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Isotopic fractionation of heavy elements (e.g., >100 amu) often invokes the nuclear
field shift effect, which is due to the impact of the elements’ large nuclei on electron
density. In particular, it has been explicitly described for uranium (U) at equilibrium
and during kinetic isotope fractionation in abiotic mercury reactions. By following
the fractionation of 233U, 235U, 236U and 238U during the enzymatic reduction of hexa-
valent U to tetravalent U by the bacterium Shewanella oneidensis, we provide the first
direct evidence of the nuclear field shift effect during biologically controlled kinetic
isotope fractionation. Here, we observed the odd-even staggering trend between

fractionation factors of each isotope and their nuclear masses, and show that fractionation factors are correlated better with
the nuclear volume than the mass. Additionally, by computing the relative contributions of the conventional mass-dependent
effect (vibrational energy) and the mass-independent effect (nuclear field shift), we demonstrate that the experimental nuclear
field shift effect is smaller than the calculated equilibrium value and that this discrepancy is responsible for the kinetic fractiona-
tion factor being lower than that predicted at equilibrium.
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Introduction

Redox transformations of uranium (U) lead to measurable frac-
tionation of U isotopes. These fractionations typically result in
the enrichment of the heavy isotope (238U) in the reduced state,
the opposite direction of the mass-dependent fractionation
observed for light elements (Andersen et al., 2017). Further,
isotope exchange reactions have revealed anomalous fraction-
ations of the odd-mass isotopes, i.e. 233U and 235U,which deviate
from the linear relationship between mass and fractionation
magnitude observed for the even-mass isotopes (Fujii et al.,
1989a, 1989b; Nomura et al., 1996). This odd-even staggering
was observed to correlate with the isotope shifts in the atomic
spectra of the isotopes, and specifically with the nuclear field
shift, whereby distortions in the sizes and shapes of nuclei
(the nuclear volume) between isotopes impact the electron den-
sities surrounding the nucleus, which in turn impact ground
state electronic energies. This led to the inclusion of a nuclear
field shift (NFS) term in the theoretical calculation of isotopic
enrichment factors for heavy elements (Bigeleisen, 1996).

These isotope exchange reactions have been assumed to
be equilibrium processes (Fujii et al., 2009), and the nuclear field
shift effect (NFSE) itself has thus far been calculated only for
equilibrium exchange reactions (Bigeleisen, 1996; Moynier
et al., 2013). Furthermore, given that hexavalent U (UVI) reduc-
tion in the laboratory and nature display the same direction of

fractionation as predicted for equilibrium (Bigeleisen, 1996;
Schauble, 2007; Stirling et al., 2015), the nuclear field shift was
also implicated for kinetically controlled reactions (Bopp et al.,
2010; Basu et al., 2014, 2020; Stirling et al., 2015). However, no
direct evidence for theNFSE during kinetic U reduction has been
provided to date; i.e. the odd-even staggering in the fractiona-
tion of isotopes has not yet been observed.

Whilst the NFSE has been observed during abiotic and
kinetic fractionations of Hg isotopes (Zheng and Hintelmann,
2010), to our knowledge, there is no evidence of theNFSE during
the biotic fractionation of any element. Indeed, mass-indepen-
dent isotope fractionation of Hg has been observed in biological
systems (e.g., in fish) but this has been attributed to the nuclear
spin effects or photochemical reactions, rather than to the NFSE
(Kritee et al., 2009; Epov et al., 2011).

Results

Here, we provide direct evidence of the NFSE during kinetic
isotope fractionation via the enzymatic reduction of UVI by the
bacterium, Shewanella oneidensis strain MR-1. To achieve this
result, we measured the simultaneous fractionation of 233U,
235U, 236U and 238U throughout this reaction and report the
odd-even staggering trend only previously seen during abiotic
chemical exchange reactions.
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First, we prepared an isotopemix of the IRMM-184 natu-
ral U standard and the IRMM-3636 233U and 236U “double
spike”, typically used to correct for instrumental mass bias dur-
ing MC-ICP-MS (multi-collector inductively coupled plasma
mass spectrometry) analyses of the 238U/235U ratio. The isotope
mix was supplied to anoxic reactors containing S. oneidensis
MR-1 in the presence of lactate, which serves as the electron
donor for UVI reduction, and 30mM sodium bicarbonate, which
complexes the UVI to give aqueous tri- and dicarbonate species
(Fig. S-1). This well documented reaction leads to the reductive
precipitation of solid phase UIV through the extracellular trans-
fer of electrons via enzymes on the bacterial surface (Wall and
Krumholz, 2006).

Here, we show that for duplicate systems, aqueous U
concentrations decreased over several days, indicative of the pre-
cipitation of UIV (Fig. 1a). This reaction was accompanied by the
fractionation of 238U and 235U, such that the light 235U was
enriched in the residual unreacted aqueous UVI, as evidenced
by the progressively negative δ238U values (Fig. 1b). This frac-
tionation is well described by Rayleigh distillation models, from
which the derived fractionation factors (ε) are ∼1‰. These val-
ues are very typical for these biologically mediated reactions and

demonstrate the sequestration of the isotopically heavy UIV

product from the reactants, as shown previously for U isotope
fractionation (Basu et al., 2014; Stirling et al., 2015; Stylo et al.,
2015).

The inclusion of 233U and 236U in the isotope mix allowed
the fractionation of these additional odd- and even-mass iso-
topes to be monitored (Fig. S-2), in order to reveal the presence
of the odd-even staggering that would implicate the role of the
NFSE in the fractionation of U isotopes. Here, three-isotope
plots revealed that the fractionation behaviour did not conform
to the theoretical relationship for mass-dependent isotope frac-
tionation (Figs. 2, S-3). Total fractionation between 236U and 235U
was larger than expected for a mass difference of 1 amu, com-
pared to the fractionation of 238U and 235U (Δm= 3 amu).
Additionally, the fractionation between the two odd-isotopes,
233U and 235U (Δm= 2 amu) was less than expected compared
to the fractionation of 238U and 235U. These anomalous fraction-
ations are consistent with those observed previously for U iso-
topes in chemical exchange reactions, in which fractionation
factors for each isotope scale better with themean square nuclear
charge radii rather than the isotope mass (Fig. S-4), indicating
that the nuclear volume dominates the fractionation (Fujii et al.,
2009; Moynier et al., 2013). Here, we also observe odd-even iso-
tope staggering in the relationship between isotopic mass and
fractionation factors and demonstrate this same trend between
ε and the mean square nuclear charge radii (Fig. 3) (Angeli and
Marinova, 2013). Thus, in addition to the direction of U isotope
fractionation, these data offer strong evidence that the NFSE is
also responsible for the mass-independent nature of isotope
fractionation observed for this kinetic reaction.

To probe whether the observed mass-independent frac-
tionation arose from ongoing abiotic equilibrium isotope
exchange between reactant UVI and the solid UIV product, or from
the kinetically controlled enzymatic reduction, we performed iso-
tope exchange experiments between isotopically heavy aqueous
UVI carbonate (initial δ238U=∼5 ‰) and the UIV products of
the bioreduction experiment (initial δ238U= 0‰). Here, we con-
trolled the U speciation to be the same as during bioreduction
using the same solution composition and ensured no further
biologically mediated redox change by inactivating bacterial cells
via sonication. Over several months, we observed the progressive
depletion of the heavy 238U from aqueous UVI (Fig. S-5) as it

Figure 1 (a) Concentration of aqueous U (representing UVI), as a
function of time, in reactors containing 200 μM UVI and 30 mM
sodium bicarbonate incubated with S. oneidensis. Filled and open
symbols depict duplicate reactors. (b) δ238U values for aqueous
U reported as a function of the remaining aqueous U fraction.
Filled and open symbols depict duplicate reactors and error bars
show 2 standard deviations of the mean of triplicate measure-
ments. Rayleighmodel curves for each duplicate reactor are shown
in dashed lines, along with their corresponding isotope enrich-
ment factors (ε). See Supplementary Information for definition
of δ238U.

Figure 2 Three-isotope plots for delta values of all samples.
Filled and open symbols depict duplicate reactors and error bars
show two standard deviations of the mean of triplicate measure-
ments. Dashed lines represent theoretical relationships for mass-
dependent fractionation.
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became enriched in the UIV species, as expected. However, this
process was minor and theoretical equilibrium was not achieved
(e.g., εeq= 1.1 to 2.7 ‰ from ab initio calculation; Table S-1).
That is to say, the aqueous UVI remained isotopically heavier than
the UIV solid phase after several months, compared with the few
days required to generate isotopically heavy UIV during bioreduc-
tion. Additionally, the slight increase in aqueous U suggests that at
least part of the decrease in δ238Uaq may have actually been due to
release of light U from the solid, rather than isotope exchange
between dissolved and solid phases. These observations suggest
that, whilst ongoing equilibrium isotope exchange may make a
minor contribution to the observed direction of the fractionation
(enrichment of the heavy isotope in the UIV product, as demon-
strated byWang et al., 2015), it does not account for themagnitude
of isotope fractionation during the kinetic reaction of biological
reduction.

To calculate the contribution of the NFSE and the mass
effect to the fractionation factors obtained for each isotope dur-
ing the enzymatic reduction, we used the methods of Fujii et al.
(2009) and Moynier et al. (2009) to obtain the scaling factors of
the conventional mass effect and the nuclear field shift term that
appear in Bigeleisen’s (1996) theory (Figs. 4, S-6). Whilst this
analysis was developed initially for isotopic equilibrium condi-
tions, it succeeds in reproducing the odd-even staggering trend
(highlighted by the regression of the even isotopes in Fig. S-6)
and suggests the dominant contribution of theNFSE to the over-
all observed kinetic fractionation factors.

Kinetic fractionations of U isotopes in the laboratory and
nature consistently show lower fractionation than that predicted
or measured at equilibrium (Fujii et al., 2006; Abe et al., 2008,
2010; Basu et al., 2014; Wang et al., 2015; Stirling et al., 2015;
Stylo et al., 2015; Andersen et al., 2017; Brown et al., 2018;
Sato et al., 2021; Li and Tissot, 2023). However, the extent to
which the relative contributions of the mass effect and the
NFSE lead to this discrepancy has not been explored. This is
of fundamental importance to the understanding of how isotope
fractionation observed during kinetic reactions relates to that cal-
culated for isotopic equilibrium. Thus, we compared the magni-
tudes of the decomposed mass and field shift effects from the
experimental kinetic reaction (εkin), to the mass and field shift
effect contributions determined for full equilibrium fractionation

via ab initio calculations (εeq) (Fig. 4). This comparison reveals
that the contribution of the mass effect to εkin approximates
that predicted for equilibrium, nomatter whether the tri- or dicar-
bonate UVI species is assumed to be preferentially reduced by the
bacterium (Fig. 4; trend (i)). On the other hand, the analysis indi-
cates that the contribution of the NFSE to εkin is typically much
smaller than that for εeq, but varies depending on the calculation
method (density functional theory (DFT) versus Hartree-Fock
(HF)) and the UVI species used (Fig. 4a–c; trend (ii)). Indeed, cal-
culations using DFT and the dicarbonate UVI species appear to
suggest that the isotope fractionation of the kinetic reaction
approaches full equilibrium (Fig. 4d; trend (iii)). However, pre-
vious calculations using theHFmethod showed better agreement
with the experimental εeq for the UVI/UIV-chloride isotope
exchange reaction compared with DFT calculations, suggesting
that the results of the HF method may be more accurate
(Wang et al., 2015; Sato et al., 2021). Whilst ab initio calculations
of εeq are not easy to verify due to a lack of experimental data with
which to validate them, these data suggest that themass effect has
reached equilibrium, whilst the NFSE has not. This raises the
question of how these two effects are manifested during kinetic
reactions and what controls their relative expressions.

A recent study by Brown et al. (2018) explored the effect of
abiotic UVI reduction rates, controlled byU speciation, on attend-
ant U isotope fractionation. To explain the inverse reaction rate-
fractionation relationship, a model was developed incorporating
a variable contribution of the NFSE that was dependent on the
ratio of forward to backward reactions, but that also required iso-
topic exchange between UVI and UIV. However, in our study we
observed only a minor contribution from equilibrium isotope
exchange that cannot explain the magnitude of isotope frac-
tionation during the kinetic reaction and this suggests that
kinetic fractionation may also include the NFSE.

The mathematical basis for the inclusion of NFSE in
kinetic fractionation has been derived by Sato et al. (2021).
The authors introduced a model of kinetic uranium isotope frac-
tionation that incorporates transition state theory to allow the
inclusion of the NFSEwithin amulti-step UVI reduction reaction,
independent of subsequent equilibrium isotope exchange
between the oxidised and reduced U. The model was then
employed to re-interpret the data of Brown et al. (2018), demon-
strating that the observations can arise from kinetic fractionation
components that include the NFSE, without the requirement for
independent equilibrium isotope exchange between the initial
reactant and the final product. Rather, the model indicates that
themagnitude of NFSE expression is dependent on the degree of
reverse electron transfer (back reaction). This has since been
confirmed experimentally using purified UVI reducing proteins
of various redox states. Fully reduced proteins facilitated rapid
electron transfer with limited back reaction and little isotopic
fractionation, whereas partially reduced proteins permitted sig-
nificant NFSE-dominated fractionation linked to the allowance
for extensive reverse electron transfer (Brown et al., 2023).

Our data support the view that the mass effect is both an
equilibrium and kinetic isotope fractionation, in which the full
fractionation at equilibrium can be expressed during kinetically
controlled reactions. On the other hand, theNFSEmay be exclu-
sively an equilibrium fractionation between the instantaneous
products and transition state(s), and the transition state(s) and
the reactants, and as such, its expression during kinetic frac-
tionation within the reduction reaction may be dependent on
reaction reversibility (Fujii et al., 2009; Moynier et al., 2013;
Yang and Liu, 2016; Sato et al., 2021). This would explain the
range of fractionation factors observed in the laboratory and
nature, including both mass-dependent and mass-independent
directions of fractionation.

Figure 3 Fractionation factors (ε) for each atomic mass. Symbols
and error bars depict the mean and standard deviation of dupli-
cate reactors. Where not visible, the error is within the size
of the symbol. Mean square nuclear charge radii (δ〈r2〉235,i=
δ〈r2〉i− δ〈r2〉235) for each atomic mass were taken from Angeli
and Marinova (2013). The lines represent linear regressions of
ε and δ〈r2〉235,i for even-mass numbers only.
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Further work is required to explore the factors that control
the relative contributions of the two effects during kinetic isotope
fractionations and rule out the contribution of other isotope
effects, e.g., a nuclear spin effect or magnetic isotope effect
(Epov et al., 2011). Indeed, different reaction mechanisms of
Hg reduction, e.g., photoreduction versus reduction by dissolved
organic matter or SnCl2, resulted in different relative contribu-
tions of mass-dependent and mass-independent fractionation
(Bergquist and Blum, 2007; Zheng and Hintelmann, 2010).

Collectively, the data presented here show unambiguous
evidence for the contribution of the nuclear field shift to isotope
fractionation during kinetic U reduction and confirm that previ-
ously observed fractionations (reporting enrichment of the heavy
isotope in the product) arise from the dominance of the nuclear
field shift effect.
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Figure 4 Isotope enrichment factors from the bacterial reduction experiment (εkin) and ab initio calculated equilibrium isotope enrichment
factors (εeq) for the mass effect, the nuclear field shift effect and their sum (total effect) for each atomic mass. Equilibrium calculations were
performed for either (a, c) tricarbonate, UO2(CO3)34−, or (b, d) dicarbonate, UO2(CO3)22−, as the UVI species. Calculations of lnKnv for εeq were
performed using either (a, b) the Hartree-Fock method (X2C-HF) or (c, d) density functional theory (DFT) with the B3LYP functional
(X2C-B3LYP). Symbols and error bars depict the mean and standard deviation of values derived from analysis of the data from duplicate
reactors. A comparison of experimentally measured ε and recalculated total ε (after decomposition of the experimental data into the field
shift andmass effect terms) is presented in Figure S-6. Trend (i) points to the consistent values obtained forMDF from theory and experiment,
(ii) points to the discrepancy between theory and experiment for the NFSE contribution in three of the four cases, and (iii) points to the
agreement between NFSE theory and experiment in the case of dicarbonate speciation and DFT calculations.
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Experimental Section 
 
Preparation of the U multi-isotope standard 
 
The 233U, 235U, 236U, 238U standard was prepared by mixing the reference materials IRMM-184 (natural U) and IRMM-
3636 (a 1:1 mix of the 233U and 236U ‘double spike’) at an approximate ratio of 25:1 to give a 236/233U/235U ratio of ~3. 
The nitric acid matrix was then evaporated and replaced with 6 N ultra-pure HCl, followed by evaporation and 
replacement with 0.1 N ultra-pure HCl. The standard was then moved to an anoxic chamber (100 % N2, <0.1 ppm O2; 
MBraun, Germany). 
 
Culturing of Shewanella oneidensis 
 
Shewanella oneidensis MR-1 was grown in oxic Luria-Bertani (LB) medium to mid-late exponential phase. Cultures 
were then harvested by centrifugation for 10 min at 5000 × g and washed three times in a sterile anoxic buffer containing 
30 mM sodium bicarbonate and 20 mM piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES) at pH 7.3. Finally, the 
cultures were resuspended in the same medium to an appropriate density, prior to addition to experimental reactors. 
 
Reduction of UVI by S. oneidensis 
 
Anoxic reactors containing 30 mM sodium bicarbonate and 20 mM PIPES at pH 7.3 were prepared. 20 mM sodium 
lactate was supplied as the electron donor. All experimental media were autoclaved, flushed with pure and sterile N2 for 
several hours and then stored in the dark at ~25 °C inside an anoxic chamber. 200 µM of the UVI multi-isotope standard 
was added from an anoxic ~20 mM U chloride stock. Aliquots of the anoxic S. oneidensis cell suspensions were then 
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added to the reactors to give a final optical density of 1, as measured at 600 nm (OD600nm) using a UV-vis 
spectrophotometer, which was equivalent to approximately 5 × 108 cells mL−1. Periodically, samples were removed for 
the analysis of aqueous UVI concentrations and isotope ratio analysis. Approximately 0.5 mL was removed using a sterile, 
anoxic syringe and needle, and the sample was filtered through a 0.22 µm PTFE filter. This process removes both the 
solid phase UIV and bacterial cells and thus, prevents any further reduction. Samples were then stored at −20 °C. 
 
U isotope ratio analysis  
 
Samples were first weighed and evaporated to dryness. The samples were treated with a mixture of 200 μl 14 M HNO3 
and 200 μl H2O2 (30 %) to destroy organic materials. Uranium was then purified by ion-exchange chromatography 
according to a method described by Weyer et al. (2008). The samples were dissolved in 1 mL 3 M HNO3 and U was 
purified on Eichrom UTEVA resin. 

U isotope measurements were performed at Leibniz Universität Hannover with a Thermo-Finnigan Neptune 
multi-collector ICP-MS (MC-ICP-MS), similar to the protocol published by Noordman et al. (2015). For sample 
introduction, a Cetac Aridus-II desolvation system equipped with a perfluoroalkoxy alkane (PFA) nebuliser with a 
sampling rate of 100 μL/min was used to enhance sensitivity and to reduce solvent-based interferences such as oxides 
and hydrides. Additionally, a standard Ni sampling cone and a Ni X skimmer cone were used in combination with a 0.8 
mm copper ring (spacer). With this setup, a 210 ng/g solution achieved a signal of between 130 and 200 V on 238U in 
low mass resolution mode. 

The abundance sensitivity was determined before each analysis term and was typically ≤0.1 ppm of the 238U 
signal at mass 236 (determined on a spike-free solution), resulting in negligible tail correction. 

All samples and standards were measured with 320 s total integration time (80 cycles at 4 s integration time). A 
standard sample bracketing method was applied during analysis, i.e. one sample measurement was bracketed by two 
standard measurements. The results for all sample analyses are presented in the delta notation with respect to 235U and 
relative to the U standard, e.g., for 238U: 
 

δ!"#U	[‰] = ( (
!"#%/!"$%)%&'()*

(!"#%/!"$%)%+&,-&.-
− 1+ ∙ 1000.  (Eq. S-1) 

 
Each sample was analysed three times and the precision is given as two standard deviations (2 s.d.) of the replicate 
analysis for each sample (with an average error of 0.19 ‰ for δ238U). Additionally, reproducibility and accuracy was 
determined by replicate analyses of the U-standards IRMM-184 (−1.17 ‰ ± 0.05) and REIMEP 18-A (−0.28 ‰ ± 0.07) 
relative to CRM-112A during each analysis session and the results agreed with those previously reported in the literature, 
within uncertainties (Weyer et al., 2008; Richter et al., 2010; Brennecka et al., 2011; Noordmann et al., 2015; Li and 
Tissot, 2023). 
 
Rayleigh distillation models 
 
Isotope fractionation factors were determined by fitting Rayleigh distillation models to the measured isotopic signatures, 
according to the method described in Scott et al. (2004) and using the following formula: 
 

δ( = (δ) + 1000	‰) 1*/
*0
2
+,-

− 1000	‰,   (Eq. S-2) 

 
where c0 and δ0 are the initial concentration and isotopic composition of UVI, and ct and δt are the concentration and 
isotopic composition of UVI at time t. The fractionation factors (ε) were obtained from the slope (α − 1) of the linear 
regression of the experimental data in linearised plots of ln(δ238U + 1000 ‰) versus ln(ct/c0), where ε = (α − 1) × 1000. 
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Decomposition of ε 
 
To calculate the contribution of the nuclear field shift effect (NFSE) and the mass effect to the fractionation factors 
obtained for each isotope during the enzymatic reduction, we used the methods of Fujii et al. (2009) and Moynier et al. 
(2009) to obtain the scaling factors of the conventional mass effect and the nuclear field shift term that appear in 
Bigeleisen’s (1996) equation: 
 

ln α = 6.*
/0
7 𝑓1 × 𝐴 +

-
!2
6 ℏ
/0
7
! 45
551 × 𝐵,   (Eq. S-3) 

 
where fs is the field shift frequency, h is the Planck constant, c is the speed of light in a vacuum, k is the Boltzmann 
constant, T is temperature and ħ is the reduced Planck constant; m and mʹ are the masses of the heavy and light isotopes 
and 𝛿m equates to the mass difference, m − mʹ. Here, A is the scaling factor for the nuclear field shift effect (the first 
term on the right-hand side of Eq. S-3) and B is the scaling factor of the mass-dependent vibrational effect. We modified 
the mass-dependent fractionation term for the kinetic effect according to Zheng and Hintelmann (2010) after Young et 
al. (2002). As the field shift frequency is proportional to the mean-squared nuclear charge radius (𝛿⟨r2⟩235,i = 𝛿⟨r2⟩i − 
𝛿⟨r2⟩235) (Bigeleisen, 1996), at constant temperature, Equation S-3 can be simplified to: 
 

ln α = 𝛿〈𝑟!〉 × 𝑎 + ln 65!"$
52

7 × 𝑏,  (Eq. S-4) 

 
where a and b are new scaling factors. Equation S-4 can then be linearised by rearrangement to give: 
 

62
78(5!"$ 52⁄ ) =

4〈;!〉!"$,2
78(5!"$ 52⁄ ) × 𝑎 + 𝑏.   (Eq. S-5) 

 
The scaling factors were then obtained from linear plots of the above parameters. The fractionation factors, ε (≈ ln α), 
for each isotope of mass mi, with respect to 235U (m235), were obtained from the Rayleigh distillation models. Mean 
square nuclear charge radii (𝛿⟨r2⟩235,i = 𝛿⟨r2⟩i − 𝛿⟨r2⟩235) for each atomic mass were taken from Angeli and Marinova 
(2013). The contributions of the nuclear field shift term and the mass term to the overall observed fractionation factor 
were then calculated using Equation S-4. 
 
Ab initio calculation of εeq between UVI and UIV 
 
We modelled the tri- and di-carbonate complexes, i.e. UO2(CO3)34− and UO2(CO3)22−, as the UVI species because they 
are the dominant UVI species under our experimental conditions (Fig. S1). The dominant product of UVI reduction by S. 
oneidensis MR-1 under these same conditions is a non-uraninite UIV (Stylo et al., 2015). As ningyoite (CaU(PO4)2) is a 
close analogue of these non-crystalline biotic reduction products (Bernier-Latmani et al., 2010; Alessi et al., 2014; Sato 
et al., 2021), we modelled the UIV as a cluster of ningyoite (H26CaU(PO4)102+), as established previously (Sato et al., 
2021). 

εeq was calculated as the sum of the nuclear mass term, ln Knm (Bigeleisen and Mayer, 1947), and the NFSE 
term, ln Kfs (Bigeleisen, 1996; Nomura et al., 1996; Fujii et al., 2009), at a temperature of 298 K, the same as the 
microbial UVI reduction experiments: 
 

ε=> = ln	𝐾8? + ln	𝐾@A.   (Eq. S-6) 
 
The nuclear mass term, ln Knm, was calculated as a difference in the logarithms of the reduced partition function ratio, 
𝛽, of UIV and UVI: 
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ln	𝐾8? = ln	𝛽GUBCH − ln	𝛽GUCBH ,  (Eq. S-7) 

 
where, ln 𝛽 is described by the harmonic frequencies, 𝜈: 
 

ln	𝛽 = ln J∏ D2
D2
1
E452 !⁄ (-,E452)F

E452
1 !⁄ G-,E452

1
HI

J L , 𝑢J ≡
.K2
/70

.  (Eq. S-8) 

 
Here, h is the Planck constant, kB is the Boltzmann constant and T is the absolute temperature. The indices of the 
vibrational modes are denoted by the subscript i, and the quantities for the light isotope are indicated by the prime 
notation. 

The NFSE term, ln Kfs, was calculated from the ground-state electronic energies of isotopologues of UVI and 
UIV: 
 

ln	𝐾@A = PQ𝐸G U!"# CBH − 𝐸G U!"L CBHS − Q𝐸G U!"# BCH − 𝐸G U!"L BCHST 𝑘M𝑇⁄  . (Eq. S-9) 
 
The geometry optimisation and the vibrational analysis for the calculation of ln Knm were conducted with the Gaussian 
09 software package (Frisch et al., 2009). These calculations used density functional theory (DFT) with the hybrid 
exchange-correlation functional consisting of Becke’s (1993) three-parameter non-local hybrid exchange potential with 
Lee-Yang-Parr non-local functionals (B3LYP) (Lee et al., 1988; Stephens et al., 1994). We used Stuttgart-type small 
core relativistic pseudopotentials named ECP60MWB (Küchle et al., 1994) with a contracted Gaussian basis set of [10s, 
9p, 5d, 5f, 3g] (Cao and Dolg, 2004) for U and the 6-31+G(d) basis set for the remaining atoms. The solvation effects 
were modelled by using the polarisable continuum model (Scalmani and Frisch, 2010) assuming the water solvent 
condition, i.e. a dielectric constant of 78.39. 

Vibrational frequencies for the 233U isotopologue could not be calculated because the mass data for 233U is not 
supported in Gaussian 09. Therefore, ln 𝛽 for 233U/235U was estimated by extrapolating the data from ln 𝛽 for 234U/235U, 
236U/235U, and 238U/235U using the proportional relationship between ln 𝛽 and mass. 

For the optimised ground-state geometry, we performed the electronic energy calculations with DIRAC16 
software package (Jensen et al., 2016; Saue et al., 2020) at the Hartree-Fock (HF) and DFT levels with the exact two-
component (X2C) relativistic Hamiltonian (Iliaš and Saue, 2007; Liu, 2010; Saue, 2011; Knecht et al., 2022) to calculate 
ln Kfs. In the X2C-DFT calculations, we used the B3LYP hybrid exchange-correlation functional (Lee et al., 1988; 
Becke, 1993; Stephens et al., 1994). We used the Dyall.cv2z basis set (Dyall, 2007) for U and the 6-31+G(d) basis set 
for the remaining atoms. 

To model the nuclear volume of each isotope, we used the Gaussian-type finite nucleus model (Visscher and 
Dyall, 1997) with the experimentally determined root-mean-square nuclear charge radii of 233U, 235U, 236U, and 238U 
which are 5.8203 fm, 5.8337 fm, 5.8431 fm, and 5.8571 fm, respectively (Angeli and Marinova, 2013). 

For each molecular model, we optimised only the wave functions of 238U isotopologue and used them to 
calculate the electronic energies of other isotopologues. This strategy is based on the demonstration of the previous 
studies that the effect of the optimisation for a single isotope is minor (Fricke and Waber, 1972; Filatov, 2007; Knecht 
et al., 2011) and may suppress the unphysical numerical errors caused by the optimisation of the wave functions of all 
the isotopologues (Sato et al., 2021). 
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Supplementary Table 
 
Table S-1 ln Kfs (nuclear field shift effect term), ln Knm (nuclear mass term) and εeq (total fractionation factor) for 
the reduction of the two dominant species of UVI-carbonate to UIV. ln Kfs was calculated by either X2C-Hartree-Fock 
(X2C-HF) or X2C-B3LYP, and the values are shown in the columns of “HF” and “B3LYP”, respectively. Likewise, the 
total fractionation factor is shown for both calculation methods of ln Kfs. All values are shown in units of ‰ (permil). 
The computational methods are described above. 
 

Reaction Isotope pair 
ln Kfs ln Knm 

εeq 
HF B3LYP HF B3LYP 

UVIO2(CO3)34− ⟶ CaUIV(PO4)2 
233/235 −2.03 −1.36 0.58 −1.45 −0.78 
236/235 1.47 0.97 −0.29 1.18 0.68 
238/235 3.57 2.21 −0.86 2.71 1.34 

UVIO2(CO3)22− ⟶ CaUIV(PO4)2 
233/235 −1.83 −1.17 0.55 −1.28 −0.62 
236/235 1.31 0.83 −0.27 1.04 0.56 
238/235 3.21 1.87 −0.81 2.39 1.06 

 
 
 
 
Supplementary Figures 
	

 

 
Figure S-1 Aqueous U speciation as a function of pH in systems containing 200 µM U and 30 mM sodium 
bicarbonate at 25 °C. Calculations were performed using MINEQL+ v5 using updated formation constants for uranium 
carbonate complexes (Guillaumont et al., 2003; Hummel et al., 2005). Below pH ~5.5, only U species contributing 
>0.5 % of the total U have been included in the plot in order to simplify visualisation. 
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Figure S-2 Linearised plots of δ𝑥/235U isotope signatures, as a function of reaction progression. Filled and open 
symbols depict duplicate reactors. Linear regressions represent Rayleigh distillation models and their corresponding 
isotope enrichment factors (ε) and R2 values for the mean of duplicate reactors. 
 
 
 

 
Figure S-3 (a) Fractionation factors (ε) for each atomic mass. Symbols and error bars depict the mean and standard 
deviation of duplicate reactors. Where not visible, the error is within the size of the symbol. The dotted line represents 
the linear regression of the even isotopes only. (b) Slopes of the three-isotope plots, 𝜃, relative to the 235U/238U pair. 
Slopes were calculated according to Nomura et al. (1996) and defined as follows: 𝜃 = ln 𝛽(j/238) / ln 𝛽(235/238), where j = 
233, 235, 236 or 238 and 𝛽(j/238) = r(j/238),i /r(j/238),0. Here, r represents the isotopic ratio for the respective isotope pairs for 
a given sample (i) or the starting material (0). The mass difference of 0 = 238U, 2 = 236U, 3 = 235U and 5 = 233U. The 
dotted line represents the linear regression of the even isotopes only. 
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Figure S-4 (a) Fractionation factors (ε) for the mean square nuclear charge radii of each isotope (𝛿⟨r2⟩235,i = 𝛿⟨r2⟩i 
− 𝛿⟨r2⟩235). Symbols and error bars depict the mean and standard deviation of duplicate reactors. Where not visible, the 
error is within the size of the symbol. Mean square nuclear charge radii for each atomic mass were taken from Angeli 
and Marinova (2013). (b) Fractionation factors (ε) for each atomic mass. Symbols and error bars depict the mean and 
standard deviation of duplicate reactors. Where not visible, the error is within the size of the symbol. 
 
 

 

 
Figure S-5 (a) Aqueous uranium concentrations during equilibrium isotope exchange experiments between ~100 
µM aqueous UVI-carbonate (30 mM sodium bicarbonate) with an initial isotopic composition of ~5 ‰ and ~43 µM of 
solid UIV product of the bioreduction experiments with an initial isotopic composition of 0 ‰. Samples were filtered 
through 0.22 µm filters. Symbols and error bars depict 1 standard deviation of the mean of duplicate reactors. Where 
not visible, the error is smaller than the symbol size. (b) δ238U values of the aqueous U over time. Symbols and error 
bars depict 2 standard deviations of the mean of triplicate measurements. 
 

 

R² = 0.985

-1.0

-0.5

0.0

0.5

1.0

1.5

232 233 234 235 236 237 238

!‰
 fo

r "
/2

35
Atomic mass

b

R² = 0.996

-1.0

-0.5

0.0

0.5

1.0

1.5

-0.2 -0.1 0 0.1 0.2 0.3

!‰
 fo

r "
/2

35

#⟨r²⟩₂₃₅,i (fm²)

a

0

1

2

3

4

5

0 50 100 150 200

!2
38

U
 a

q.
 [‰

]

Time [days]

A replicate

B replicate

b

0

20

40

60

80

100

120

140

0 50 100 150 200

U
 a

q.
 [µ

M
]

Time [days]

0‰ U(IV)-solid + 
5‰ U(VI)O₂(CO₃)x

a



 
 
	

Geochem. Persp. Let. (2023) 27, 43–47 | https://doi.org/10.7185/geochemlet.2333  SI-8 

	

 
Figure S-6 Isotope enrichment factors, ε, for each atomic mass with respect to 235U. Recalculated values represent 
the sum of the extracted mass and nuclear volume terms, determined by the methods described by Fujii et al. (2009) and 
Moynier et al. (2009), after Bigeleisen (1996). The dotted red line represents the linear regression of the recalculated 
values of the even isotopes only and indicates the presence of the odd-even staggering trend (deviation from mass 
dependence). 
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