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M Cerium isotopic constraints on oceanic redox conditions: Insights

from first-principles calculations
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I Abstract https://doi.org/10.7185/geochemlet.2609
S oxidised ocean | Oceanic redox conditions are important for understanding life explosions, mass
OO, 8IS g extinctions and surface environments. Stable cerium (Ce) isotopes may provide a
T’  NogaiiveCo- useful proxy for oceanic redox conditions by combining Ce anomalies in stratigraphic
@ - cecaco, profiles. However, the quantitative response of Ce isotope compositions to redox
4 Rosucanty v conditions has yet to be investigated. Here, we estimate equilibrium Ce isotope frac-
o B tionation factors between marine authigenic minerals to constrain Ce isotope com-
R ey positional variations under different redox conditions using first-principles

to or even larger than that of 10°Inog,ss. The 103142140

= calculations. Cerium isotope fractionations (10°Inoir,,;) between minerals are con-

X trolled by mass-dependent (10%Inay.ss) and mass-independent isotope fractionation

factors (10°Inayyg). Our results show that the magnitude of 103Inenyg is comparable
Ototal Values between seawater and minerals are +0.40, —0.34, +0.11 and

—0.07 %o for manganese oxides, phosphates and Ce®*- and Ce**-doped calcites, respectively. In a locally oxidised ocean, the
precipitation of manganese oxides increases the Ce isotope composition (§'4214°Ce) of seawater; in an anaerobic ocean, the pre-
cipitation of phosphates decreases the §'*210Ce value of seawater. Therefore, calcite can faithfully record seawater §'4*14°Ce
values because of the limited Ce isotope fractionations in those redox conditions.
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¥ Introduction

Oceanic redox conditions critically impacted palaeoclimate,
palaeoenvironment and life evolution throughout the Earth’s
history (Bellefroid et al., 2018). Cerium (Ce) has been used as
a sensitive proxy for redox conditions because Ce** distinguishes
itself from other trivalent rare earth elements (REEs) during pre-
cipitation processes in oxidised oceans, shifting Ce concentra-
tions relative to those of neighbouring elements (known as
the Ce anomaly; Tostevin, 2021; Zhang and Shields, 2022).
Specifically, trivalent Ce cations in the ocean are oxidised to
tetravalent Ce by adsorption onto iron and manganese oxides,
and Ce is eliminated from seawater via manganese oxide precipi-
tation (Ohta and Kawabe, 2001). This process produces a posi-
tive Ce anomaly in the deposited oxides and seawater preserves
a negative anomaly (Nozaki and Alibo, 2003). Subsequently,
seawater REE features, including negative Ce anomalies, can
be recorded in marine calcites because of their comparable par-
titioning coefficients when incorporated into the calcite lattice
(Voigt et al., 2017). This framework is one of the foundations
for understanding palaeo-ocean redox conditions from marine
carbonates (e.g., Kamber ef al., 2004; Tostevin, 2021; Zhang
and Shields, 2023).

Negative Ce anomalies in ferromanganese nodules can be
ascribed to the input of hydrothermal REEs during diagenetic
processes (Elderfield and Greaves, 1981); siderophores and other
organic ligands can also produce Ce anomalies via bio-mediated

Ce oxidation under anaerobic conditions (Kraemer and Bau,
2022). Meanwhile, positive Ce anomalies can be imprinted in
marine carbonates by porewaters, masking primary seawater
values (Zhang and Shields, 2023). These results indicate that
Ce anomalies are not always linked to the oxidation state during
oxidative weathering (e.g., Lief al., 2023; Bai et al., 2024) and that
a change in oxidation state does not necessarily generate Ce
anomalies in ferromanganese oxides (Nakada et al., 2017).
Additionally, redox-independent Ce anomalies have been
observed in banded iron formations (e.g., Bonnand et al.,
2023), complicating the relationship between Ce anomalies
and oxidation state. Thus, utilising Ce anomalies to reconstruct
the palaeo-oceanic environment requires additional constraints.

Cerium isotopes can be a powerful tool for tracking redox
conditions because they are significantly fractionated during oxi-
dative adsorption on ferromanganese oxides (Nakada et al.,
2013). Under ambient conditions, Ce isotopes are only slightly
fractionated during spontaneous precipitation and ferric oxide
adsorption, but significant fractionations occur during manga-
nese oxide adsorption (Nakada et al., 2013, 2017) and ferroman-
ganese oxide formation in hot springs (Nakada et al., 2016).
Although Ce isotope compositions in weathering profiles corre-
late with the average Ce valence state, there is no correlation
between the Ce anomaly and average valence state (Li et al.,
2023; Bai et al., 2024), indicating that it may be more straightfor-
ward to use Ce isotopes to trace redox conditions. However, the
mechanism of Ce isotope fractionation in Ce-bearing minerals,
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such as calcite, has not been investigated, limiting our under-
standing of palaco-ocean environments.

Many stable isotopes undergo mass-dependent fraction-
ations, whereas Ce isotopes also undergo mass-independent
fractionations (Schauble, 2023). Mass-independent Ce isotope
fractionations mainly result from the nuclear volume effect
(NVE) because the anharmonic vibration and Born-
Oppenheimer approximation are negligible for heavy elements
(Bigeleisen, 1996). First-principles calculations are a powerful
tool for estimating mass-dependent equilibrium isotope frac-
tionation factors between complex minerals, fluids and melts

(e.g., Rabin et al., 2023; Duan and Huang, 2024). All-electron
molecular Dirac-Hartree-Fock calculations have been used to
explore relativistic electron configurations and determine the
impact of the NVE on Hg, Tl and Pb isotope fractionations in
cluster models (Schauble, 2007). Here, we use a methodology
developed for periodic boundary conditions to understand
the impact of the NVE on Ce isotope fractionations between
minerals (Schauble, 2013).

In this study, we calculated the mass-dependent and
mass-independent equilibrium Ce isotope fractionation factors
(10°In0tpfass and 10%Inanye) between marine authigenic minerals
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Figure 1

Cel/Ca

10%Inp versus 10%/T? (left panels) and Ce/Ca (right panels) in Ce-bearing calcites. In Ce**-doped calcites and Ce**-doped calcites,

103In142136B 1.6, 1031013811363 and 103In142140B,. values increase as Ce/Ca decreases from 1/4 to 1/48, then converge as Ce/Ca further

decreases from 1/48 to 1/64.
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to construct how Ce isotopes respond to marine redox changes.
Cerium removal from oxidised oceans is dominated by the pre-
cipitation of manganese oxides. On these surfaces, aqueous Ce
species are oxidised to form CeO, (Ohta and Kawabe, 2001;
Marcus et al., 2018). Cerium removal from anaerobic oceans is
controlled by the crystallisation of phosphates, such as monazite
and florencite (Manceau et al., 2025). Although calcite is not the
primary mineral influencing Ce fluxes, the trace amounts of Ce
found in various carbonate rocks can indicate the characteristics
of Ce isotopes in seawater. Ce is a trace element in carbonates
and may be incorporated into calcite in the same manner
as boron (Phillips et al., 2023). We investigated Ce incorporation
in calcite using (Ce®*+Na®)-2 Ca?* and Ce't-2 Ca*
configurations with Ce/Ca ratios ranging from 1/4 to 1/64
(Fig. S-1). We calculated equilibrium Ce isotope fractionation
factors between Ce®*- and Ce4+—doped calcites, cerianite
(CeOy), percleveite (Ce;Si,07), monazite (CePO4) and florencite
(CeAl3(PO,),-(OH)g) to explore the impact of redox conditions on
Ce isotope compositions in oceans.

I Results and Discussion

The effect of Ce concentration on 10°Inf. The chemical composi-
tion can influence reduced partition function ratios (10°InBysass)
by altering the concentration, bond length, coordination number
and electronegativity of substituted elements (Méheut et al.,
2009). Since Ce is a trace element in calcite, we need to examine
concentration and isotope effects of Ce/Ca on 10%InByae. In
Ce%*-doped calcites, 10°In'3/1308, 10°In'421408 and 10°In'42/1%8
increase as Ce/Ca decreases from 1/4 to 1/48, but they converge
to 0.99, 0.94 and 2.90 %o, respectively, when Ce/Ca decreases
from 1/48 to 1/64 (Fig. 1). The discrepancies in calculated
1031381368, 103In'421408 and 10°In'2/1%8 values between
Ce/Ca=1/48 and 1/64 are less than 0.01 %o, which is signifi-
cantly lower than the analytical errors on natural samples.
Therefore, the effect of Ce concentrations on these 1031nBMaSS
value in Ce**-doped calcites is negligible when Ce/Ca < 1/48.
The Ce**-doped calcites exhibit a similar relationship between
10%InPpass and Ce/Ca, with a limited difference of 0.06 %o
between Ce/Ca=1/48 and 1/64. Meanwhile, Ce-O bond
lengths also stabilise at certain values as the Ce/Ca decreases
to 1/48 and 1/64 in Ce**- and Ce**-doped calcites (Table S-1).
Hence, the 10°InByy.ss values in Ce®*- and Ce?*-doped calcites
with Ce/Ca =1/64 can represent Ce dilution in natural calcites.
This concentration and isotope effect implies that for trace
elements in minerals, we should calculate isotope fractionation
factors in supercells until the fluctuation of 10°InByy,es is smaller
than the measurement uncertainty.

Nuclear volume effect on 10°Ina. The equilibrium Ce
isotope fractionation factors between minerals and florencite
are composed of mass-dependent and mass-independent

arts  (10%Inaroa = 10°IN0ass + 10°IN0nve). The  values  of
10%In138/1300 1o 1031421400, and 10%In'42/130q ;. decrease
in the following sequence: Ce**-doped calcite, Ce>*-doped cal-
cite, percleveite, monazite and cerianite (Fig. S-5a—c).
Additionally, 10%In'#/130ay, o is larger than 10%In'31%0y . in
the same mineral, whereas 10°In'*¥0 .. is similar to
10°In"38/1%6 4. This is consistent with the prediction of mass-
dependent isotope fractionation theory based on the mass differ-
ence between Ce isotopes (Urey, 1947). In contrast, there is no
common consensus across the 38Ce/13Ce, 142Ce/10Ce and
142Ce/1%Ce nuclide ratios for mass-independent equilibrium
Ce isotope fractionation factors. For example, at 300 K,
103200y and 10%In"B30q; have approximately the
same negative values and decrease in the following sequence:
monazite, percleveite, cerianite, Ce4+—doped calcite and Ce®+-

Q)EAC

doped calcite. However, 10°In'3¥130x g values are limited to

the range 0.001 to 0.005 %o and decrease in the opposite sequence
(Fig. S-5d-f). This result indicates that, unlike those in 142Ce/!%Ce
and *2Ce/**Ce pairs, the Ce isotope fractionation factors in the
138Ce/136Ce pair are unaffected by the NVE (Fig. 2a). The differ-
ence in the mean-squared nuclear radii ([r]?) between the
138Ce and 136Ce nuclides is —0.002 A2, whereas those between
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Figure 2 The effect of nuclear volume on Ce isotope fraction-
ations between minerals. Mass-dependent, mass-indepen-
dent, and total equilibrium Ce isotope fractionation factors of
103In14%136q, 10338136 and 10%In'4%'%0q between Ce3*-calcite
and florencite are compared as a case study.
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142Ce and 0Ce nuclides and between *2Ce and *3°Ce nuclides are
40.281 and +0.312 A, respectively. Because 10°Inonyg depends
on the electron density around the nucleus and [r]* (Bigeleisen,
1996; Schauble, 2013), the difference in [r]> dominates the differ-
ence among 10°In"331%0ay g, 10°In 142400y and 10321300y

At 300 K, the 10°In142/136q, ;.. and 10°In142/130q i values
of Ce3*-doped calcite are +1.13 and —0.86 %o, respectively,
implying that the absolute value of 1032y is smaller
than those of 10°In'*%1%q, .. and 103In**36qx because of
their opposite isotope fractionation directions. At 300 K, the
103142400 1. and 104200y values of Ce®*-doped cal-
cite are +0.37 and —0.78 %o, respectively, implying that the NVE
is about twice as significant as the mass-dependent fractionation
and dominates the Ce isotope fractionation directions. These
results indicate that the NVE impact on Ce isotope fractionation
factors cannot be neglected, especially under high-temperature
conditions (Fig. 2b,c). Overall, the measurable Ce isotope

fractionation between Ce-bearing minerals indicates that Ce iso-
topes recorded in stratigraphic profiles can be used to reconstruct
redox conditions of palaeo-oceans.

Implications for palaeo-seawater redox conditions. Cerium
fluctuations in seawater are influenced by specific minerals pre-
cipitating. The Ce flux in oxidised oceans is predominantly regu-
lated by manganese oxide precipitation because Ce®* can be
oxidised and adsorbed onto the surface of manganese oxides
to form tetravalent Ce oxides (CeO,) (Takahashi et al., 2000;
Nakada et al., 2013), removing Ce and producing negative Ce
anomalies in seawater (Fig. 3). Because REEs do not fractionate
significantly during incorporation into calcite (Voigt et al., 2017),
calcite precipitates capture the negative Ce anomalies of oxidised
oceans. In contrast, phosphate precipitation dominates the Ce
flux in anaerobic oceans because Ce cations and CePOy clusters
can be incorporated into phosphatic lattices (Manceau et al.,
2025), which does not produce Ce anomalies in calcites. These
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Figure 3 Schematic diagrams of Ce isotope variations in oxidised and anaerobic ocean domains. The initial Ce isotope composition
(8'42/40Ce) of seawater is assumed to be 0.0 %o. We assumed that Ce flux (ca. 90 %) is primarily controlled by the precipitation of manganese
oxides in oxidised oceans, but is governed by phosphate precipitation (ca. 50 %) in anaerobic oceans. Under seawater conditions at pH 8, the
Ce isotope fractionation factors between seawater and minerals are shown in Table S-3. Deposition of manganese oxides can increase
§142/'40Ce values in seawater, which are otherwise decreased by the deposition of phosphates. Calcite can therefore reflect the §'4%'40Ce
value of seawater with limited Ce isotope fractionation at pH 8.
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processes can lead to significant differences in Ce isotope com-
positions between seawater, manganese oxides, carbonates and
phosphates, which may provide a promising tool for investigat-
ing oceanic redox conditions (e.g., Nakada et al., 2013; Bonnand
etal., 2023; Li et al., 2023; Bai et al., 2024). However, quantitative
Ce isotope fractionation factors have not yet been investigated
for these processes. This study shows that the 10%In"20qp
values of manganese oxides (CeO,), phosphates (CePO,) and
Ce3*- and Ce**-doped calcites are —0.55, +0.04, —0.41, and
—0.24 %o, respectively (Table S-2), providing a theoretical foun-
dation for tracing redox conditions.

To construct oceanic redox models, we developed a series
of models to simulate changing §'#?/1°Ce values under different
redox conditions by Rayleigh and batch isotope fractionations
(Wang et al., 2021). Variations of §'*?4’Ce in seawater during
mineral precipitation can be described by Rayleigh fractionation as:

(Eq- 1)

Variations of §%?40Ce in seawater during mineral
precipitation can also be described by batch fractionation as:

5142/140Cesw - (6142/140CeSWO+103)fo(A_B—1 _ 103

8142/140Cegyy = 8142/140 Cego+(1 — f) X (10% In ay_)10°
(Eq. 2)

In Equations (1) and (2), §"4¥9Cegyy and 8§"¥140Cegyy
represent the Ce isotope compositions in instantaneous and ini-
tial seawater, respectively. Phase A and B represent precipitated
minerals and seawater, respectively. The §%140Cegyy value is
assumed to be 0.0 %o. The 103In**20,..; value of cerianite
(CeOy,) can be considered a substitute for that of manganese
oxides because CeO; is the primary form of Ce absorbed onto
manganese oxides. At 300 K, the difference between the
10%In142140q1. .1 values of monazite (CePO,) and florencite
(CeAl3(POL)»(OH)g) is limited to +0.04 %o (Table S-2); therefore
we use the 10°In#?40q . ; value of CePOy to represent that for
phosphates. The metal species present in fluids significantly in-
fluence isotope fractionations between minerals and fluids
(Duan and Huang, 2025). The abundance of aqueous Ce species,
including Ce*t, Ce(OH)%*, Ce(CO3)* and Ce(CO3),™, changes
with seawater pH (e.g., Nakada et al., 2013, 2017). Ce3* is the
dominant species at a pH of ca. 5; under these conditions, the

103In142/1%0, .1 value between seawater and manganese oxides

is about +0.4 %o (Nakada ef al., 2017). Based on the relationship
of calculated 10°In'*?0qr,; values between phosphates and
manganese oxides, 10°In™?0qp, values between seawater
and phosphates are about —0.19 %o (Fig. 4). These Ce isotope
fractionation factors and Ce isotope compositions of seawater
throughout geological history can be adjusted appropriately to
consider different pH conditions, dominant species and compo-
sitional values in future works.

These simulations demonstrate that manganese oxide
precipitation increases seawater §2%%Ce values, whereas
phosphate precipitation reduces seawater §'2'40Ce values
(Fig. 4). If precipitated particles are suspended in the euphotic
zone for an extended period of time and reach equilibrium with
seawater, the batch fractionation model should control the Ce
isotope fractionation between deposited phosphate or manga-
nese particles and seawater. In the batch isotope fractionation
model, the respective §'4214°Ce values of seawater and depos-
ited manganese nodules increase from 0.0 and —0.4 %o to
+0.4 and 0.0 %o. Similarly, the respective §421Ce values of
seawater and deposited phosphates decrease from 0.0 %o to
—0.2 %o and +0.2 %o to 0.0 %o. These findings imply that
AM1480Ce between seawater and precipitated particles is consis-
tent with their 103In'42™0q .. values and is unrelated to the
proportion of Ce removal (f). In contrast, if precipitated particles
are rapidly removed from surface seawater, the change of sea-
water §'¥140Ce values should be controlled by Rayleigh frac-
tionation. When f is less than 50 %, the §'?1%0Ce values of
seawater and deposited minerals in the Rayleigh fractionation
model are similar to those in the batch fractionation model.
However, when fis larger than 50 %, the §'4214°Ce value of sea-
water may increase to +1.0 %o or decrease to —0.5 %o with the
precipitation of uniquely manganese oxides or uniquely phos-
phates, respectively. Hence, it is essential to consider the propor-
tion of Ce removal and 10°In"?%0 ., during precipitation
when assessing §'42140Ce variations in seawater.

Finally, we explore another isotope box model based
on actual seawater conditions, assuming a pH of 8 and
8142140Cegyy0 = 0 %o. Ce(COz)* and Ce(CO3),™ are major aque-
ous Ce species, and the 10°In'40y .| value between seawater
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Figure4 The Ce isotope variation model as Ce is eliminated from (a) oxidised and (b) anaerobic oceans. The initial Ce isotope composition
(8'%2140Ce) of seawater is assumed to be 0.0 %o. The equilibrium Ce isotope fractionation factors between seawater and manganese oxide,
and between seawater and phosphates are set to +0.4 %o and —0.19 %o, respectively, based on this study and prior experimental results
(Nakada et al., 2013; Bonnand et al., 2023). The proportion of Ce removal is represented as f (%). The Ce isotope fractionation factors
between minerals calculated herein were used for Rayleigh and batch isotope fractionation models at 300 K.
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and manganese oxides is about +0.25 %o in this condition
(Nakada et al., 2017). Based on our calculated 10°In"#240q,.;
values in Ce-bearing minerals, the 10°In*?0qr ., value
between seawater and phosphates is about —0.34 %o; the
10%In142/1%0. .1 values between seawater and Ce>*-doped cal-
cites and between seawater and Ce**-doped calcites are about
+0.11 and —0.07 %o, respectively (Table S-3). Whereas the dis-
tribution of Ce oxidation states in calcites remains unknown, the
Ce isotope fractionation between seawater and calcites with a
dominant tetravalent or trivalent form has been constrained.
In well-oxygenated oceans (as at present), manganese oxides
precipitate out of the ocean, removing almost all soluble Ce by
CeO, adsorption (f>90 %; Nozaki and Alibo, 2003; Nakada
et al., 2017). Based on batch fractionation models, the deposited
manganese oxides have §'¥140Ce & 0.0 %o, similar to initial sea-
water compositions. The §14%10Ce value of seawater should
increase to + 0.4 %o, and deposited calcites can record such high
§142/140Ce signatures and negative Ce anomalies because of lim-
ited Ce isotope fractionation between seawater and calcite
(Fig. 3). In anaerobic oceans, Ce removal is dominated by phos-
phate precipitation. If we assume that 50 % of the Ce is removed
from seawater through phosphate precipitation, then the depos-
ited phosphates and seawater exhibit §'4214°Ce values of +0.17
and —0.17 %o, respectively. Hence, deposited calcites in anaero-
bic oceans can record low §'42140Ce signatures of —0.17 %o with-
out any Ce anomaly. These findings show that the §'2140Ce
values of deposited calcites, phosphates, and manganese oxides
are significantly different in oxidised or anaerobic oceans, imply-
ing that a shift of §'**1*°Ce values in stratigraphic profiles may be
utilised to signal the redox conditions of the ocean. The pH and
Ce species in seawater should be considered in different condi-
tions, as they will affect assessments of the Ce isotope fractiona-
tion factors between minerals and seawater. Importantly,
mineralogical analyses of sedimentary rocks, particularly the
ratios of carbonate to phosphate and manganese oxide, are
the foundation for the application of Ce isotopes to infer marine
redox conditions.
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