-
tify environmental niches in which microbial activity was preva-
lent at a specific time in paleo-history and to correlate specific
biogeochemical events with the corresponding microbial metabo-
lism. Here, we demonstrate that the isotopic signature associated
with microbial reduction of hexavalent uranium (U), i.e., the accu-
mulation of the heavy isotope in the U(IV) phase, is readily distin-
guishable from that generated by abiotic uranium reduction in
laboratory experiments. Thus, isotope signatures preserved in
the geologic record through the reductive precipitation of uranium
may provide the sought-after tool to probe for biotic processes.
Because uranium is a common element in the Earth’s crust and a
wide variety of metabolic groups of microorganisms catalyze the
biological reduction of U(VI), this tool is applicable to a multiplicity
of geological epochs and terrestrial environments. The findings of
this study indicate that biological activity contributed to the for-
mation of many authigenic U deposits, including sandstone U de-
posits of various ages, as well as modern, Cretaceous, and Archean
black shales. Additionally, engineered bioremediation activities also
exhibit a biotic signature, suggesting that, although multiple path-
ways may be involved in the reduction, direct enzymatic reduction
contributes substantially to the immobilization of uranium.
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The search for a tool to discriminate biotic from abiotic pro-
cesses principally triggered the investigation of isotope

fractionation of metals through redox processes (1). Several
prerequisites must be fulfilled in order for the isotope fraction-
ation of a metal to represent an appropriate redox biosignature:
(i) the geochemistry of the metal must include at least one bi-
ologically catalyzed reaction (e.g., biological oxidation or re-
duction); (ii) the transformation must result in immobilization
of the metal and its isotopic fractionation; (iii) there must be a
difference in isotopic signature between biotic and abiotic
transformation; and (iv) the reaction must not go to comple-
tion (as quantitative conversion of reactants to product sup-
presses isotopic fractionation).
As demonstrated in this study, the radionuclide uranium (U)

fulfills these requirements. Its mobility and deposition in low-
temperature environments is controlled by redox transitions (2).
The oxidized form [U(VI)] is largely soluble in the aqueous
phase, whereas the reduced form [U(IV)] is sparingly soluble
and precipitates, leading to U deposition under reducing
conditions (3, 4). There are numerous pathways for U(VI)
reduction, including direct biotic transformation mediated by
metabolically varied microorganisms such as sulfate-reducing,
iron-reducing, and fermenting bacteria (2), as well as abiotic
reduction by redox-active minerals and solutes such as Fe(II)-
or sulfide-bearing minerals, aqueous Fe(II), and sulfide spe-
cies, as well as organic compounds (5–7).

Moreover, permil-level fractionations of the two abundant and
primordial uranium isotopes are reported in association with
U(VI) to U(IV) redox transitions through the accumulation of
the heavy isotope (238U) rather than the light isotope (235U) in the
reduced product (8–13). This isotopic signature has been mea-
sured in low-temperature paleo-environments, enabling the use
of U isotope fractionation as a proxy for the redox conditions of
ancient atmosphere and oceans (14–16). A recent study (17)
observed enrichment of the heavier 238U isotope in the products
of biogenic U reduction, consistent with findings in nature (8, 10,
11, 18) and in agreement with ab initio calculations (19, 20).
Hence, the major remaining question is whether biotic reduc-

tion of U results in an exclusive and distinct isotopic signature,
readily distinguishable from that generated by abiotic reduction.
Here, we show that uranium isotope fractionation discriminates
readily between biotic and abiotic reduction reactions through
the major environmentally relevant pathways and propose the
238U/235U isotope ratio as a new bio-proxy for ancient and
modern environments.

Results
U(VI) Reduction. To delineate the contribution of biotic and abi-
otic pathways to U isotopic fractionation, we systematically in-
vestigated changes in 238U/235U isotope ratios during biotic and
abiotic U reduction using a laboratory-based approach (Fig. S1).
Biotic U(VI) reduction by the metal-reducing bacterium She-
wanella oneidensis strain MR-1 was examined under various
culture conditions (Table S1). In addition, we conducted U(VI)
reduction experiments using redox-active enzymes prepared
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from a cell-free extract (CFE) of the same bacterium to isolate
the role of cellular transport vs. that of redox active enzymes (21)
in controlling biological U isotope fractionation (Fig. S2). We
also investigated U(VI) reduction by a wide variety of environ-
mental abiotic U(VI) reductants, including Fe-based reductants
[magnetite, green rust, Fe(II)aq], sulfur-based reductants (che-
mogenic and biogenic mackinawite [FeS (Figs. S3 and S4), bioFeS],
aqueous sulfide), and reduced organic species (peat). In general,
we found that the kinetics of biotic and abiotic U(VI) reduction
proceeded at comparable rates. Only aqueous sulfide and fer-
rous iron exhibited more rapid reduction kinetics (Fig. 1).

Characterization of U(IV) Products. We used X-ray absorption spec-
troscopy to confirm the extent of U reduction and to characterize
solid phase U reaction products (Table S2). Fig. 2 presents the
extended X-ray absorption spectroscopy fine structure (EXAFS)
spectra at the U LIII-edge for the final solid-phase U experimental
products, as well as that of three reference spectra: U(VI)
adsorbed onto the Fe(III) mineral ferrihydrite, crystalline UO2, and
a noncrystalline U(IV) species. By comparing reference spectra to
those of the experimental products, we found that between 89%
and 100% of the U end product was present as U(IV), providing
direct proof of U reduction (Table S3) and ruling out the
possibility of nonreductive precipitation or sorption of U(VI)
species. In Fig. 2, the distinct speciation of U(IV)—either urani-
nite or noncrystalline U(IV)—is indicated by the presence/ab-
sence of the 3.8-Å peak in the Fourier-transformed EXAFS signal
(22). These data demonstrate that uraninite (UO2) was the pri-
mary U(IV) product of our abiotic reduction experiments, whereas
noncrystalline U(IV) or a mixture of uraninite and noncrystalline
U(IV) was produced during biological reduction experiments.

Isotopic Signature. The isotope composition of all experimental
products, i.e., the remaining U(VI) fraction for all conditions
and the corresponding U(IV) solid phase in selected cases, were
measured by multicollector inductively coupled plasma (ICP)-
MS using a double spike technique (9, 10). Isotope ratio mea-
surements are reported in the standard delta notation relative to
the initial experimental U stock (SI Methods).
For all biological reduction conditions, δ238U values in the

remaining dissolved U(VI) pool shift progressively toward more

negative values, down to −2‰ (Fig. 3 and Table S4). These
findings indicate preferential incorporation of 238U into the reduced
U(IV) species during biotic U reduction, in agreement with pre-
vious findings (17). They are further confirmed by the isotopic
analysis of solid phase U(IV), showing a Δ238U = 0.86 ± 0.12‰
between the U(IV) product and the remaining dissolved U(VI)
(Fig. 4 and Table S5). We calculated an isotope fractionation factor
α, and an enrichment factor e, defined as

e= 1,000‰*ðα− 1Þ,

by fitting the data to the Rayleigh distillation model (23). The
resulting e values are very similar for all biotic cases [and to
previously published results (17)], i.e., e = 0.85‰ (±0.08‰)
when mostly crystalline U(IV) is formed [bicarbonate-Pipes me-
dium (BP)], e = 0.88‰ (±0.07‰) when mostly noncrystalline
U(IV) is produced [Widdel low phosphate medium (WLP)], and
e = 0.85‰ (±0.04‰) for the CFE experiment. Thus, regardless
of whether intact cells or cell-free extract containing cyto-
chromes mediate the process, U reduction results in the prefer-
ential incorporation of 238U into precipitated U(IV) species.
These e values also approach ab initio calculations predicting
an equilibrium isotope fractionation of e = 0.95‰ (20) and an
experimental study reporting a value of e = 1.40‰ (24).
In contrast to enzymatic U reduction, abiotic experiments,

mediated by solid-phase or soluble reductants, exhibit either no U
isotope fractionation or significant fractionation opposite in di-
rection to that observed for biotic U reduction (Fig. 3 and Tables
S4–S6). For reduction with chemogenic FeS, biogenic FeS, or
peat, the δ238U values of remaining U(VI) are, on average, similar
to the starting composition, indicating little to no fractionation.
Aqueous sulfide exhibits transient U isotope fractionation (accu-
mulation of the heavy isotope in the dissolved phase) that dis-
appeared over time. For magnetite, green rust, and aqueous
Fe(II), significant isotope fractionation is observed, consistently
showing enrichment of heavy isotopes in the remaining U(VI).

Discussion
Mechanisms of U Isotope Fractionation. The results presented here
clearly demonstrate differences in U isotope fractionation among

Fig. 1. U(VI) reduction for the various conditions
considered: biologically mediated reduction by S.
oneidensis in BP, WLP, or CFE; FeS- and peat-medi-
ated reduction, magnetite or green-rust mediated
reduction, and dissolved Fe(II)- and sulfide-mediated
reduction. The controls represent cell-free experi-
ments, where U(VI) was incubated with the Fe(III)
mineral ferrihydrite. The y axis for abiotic samples
[except aqueous Fe(II) and sulfide] correspond to
unreacted U(VI) that is associated with the solid
phase (sorbed). The y axis for biotic samples and
Fe(II) and HS− corresponds to unreacted dissolved
U(VI). (Lower Right) Left y axis corresponds to
unreacted dissolved U(VI) concentration [mg/L] for
sulfide-mediated reduction and the right y axis to
unreacted dissolved U(VI) concentration [mg/L] for
Fe(II)-mediated reduction.
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the reduction pathways tested. Although more research will be
needed to uncover the mechanistic details of the observed
fractionation patterns, specific conclusions can be drawn from
the current work.
The combination of our whole cell and CFE results suggests

that, during biotic reduction, U(VI) uptake into the cell is not
responsible for the observed isotope fractionation. Uranium re-
duction by S. oneidensis is catalyzed by multiheme c-type cyto-
chromes localized on the outer membrane, the periplasm, and
the cytoplasmic membrane (21). If isotope fractionation were
dominantly generated during the transport of U(VI) across the
outer membrane into the periplasm (i.e., if uptake by the cells
were the rate-limiting step), the CFE condition would yield neg-
ligible isotope fractionation. However, isotope fractionation me-
diated by CFE was identical to that generated by intact cells,
implying that the enzymatic transfer of electrons to U(VI) was
likely responsible for 238U/235U fractionation.
Based on ab initio calculations (19, 20) and experimental work

(24), the U(VI)/U(IV) equilibrium isotopic fractionation is ex-
pected to favor the heavy isotope in the U(IV) valence state.
Indeed, for very heavy elements, such as U, isotope fractionation
is dominated by a mass-independent fractionation mechanism.
The nuclei of U isotopes differ in size and shape, and due to their
large size, electron orbital energies are altered, leading to a
phenomenon known as the nuclear field shift (19, 25). During
reduction reactions, the added valence electrons are impacted by
the nuclear field shift, resulting in varying energies of reaction
for distinct isotopes. This difference in energetics of reduction
causes isotopic fractionation. In the case of U, this mechanism
results in isotope fractionation during equilibrium reactions that
is opposite to the direction expected for traditional mass-
dependent stable isotope fractionation (26).
During biotic U(VI) reduction, multiheme c-type cytochromes

effect a one-electron transfer, resulting in the formation of U(V),
which fractionates to U(VI) and U(IV) (2). The direction and
magnitude of the observed U isotope fractionation are consistent
with ab initio calculations and experimental values of equilib-
rium isotope fractionation (19, 20, 24, 27) even if full equilibrium
may not be reached in the time frame of the experiments. Thus,
when reduction occurs in the vicinity of the enzyme(s), the 238U-
favoring nuclear field shift effect dominates the fractionation be-
havior. Additionally, uranium isotopic fractionation was similar

among bacterial species exhibiting distinct mechanisms and rates of
U(VI) reduction (17). We propose that the biotic system may ex-
hibit transient kinetic fractionation but that rapid isotopic exchange
between U(VI) and U(IV) occurs in the vicinity of the enzyme,
resulting in the near-equilibrium fractionation signature. This rapid
exchange is possible in the biotic case because of the coexistence in
the aqueous phase of U(VI) and small clusters of crystalline or
labile noncrystalline U(IV) that form as a result of the reduction
(22, 28). Thus, there is opportunity for the chemical interaction of
aqueous U(VI) with small particles (a few atoms across) containing
U(IV). This result is consistent with a recent study showing very
rapid isotopic exchange between U(VI) and U(IV) when both
species are in solution (27).
The mechanism of U(VI) reduction mediated by Fe(II)-

bearing reducing agents remains controversial. It has been sug-
gested to proceed via the transfer of a single electron to U(VI),
producing U(V), followed by the disproportionation of U(V) to
U(IV) and U(VI) (29, 30). However, there is also evidence that
direct reduction to U(IV) occurs and is accompanied by the
release of Fe(II) into solution (31). The discrepancy in reduction
mechanisms observed among studies is likely due to the fact that
control on the extent of U(VI) reduction is wrought by the com-
bination of two competing factors: the Fe2+/Fe3+ ratio at the surface
of iron minerals and the U coordination environment (32).
For Fe(II)-bearing reducing agents, enrichment of 235U is ob-

served in the products of iron-mediated abiotic reduction. Isotope
fractionation in this direction, opposite to that expected from
equilibrium isotope fractionation, may indicate kinetic isotope
effects. We suggest that nuclear field shift effects are muted or
absent in the kinetics of these abiotic reduction reactions, resulting
in the observed direction of fractionation.
Because mechanistic details of abiotic reduction with Fe(II)-

bearing compounds are lacking, it is not possible to delineate the
precise steps leading to isotopic fractionation in these systems.
However, the data suggest that, in contrast to the biotic system,
the fractionation generated by reduction processes persists in
the product due to limited isotopic exchange between U(IV) and
U(VI). Uranium in all three valences states [U(VI), U(V), and
U(IV)] was reported to be sequestered at the surface or within
the bulk of the Fe-bearing mineral (32, 33), precluding such ex-
change. This sequestration is also true for aqueous Fe(II)-mediated

A B

Fig. 2. EXAFS spectra (A) and the Fourier transform
(B) of U products formed via biotic or abiotic re-
duction: strain MR-1 (in green) and mackinawite,
magnetite, peat, or sulfide (in gray), as well as three
reference spectra used for linear combination fits.
Vertical lines in the Fourier transform panel corre-
spond to the U-O pair correlation for U(VI) (yellow),
U(IV) (gray), and the U-U pair correlation (red), in-
dicating the presence of uraninite. The predomi-
nance of uraninite in abiotic systems is evidenced by
the greater amplitude of the U-U shell relative to
biotic systems.
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reduction due to the formation of an Fe(III)-bearing mineral as a
result of the oxidation of Fe(II).
The lack of isotope fractionation for sulfide- or organic-mediated

reduction may be attributed to direct two-electron transfer from
organic matter or S2− to U(VI), resulting in the sequestration of
U(IV) and a strongly unidirectional reaction with insignificant iso-
tope fractionation. The same lack of fractionation was observed
in two other studies using reducing agents that operate via two-
electron transfer: zerovalent iron by which Fe(0) transfers two
electrons to U(VI) to form Fe(II) and U(IV) (34) and zerovalent
zinc by which Zn2+ and U(IV) are produced (9).
Regardless of the exact reaction pathway, our results indicate

that biological U reduction rapidly approaches predicted values
for equilibrium isotope fractionation, whereas inorganic U re-
duction appears unable to obtain isotopic equilibrium, at least on
experimental timescales. If preserved in the environment, the
difference in isotopic fractionation during biotic vs. abiotic re-
duction would provide a much sought after isotopic biomarker
for biologically mediated reductive processes.

Environmental Implications. A uranium isotope biomarker could
be used to constrain the contribution of biotic U reduction in
paleoredox studies, in remediation studies, and during the for-
mation of natural ore deposits. Qualitatively, it can facilitate the
determination of whether enzymatic processes contributed to the
overall sequestration of U(IV). For example, a study of bio-
remediation at a U-contaminated site in Rifle (Colorado) via the
amendment of acetate as an electron donor reported the en-
richment of the light U isotopes in the remaining U(VI) pool in
the groundwater as U reduction proceeded (18). This report
suggests that microbial U reduction, i.e., the direct enzymatic

pathway, played an important role in the generation of the observed
U isotope fractionation in the aquifer. A more recent field-based
study at the same uranium-contaminated site (35) suggested that
U immobilization was due to biomass-associated mackinawite that
acts as an electron source to reduce U(VI) to U(IV). However,
according to the isotope signature of the process and the present
findings, biogenic mackinawite could not have acted exclusively as a
reducing agent in field-stimulated bioremediation. Rather, the ex-
tent of the reported U isotope fractionation (e factor of 0.46‰)
(18) compared with our experimental results for enzymatic U re-
duction (maximum e factor of 0.88 ±0.07‰) suggest a combined
biotic–abiotic pathway for U(VI) reduction in the subsurface.
Moreover, the measurement of δ238U was proposed as an al-

ternative tool for the assessment of U remediation progress in the
field, where shifting isotopic ratios would be an indication of the
active U immobilization, producing a result independent of com-
plications such as adsorption and dilution effects (18). Results from
this study allow the refinement of this tool to only target biologically
mediated U(VI)-U(IV) redox transitions in the subsurface.

Geological Implications. Low-temperature ore deposits, such as
sedimentary U deposits, require U(VI)-bearing fluids to react
with a reduced zone, leading to the precipitation of U(IV)
minerals (8, 36). In addition, moderate authigenic U enrichment
is found in a range of geological settings, including marine sedi-
ments that formed under anoxic conditions. The latter include
organic-rich sediments from recent anoxic or euxinic (anoxic with free
H2S in the water column) basins, such as the Black Sea or sediments
formed in Archean times (15). All of these authigenically enriched
U deposits show enrichment of δ238U, which is typically attributed
to the U(VI)–U(IV) redox transition (8, 10, 14, 36) (Fig. 4).

Fig. 3. δ238U values for U(VI) plotted against the fraction of unreacted U(VI) during reduction by sulfide-containing or organic reductants (A) or Fe(II)-
containing reductants for the abiotic system (B) and S. oneidensis for the biotic system (C). Reactions proceed from left to right. δ 238U values are plotted vs.
time for control experiments (D). The continuous lines for the biotic experiments (with colors corresponding to the equivalent data set) represent the Rayleigh
distillation model fit.
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The results of this study suggest that, in many sedimentary
deposits, enzymatic U reduction was a major driver for authi-
genic U enrichment, including marine sediments and shales (10,
14), as well as sandstone tabular and roll-front U deposits (8, 11,
36). For example, in the modern Black Sea, U isotope fractionation
(Δ238U) of ∼0.7‰ between the authigenic U in the sediment and
that in the deep water column was observed (10, 13, 37). As the
deep water column provides a maximum value for δ238U of sedi-
ment pore water (12), this implies that U reduction in the sediment
of euxinic basins is dominantly biotic.
U(VI) reduction is a relatively common biotic process, as it is

carried out by varied metabolic groups of microorganisms—sulfate-
reducing, iron-reducing, and fermenting bacteria among others
(2)—and the biologically driven 238U/235U fractionation is consis-
tent within these groups (17). Thus, the preferential accumulation
of the heavy 238U isotope in the solid U(IV) phase is a proxy for
the presence and activity of metabolically diverse microorganisms
in low-temperature sedimentary environments. Accordingly, the U
isotope composition of the rock record may be specifically used as
a “paleo-bioredox” proxy, rather than a conventional redox proxy,
targeted to identify past environments in which redox processes
were catalyzed biologically. The occurrence of heavy U isotope
compositions in black shales and sandstone deposits, ranging in age
from recent to late Archean (8–10, 14, 15, 36), indicates that bio-
reduction has been important ever since oxidized chemical species
[i.e., U(VI)] became extant at the Earth’s surface.

Methods
U Reduction Experiments. U reduction experiments (all but soluble sulfide) were
conducted in duplicate in an anoxic chamberwith an atmosphere of 2.5%H2 and
97.5% N2, using sterile serum bottles with a butyl rubber septum and anoxic
solutions (30 mL). For the biotic cases, Shewanella oneidensis at an OD600 = 1 was
inoculated either in a simple medium (BP; Table S1) or in a complex medium
(WLP; Table S1) with 20 mM lactate as an electron donor. Previously reduced CFE
was inoculated in BP medium in an amount equivalent to biomass of OD600 = 1.
Because of the presence of 30 mM NaHCO3, added U(VI) was present in solution
predominantly as a uranyl-carbonate complex, UO2(CO3)3

4−, as confirmed by
aqueous speciation calculations (Fig. S5). Abiotic experiments were performed in

a pH-buffered medium [containing 20 mM piperazine-N,N′-bis(2-ethane-
sulfonic) acid (Pipes) and 1 mM NaHCO3 pH = 6.8], to which chemogenic FeS
(at 1 or 5 mM final concentration), biogenic FeS (5 g/L final concentration),
magnetite, green rust (5 mM as Fe final concentrations), peat (200 mg/L final
concentration), or dissolved Fe(II) (5 mM final concentration) was added. U
reduction was initiated by amending natural uranium [IRMM 184 standard
(Institute for Reference Materials and Measurements) dissolved in the solution
of 0.1 M HCl], yielding a final concentration between 50 and 100 mg/L.

Aliquots (0.3 mL) were withdrawn at time intervals and filtered through 0.22-
μm membranes or 0.02-μm membranes in case of dissolved Fe(II), to quantify
the remaining dissolved uranyl species in the filtrate. For chemogenic or bio-
genic FeS, magnetite, green rust, and peat experiments, U(VI) was quantita-
tively removed from solution, and a second type of sample was collected at
the corresponding time points to quantify U(VI) remaining on the min-
eral phase. These subsamples were incubated overnight with NaHCO3 (at a
final concentration of 100 mM) to preferential desorb U(VI) by forming
uranyl-carbonate complexes released into solution (5). Samples were with-
drawn and filtered under strictly anoxic conditions to maintain U speciation.
All collected samples were diluted in 0.1 M HNO3 to an appropriate concen-
tration for measurement by an ICP-MS. The results of monitoring U(VI) reduction
are presented in Fig. 1. No isotopic effect was detected as a result of desorption.

Aqueous sulfide U(VI) reduction experiments were conducted in duplicate
using serum bottles with butyl rubber septa and anoxic solutions as previously
described (38). All bottles and solutions were thoroughly purged with ultra high
purity He before initiation of the experiments to remove O2. A 15-psi He
overpressure was maintained throughout the experiments. A simple buffered
medium consisting of 4.2 mM NaHCO3, 12.5mM Tris-(hydroxymethyl)-amino-
methane (Tris), and 4.2 mg/L U was prepared using a natural abundance U ICP
solution as the starting U stock (Ricca PU1KN-100). A volume of 96 mL medium
was degassed in a sealed serum bottle, and small aliquots of the medium were
sampled via a He-purged syringe, and the pH of each bottle was adjusted to
6.75 ± 0.1 using dropwise addition of degassed dilute HCl. Experiments were
initiated via the introduction of 4 mL of an anaerobic 50 mM NaHS solution
(2 mM final concentration). At each time point, a 3-mL aliquot of solution was
sampled via a He-flushed syringe through a 0.2-μm syringe filter to recover the
residual dissolved U(VI). Following sampling, 10 mL concentrated HNO3 was
slowly passed through the filter to recover the solid phase U(IV). Following the
experiment, both the dissolved and solid phase U subsamples were repeatedly
digested with HNO3/H2O2 to remove any organic or solid S(0) particles and
prepared for isotopic analysis.

Fig. 4. Compilation of δ238U values for various U(IV) deposits including seawater and authigenic U (blue) (9, 10, 14, 37) and crustal U deposits (orange) (8–10,
36) compared with biotic and abiotic reduction products (green and purple, this study). Red arrows indicate isotopic fractionation (Δ238U) between two
products of U reduction. Symbols represent the mean of multiple samples, and the error bars represent the isotopic variation observed in each reservoir.
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U Isotope Analysis. Uranium was purified using the chromatographic ex-
traction method (based on Eichrom Uteva resin), as described previously (10).
Before the ion-exchange chemistry, all samples were evaporated and
treated by a mixture of 400 μL 32% H2O2 and 14 M HNO3 (1:1) to remove any
organic material. To an aliquot of about 400 ng U, which was used for MS
analysis, an IRMM 3636-A 236U/233U double spike (10, 39) was added, to
correct for isotope fractionation during purification and for instrumental
mass discrimination during analyses with MC-ICP-MS (10).

U isotopic composition was measured with a Thermo Neptune MC ICP-MS
at the Institute forMineralogy at Leibniz Universität Hannover or theW.M. Keck
Foundation Laboratory for Environmental Biogeochemistry at Arizona State
University (ASU). For sample introduction, an ESI Apex nebulizer (without
membrane) was coupled to the desolvation unit of a Cetac Aridus at
Hannover, whereas an ESI Apex was used alone at ASU.

Samples were measured using a sample-standard bracketing method (i.e.,
every two samples were bracketed by double-spiked in-run isotopic stan-
dard). The in-run standard was either IRMM-184 at Hannover or CRM 145a
(certified reference material) at ASU. IRMM-184 has an isotope composition
of 137.68 (i.e., a value of δ 238U = −1.16 relative to the more commonly
applied isotope standard CRM-112a) (39), and CRM-145a shares an isotopic
composition with CRM-112a. The accuracy and precision were determined by
replicate analyses of various U standards [REIMP 18A (Regular European
Inter-Laboratory Measurement Evaluation Programme) and CRM-112A in
Hannover and CRM-129A and an in house standard at ASU] during each

session of sample analyses. The reproducibility of these standards was about
0.05‰ at Hannover and 0.1‰ at ASU (Table S7; all delta values there are
reported relative to CRM-112A). The delta values for all standards used
agree with those previously published (9, 11, 18, 19, 36) (Table S7).

Similar spike/sample ratios, corresponding to 236U/235U = 3 in the spike-
sample mix (within ±10%) were used for all samples and spiked in-run
standard. The abundance sensitivity of the mass spectrometer was checked
before and after each sample analysis session. It was used for a correction
of the contribution from the tail of 238U on mass 236, which was typically
≤0.1 ppm of the 238U signal. Accordingly, the ratio of 238Utail/

236Uspike was typi-
cally ≤0.05‰. As we used no thorium for our experiments, a correction for
the contribution of 232ThH on 233U was unnecessary.
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