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ABSTRACT

The improving sensitivity of mass-spectrometers has opened the potential of using stable isotope signatures of the
rare Earth elements (REE) as geochemical tracers. However, thus far only limited studies have utilised REE stable
isotopes, despite resolvable variations having been observed in a range of systems. An interesting but poorly
explored area remains variations in aqueous environments across a range of temperatures including seawater,
marine sediments, ion adsorption deposits or hydrothermal systems. Furthermore, the magnitudes and
competing effects of mass-dependent isotope fractionation and mass-independent nuclear field shift effects,
which can be significant factor for heavy elements especially at high temperatures, remain poorly understood.

To contribute to a holistic understanding of REE isotope signatures, we calculated reduced partition function
ratios (as 10°Ing) for mass-dependent and nuclear field shift effects for aqueous La, Ce, and Nd complexes from
first principles. Theoretical calculations were compared with experimental data, and this demonstrates that
calculations involving a combination of two explicit hydration shells and additional implicit solvation effects are
required to accurately describe the coordination and molecular vibrations of aqueous complexes. This data was
then combined with speciation modelling of seawater and hydrothermal fluids to assess isotope fractionation in
hydrous systems. The predicted magnitude of isotope fractionation is significant in low (T = 25 °C) temperature
systems (A3 138Lay min = 0.20 %o, AM*2/140Cey vin = 0.33 %o, A **Ndyaymin = 0.34 %o) and remains
above currently achievable analytical uncertainties even at high (T = 500 °C) temperatures (+0.015 %o for 5-4%/
144Nd; 4+0.040 %o for 5'4¥140Ce). Unless oxidation occurs, which is only relevant for Ce in terrestrial environ-
ments, nuclear field shift effects are negligible even at temperatures up to 500 °C. The large difference in nuclear
charge radius between *°Ce and 1*%Ce strongly enriches the lighter Ce isotope in the higher oxidation state
(1031nﬁCe(1V)_cE(HD = —0.45 at 25 °C) which almost completely cancels out the opposing mass-dependent effect
(1031nﬂCe(lv)_Ce(m) = 40.46 at 25 °C). This means that variations in §'4%/14°Ce isotope signatures cannot easily be
related to oxidation in ancient or recent environments.

1. Introduction

sediments are used to assess paleoenvironmental redox conditions and
hydrothermal sources, respectively (Danielson et al., 1992; German and

The rare Earth elements (REE) are a group of elements that consists
of the lanthanides, Sc, and Y, which are of interest due to their subtle
chemical differences and unique properties. The behaviour of REE in
hydrous systems like seawater and rivers has been extensively investi-
gated to understand their geochemical cycling and major sinks and
sources (Elderfield, 1997; Pease and Rollinson, 2021). Despite their
importance, so far, most work has focused on REE patterns and their
radiogenic isotopes. For example, radiogenic £'**Nd can be used to
assess river and sea water mixing while Ce and Eu anomalies in
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Elderfield, 1990; Lacan and Jeandel, 2005; Tostevin, 2021; Vance and
Burton, 1999). However, with the improving sensitivity of mass spec-
trometers, and renewed interested in REE due to accelerating industrial
demand, the application of stable REE isotopes will become of increasing
interest in the future. To date, a slowly expanding collection of studies
have exploited light REE (LREE) stable isotopes (Bai, J.-H. et al., 2023;
Bai et al., 2024; Hu et al., 2021; Hu et al., 2023; Nakada et al., 2013b) or
Ce (Bonnand et al., 2020; Li et al., 2023a; Liu et al., 2023; Nakada et al.,
2016; Pourkhorsandi et al., 2021) and Nd separately (Bai, J. et al., 2023;

0016-7037/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:mark.nestmeyer@my.jcu.edu.au
www.sciencedirect.com/science/journal/00167037
https://www.elsevier.com/locate/gca
https://doi.org/10.1016/j.gca.2024.10.007
https://doi.org/10.1016/j.gca.2024.10.007
https://doi.org/10.1016/j.gca.2024.10.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2024.10.007&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Nestmeyer and A.J. McCoy-West

Bothamy and Galy, 2021; Liu et al., 2018; McCoy-West et al., 2021;
McCoy-West et al., 2017, 2020a; McCoy-West et al., 2020b; McCoy-West
et al., 2022) mostly in high temperature environments and have
observed limited but resolvable mass dependent isotope variations, thus
their remains great potential to improve our understanding of REE
mobilisation using stable isotope signatures.

Mobility and solubility of REE depends on their aqueous speciation
which is controlled by the availability of ligands, pH, and temperature
and is important to understand geochemical cycles (Stumm, 1987).
Contribution of the REE to the ocean through hydrothermal vents and
riverine runoff provide the major sources of REE, while the formation of
Fe-Mn sediments on the ocean floor is the largest sink of REE in the
marine environment in both the past and present (Sholkovitz et al.,
1994; Sun et al., 2018; Turekian, 1977). Furthermore, remobilisation of
REE through complexation with for example fluoride ligands is a sig-
nificant mechanism in subaerial hydrothermal systems that can lead to
ore deposit formation (Migdisov et al., 2016). Likewise, sorption onto
clay minerals has been identified as a process for the formation ion
adsorption-type REE deposits (Sanematsu et al., 2016). Since aqueous
REE species show different stabilities and reactivities for adsorption
onto minerals, understanding the isotope fractionation between
different aqueous species is crucial to be able use stable isotopes as
tracers (Li et al., 2022; Nakada et al., 2017; Nakada et al., 2013b). The
range of different species that a metal can form in an aqueous solution,
all represent different bonding environments and therefore, metal iso-
topes will fractionate to varying extents between different coexisting
species as shown for numerous elements in previous studies (Black et al.,
2011; Fujii et al., 2023; Fujii et al., 2014; Li et al., 2009; Sherman, 2013;
Yang et al., 2015; Zhang and Shi, 2022; Zhao et al., 2021). According to
the principles of mass-dependent isotope fractionation at equilibrium,
heavier isotopes concentrate in bonding environments with shorter
bonds, lower coordination numbers, and higher oxidation states. How-
ever, elements with heavier masses like the REE will exhibit a smaller
magnitude of isotope fractionation, due to their smaller relative mass
differences (Schauble, 2004).

Isotope fractionation during ligand exchange and oxidation reactions
is also driven by mass independent effects (e.g. nuclear spin effect,
anharmonic vibration correction), among which only nuclear field shift
(NFS) effects are considered significant (Fujii et al., 2009; Yang and Liu,
2016). Nuclear field shift is proportional to the difference in nuclear
charge radii between two isotopes and is associated with atomic mass
but does not simply correlate with the number of nuclei (Yang and Liu,
2016). Nuclear field shift effects have been observed experimentally in
various exchange reactions and agree with theoretical calculations from
first principles (Abe et al., 2008; Fujii et al., 2012; Wiederhold et al.,
2010). The magnitude of isotope fractionation induced by NFS increases
rapidly with increasing mass and can dominate isotope fractionation in
heavy elements such as Eu and TI (Fujii et al., 2012; Schauble, 2023),
especially when changes in oxidation state occur. Also, in high tem-
perature regimes (i.e. magma chambers or hydrothermal systems) given
the magnitude of mass dependent isotope fractionation scales propor-
tional to 1/T? (Bigeleisen and Mayer, 1947), whereas NFS effects are
only proportional to 1/T, therefore NFS effects become more significant
with increasing temperature (Fujii et al., 2009).

Currently, however, for the REE the magnitude of both mass-
dependent and mass-independent isotope effects are not fully under-
stood, although a better understanding is crucial for accurate in-
terpretations of stable isotope signatures. This study uses a
computational quantum chemical approach to quantify the potential of
using light REE stable isotope signatures as tracers of chemical cycling
and ore deposit formation. We have calculated reduced partition func-
tion ratios (B-factors) for a range of aqueous species of La, Ce, and Nd for
the isotope ratios'®La/138La, 1%%Ce/'*0Ce, %°Nd/'*'Nd, and
148N q /144Nd., Here, we have focused on just the light REE (La-Nd)
because they show a similar ninefold coordination structures in aqueous
solutions based on synchrotron observations, with bonding environment

237

Geochimica et Cosmochimica Acta 388 (2025) 236-252

beginning to shift towards eightfold coordination for REE heavier than
Sm (Ishiguro et al., 2002; Persson et al., 2008). Given that Pr has only
one stable isotope (**1Pr) it has been omitted from this study. The ob-
tained p-factors were used to model the isotope fractionation between
aqueous species for hydrous systems at variable fluid conditions. To
assess the significance of mass-independent isotope fractionation effects,
nuclear field shift effects (NFS) were computed for variable aqueous
complexes and oxidation states for REE elements and modelled over a
temperature range up to 500 °C. This dataset is then used to discuss the
implications for REE isotope fractionations and cycling in a range of
hydrous environments.

2. Methodology
2.1. Mass dependent isotope fractionation

To quantify isotope fractionation between aqueous REE species we
calculated reduced partition function ratios (f-factors) from first prin-
ciples. Vibrational frequencies of optimised aqueous REE complexes
were calculated with density functional theory (DFT) in ORCA v.5.0.1
(Neese, 2011) using a cluster approach. Firstly, one hydration shell of
the aqueous complexes was optimised and then 16 additional water
molecules were added and again optimised (additional water molecules
moved to the third hydration shell). The number of water molecules in
the first hydration shell were taken from Zhang and Yan (2022) who
investigated the molecular structure for La complexes with the major
aqueous anion ligands Cl ™, F~, SO%’, CO%’, and HCOj3 through molec-
ular dynamic simulations. The conductor-like polarizable continuum
model (CPCM) was applied for additional implicit solvation effects in
water. The PBEO hybrid functional was used for all calculations (Adamo
and Barone, 1999). The def2 split-valence basis set was used for lighter
elements O, H, Cl, S, C, and F (Weigend and Ahlrichs, 2005). The def2
triple-zeta basis set was used for REE valence electrons together with a
Stuttgart-Dresden effective core potential (ECP) (Dolg et al., 1989) for
core electrons. A comparison of variable computational setups and why
the models described here are suitable to predict isotope fractionation is
discussed later in the article. Convergence tolerance for self-consistent
field (SCF) and geometry optimisation were set to 1.0E"°Eh and
2.0E~7 Eh, respectively. A denser integration grid ‘defgrid3' was used for
a more precise calculation. Complexes with unpaired valence electrons
(Ce®*, Nd®*) were treated with unrestricted Kohn-Sham (UKS) wave-
functions. The Split-RI-J coulomb approximation (Neese, 2003) has
been used with the def2/J auxiliary basis set (Weigend, 2006). Isotope
masses for La, Ce, and Nd were taken from Meija et al. (2016). Yielded
vibrational frequencies were used to calculate reduced partition func-
tion ratios for mass-dependent isotope fractionation (fyp) from 0 ° to
500 °C according to the equation (Bigeleisen and Mayer, 1947; Urey,
1947):

Y exp(—u/2)/(1 - exp(—u)

— el 1
P = 11yt expl(cui/2) /(1 = exp(ai) W
with

hC(Ui
T @

where h is Planck’s constant, c is speed of light, k is Boltzmann constant,
T is absolute temperature, w; is the i of 3N-6 vibrational frequencies
(where N = number of atoms in complex), and u’ refers to the lighter
isotope. No imaginary frequencies were observed which confirms a
successful geometry optimisation. For most anion complexes, the addi-
tion of 16 water molecules to the first hydration shell made some water
molecules move to a third hydration shell indicating two fully occupied
explicit hydration shells. Vibrational frequencies were visualised in
AVOGADRO (Hanwell et al., 2012). The REE-O stretch was identified by
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a ‘breathing’-like vibration of the first hydration shell along REE-O
bonds and has been compared with experimental data to validate the
computational setup (Rudolph and Irmer, 2020). Reduced partition
function ratios are expressed as 10°Ing which allows us to estimate the
difference in isotopic composition between two phases (4) in -notation
relative to a widely used reference material:

10%Ina,_g = 10°Ing, — 10%Ing, 3)
and
10%Ina,_p ~ S'REE, — §'REE; = A'REE, g 6]

Table 1
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where REE is either La, Ce or Nd, i refers to an isotope ratio, and A and B
represent two phases in isotopic equilibrium.

2.2. Aqueous speciation modelling

Aqueous speciation modelling was performed in PHREEQC
(Parkhurst and Appelo, 2013) with the Thermoddem database v1.10
(Blanc et al., 2012) which allows modelling of REE speciation at tem-
peratures up to 300 °C. Oxide species (e.g. REEO", REEO3) have been
excluded from the database because oxygen atoms kept on scavenging
hydrogens from water molecules during geometry optimisation result-
ing in hydroxide complexes. The behaviour of two different water

Calculated 10%Infyp (MD = Mass Dependent) values for aqueous La, Ce, and Nd complexes.

Species Temperature (°C)

0 25 50 100 200 300 400 500
Lanthanum Species
La(H,0)o(H20)3¢ 0.620 0.524 0.448 0.339 0.213 0.146 0.106 0.081
La(H0)s(H20)3¢ 0.649 0.549 0.470 0.355 0.223 0.153 0.111 0.084
LaCl(H,0)g(H,0)3¢ 0.589 0.497 0.425 0.321 0.201 0.138 0.100 0.076
LaCl(H,0),(H20)3¢ 0.656 0.556 0.477 0.363 0.230 0.159 0.116 0.089
cis-LaCly(H20)6(H20)6 0.574 0.485 0.416 0.315 0.199 0.136 0.099 0.076
trans-LaCl,(H20)6(H20){6 0.558 0.471 0.403 0.305 0.191 0.131 0.095 0.072
mer-LaCl3(H20)5(H20)16 0.501 0.422 0.361 0.272 0.170 0.116 0.084 0.064
fac-LaCl3(H20)s5(H20)16 0.535 0.451 0.386 0.291 0.182 0.125 0.091 0.069
LaF(H,0)g(H20)3¢ 0.684 0.579 0.496 0.376 0.236 0.162 0.118 0.090
cis-LaF5(H20)6(H20) 1 0.684 0.578 0.495 0.374 0.235 0.161 0.117 0.089
trans-LaF,(H20)6(H20)16 0.633 0.534 0.457 0.345 0.216 0.148 0.107 0.081
mer-LaF3(H20)s5(H20)16 0.715 0.605 0.518 0.392 0.246 0.169 0.123 0.093
fac-LaF3(H20)s(H20)16 0.692 0.586 0.502 0.380 0.239 0.164 0.119 0.091
LaS04(H,0),(H20)e 0.615 0.519 0.444 0.335 0.210 0.144 0.105 0.079
LaCO3(H0)g(H20){6 0.620 0.524 0.449 0.340 0.214 0.147 0.107 0.081
LaHCO3(H0),(H20)3¢ 0.617 0.522 0.448 0.340 0.215 0.148 0.108 0.083
LaOH(HZO)g(HZO)%ér 0.658 0.558 0.479 0.364 0.231 0.160 0.117 0.090
cis-La(OH),(H20)6(H20)16 0.563 0.476 0.407 0.308 0.193 0.132 0.096 0.073
trans-La(OH)(H20)6(H20){s 0.587 0.497 0.426 0.322 0.203 0.139 0.101 0.077
mer-La(OH)3(H20)s(H20)16 0.545 0.460 0.394 0.298 0.187 0.128 0.093 0.071
fac-La(OH)3(H20)5(H20)16 0.617 0.523 0.449 0.341 0.216 0.148 0.108 0.082
LaHS(H20)g(H20)%¢ 0.483 0.407 0.348 0.262 0.164 0.112 0.082 0.062
Cerium Species
Ce(H20)o(H20)3¢ 1.069 0.904 0.774 0.587 0.370 0.254 0.186 0.142
Ce(H20)g(H20)3¢ 1.102 0.931 0.796 0.601 0.377 0.258 0.187 0.142
Ce(H20)o(H20)1¢ 1.614 1.368 1.174 0.891 0.563 0.387 0.282 0.215
CeCl(H,0)5(H0)3¢ 1.049 0.888 0.760 0.576 0.363 0.250 0.183 0.139
CeCl(H20),(H20)34 1.094 0.924 0.791 0.597 0.375 0.257 0.187 0.142
CeCly(H20)6(H20)16 0.954 0.805 0.688 0.519 0.325 0.222 0.161 0.123
CeCl3(H20)5(H20)16 0.988 0.835 0.715 0.542 0.342 0.235 0.172 0.131
CeF(H20)s(H,0)3¢ 1.340 1.136 0.975 0.744 0.469 0.323 0.236 0.180
CeFy(H20)6(H20)16 1.197 1.012 0.866 0.655 0.412 0.283 0.206 0.156
CeF3(H30)5(H20)16 1.317 1.115 0.956 0.725 0.457 0.314 0.229 0.174
CeS04(H20),(H20)16 1.345 1.137 0.974 0.737 0.463 0.318 0.231 0.176
CeCO3(H20)5(H20)16 1.059 0.894 0.765 0.578 0.362 0.248 0.180 0.137
CeHCO3(H20)7(H20)3¢ 1.220 1.034 0.887 0.674 0.427 0.295 0.216 0.165
CeOH(HZO)g(HZO)%ér 1.153 0.976 0.836 0.633 0.398 0.273 0.199 0.151
Ce(OH)2(H20)6(H20)16 1.110 0.940 0.807 0.612 0.386 0.265 0.193 0.147
Ce(OH)3(H20)5(H20)16 1.142 0.967 0.830 0.630 0.397 0.273 0.199 0.151
CeHS(HZO)g(HZO)%gr 0.999 0.844 0.722 0.545 0.342 0.234 0.171 0.130
Neodymium Species
Nd(H;0)9(H20)3¢ 1.062 0.898 0.769 0.581 0.365 0.250 0.182 0.138
Nd(H,0)5(H,0)3¢ 1.194 1.010 0.865 0.655 0.412 0.282 0.205 0.156
NACI(H,0)s(H,0)%¢ 1.086 0.918 0.786 0.594 0.373 0.256 0.186 0.141
NdCI(H20)7(H20)3¢ 1.102 0.931 0.797 0.603 0.379 0.260 0.189 0.144
NdCl,(H20)6(H20)16 0.990 0.835 0.715 0.540 0.339 0.232 0.169 0.128
NdCl3(H20)4(H20)16 0.916 0.773 0.661 0.498 0.312 0.214 0.155 0.118
NdF(H,0)s(H20)3¢ 1.318 1.117 0.959 0.729 0.460 0.317 0.231 0.176
NdF,(H20)6(H20){6 1.167 0.987 0.846 0.641 0.404 0.277 0.202 0.153
NdF3(H20)5(H20)16 1.240 1.049 0.898 0.680 0.428 0.294 0.215 0.163
NdSO4(H,0),(H20){6 1.103 0.933 0.799 0.606 0.382 0.263 0.192 0.146
NdCO3(H20)7(H20){s 1.188 1.005 0.862 0.653 0.412 0.284 0.207 0.158
NdHCO3(H,0),(H20)7¢ 1.123 0.949 0.812 0.614 0.386 0.264 0.192 0.146
NdOH(HZO)g(HzO)%ér 1.124 0.951 0.815 0.617 0.389 0.267 0.194 0.148
Nd(OH)2(H20)6(H20){ 1.119 0.948 0.812 0.616 0.388 0.266 0.194 0.147
Nd(OH)3(H20)4(H20)16 1.139 0.967 0.831 0.634 0.403 0.279 0.205 0.157
NdHS(Hzo)g(Hzo)%g 0.993 0.840 0.720 0.546 0.345 0.237 0.173 0.132
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compositions (Table S1), modern seawater, and hydrothermal fluid has
been investigated with solution parameters and elemental concentra-
tions taken from the MARHYS database (Diehl and Bach, 2020).

Simulations of the simplified seawater were performed over a pH
range of 2-12 at a constant temperature of 25 °C. Speciation in a hy-
drothermal system was simulated over a temperature range of 0 ° — 300
°C and a starting pH of 5.13. During the simulation, the pH was kept
between 4.67 and 5.55 by adding HNOs. Nitric acid was chosen over HCl
to keep the chloride concentration in the solution constant.

The speciation models were combined with pg-factors from 2.1
(Table 1) to calculate the isotopic composition of each species using the
equation:

Zj#i(103ln/ij —10%Ing,) x f;
fi

where 8'REE is the isotopic composition of the ith species of REE in so-
lution, f; is the fraction of the species i, fj is the fraction of all other
species, and REE = either La, Ce or Nd. A bulk composition of 0 %o was
assumed for all simulations because we are only interested in variations
between the isotopic compositions of different species. Given that mass-
dependent isotope fractionation in equilibrium is temperature depen-
dent, an individual 10% Ing value for each temperature step of 3 °C (100
steps) was calculated by interpolation of the 10°Ing values from Table 1.

S'REE; = §'REEp — (5)

2.3. Nuclear field shift effects

To quantify the magnitude of nuclear field shift (NFS) effects, we
computed 10°InByps for REE-species with relativistic total energy cal-
culations using the Dirac-Hartree-Fock (DHF) method in DIRAC v.22.0
(Saue et al., 2020). Because REE are heavy elements (Z > 40), inner-shell
electrons move with a velocity close to light speed to avoid falling into
the nucleus. This phenomenon causes further relativistic effects which
must be considered, given neglecting these relativistic effects will pro-
duce inaccurate electronic structures for heavy elements. Whereas
vibrational frequencies mostly depend on the motion and mass of the
nucleus as well as interatomic forces which are largely non-relativistic
properties. Therefore, relativistic calculations are only used here for
NFS calculations. REE-species include aqueous complexes but also
metallic REE® and ionic REE®* and REE*". The nuclear field shift effect
is defined as:

(E[REEX] — E[REEX]) — (E[REEY] — E[REE'Y))

kT ©)

10%Infyzs = 10° x

where E is the total energy of a species. REE’ and REE are the light and
heavy isotopes, respectively, and X represents the different species (Fujii
et al., 2009). Phase Y represents a perfect gas of La® or Ce®. The total
energies of REE-species were calculated using the coordinates of the
DFT-optimised species with only one hydration shell. The effect of
additional hydration shells on the accuracy of nuclear filed shift effects
has not been thoroughly investigated in previous studies. Here, we had
convergence problems with large clusters (two hydration shells) in
DIRAC. Experimental data of REE in aqueous systems are required to
assess the computational setup for relativistic calculations in future
studies. Energies were calculated using the exact two component
Hamiltonian (X2C). For light elements (H, O, Cl, C, S, and F), the def2-
svp basis set was used whereas a relativistic core-valence triple-zeta
Dyall basis set (Gomes et al., 2010) was used for REE elements. A non-
relativistic basis set was used for lighter elements because relativistic
effects are negligible in light elements (Christiansen et al., 1985). En-
ergies were calculated using uncontracted basis sets. To obtain the en-
ergy differences for isotope dependent nuclear radii, the root mean
square nuclear charge radius (<r? > ) was specified for REE isotopes
through the gaussian exponent & which is defined as (Visscher and Dyall,
1997):
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3

— 7
2<r2 > 2

¢

The values for < r? > were taken from Angeli and Marinova (2013).
Electron configurations used for atomic and ionic REE elements are
given in Table S2. The total reduced partition function ratio (loslnﬂTOT)
can then be calculated through the summation of the f-factors for mass
dependent and nuclear field shift effects (Bigeleisen, 1998):

10%Infror = 103Ny + 103 By (8)

3. Results
3.1. Mass-dependent isotope fractionation

The optimised aqueous species of La, Ce, and Nd were visualised in
VESTA (Momma and Izumi, 2011) and are shown in Fig. 1. Calculated
10%Inpyp values are given in Table 1, S3. A change in coordination
number between Ce®' and Ce*" was not observed despite atomic size
decreasing with removal of the 4f electron. Isotope fractionation be-
tween aqueous species decreases nearly linearly with increasing tem-
perature proportional to 1/T? (Fig. 2). The 10%Ing values for 1*°La/!%8La
are between 0.41 and 0.60 (A'3¥1*8La;5g010p = 0.18) at 298 K (25 °C)
while 1031n/} for 148Nd/!1**Nd reaches values of 1.56 to 2.13 (A148/
144Nd10001n[3 = 0.58). The maximum isotope fractionation between
trivalent Ce complexes is A4/ 14°Ce10001n5 = 0.33 while difference in
10°%Inp between hydrated Ce>* and Ce*" is 0.46 at 25 °C with Ce*" being
isotopically heavier. Similar to tetravalent Ce complexes, maximum
isotope fractionation for the 146Nd/14“Nd ratio is 0.34 (Table 1). Light
REE-oxygen bonds generally become smaller with increasing atomic
mass. For example, La-O length in hydrated La®* is 2.60 A and decreases
to 2.56 A for Ce-O and 2.52 A for Nd-O (Table S6). Isotope fractionation
for some geometric isomers of chloride, fluoride, and hydroxide com-
plexes of La were also quantified. The geometric isomers are illustrated
in Fig. S1 and mass-dependent isotope fractionation between the com-
plexes is shown in Fig. S2 and Table 1. The magnitude of isotope frac-
tionation varies from a minimum of 0.014 %o between cis-, and trans-
LaCly complexes to a maximum of 0.063 %o between mer-, and fac- La
(OH)3 complexes at 25 °C.

3.2. Speciation modelling

According to the Thermoddem database utilised here, the speciation
of light REE in aqueous solution is very similar as shown in Fig. 3.
Aqueous species that account for < 1 % have been excluded (REECIs,
REECI7, REEF3, REEFs, REEFZ, REEH,PO3T). At room temperature, REE
form carbonate complexes with increasing pH reaching a proportion of
> 90 % in the seawater model (Fig. 3A-C). Free REE®* and REESOj are
the dominant aqueous species at lower pH < 6 (Fig. 3A-C). The relative
shifts in isotopic composition around pH 7 and 11 are due to the pro-
gressive increase in CO%™ and OH~ complexes, respectively (Fig. 3D-F),
resulting in the composition of these complexes shifting closer to the
bulk composition (i.e. 0 %o).

Speciation in a simplified hydrothermal system is considerably
different and clearly varies with fluid temperature (Fig. 4A-C). Higher
temperatures promote the formation of more Cl™- and F- complexes at
the expense of free REE>" and SOF complexes. As predicted with
increasing temperature, the magnitude of isotope fractionation between
aqueous species becomes smaller (Fig. 4D-F).

3.3. Nuclear field shift effects

Nuclear field shift effects for La and Ce atoms and complexes are
presented in Fig. 5A, B and Table 2. Isotope fractionation effects are very
small between species with identical oxidation states (REE®H) but
become significant when different oxidation states exist as is the case for
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Fig. 1. Overview of optimised aqueous REE complexes including one or two explicit hydration shells per complex. For additional implicit water solvation effects, the

conductor-like polarizable continuum model (CPCM) was applied.

Ce. Tetravalent species Ce*" preferentially incorporate lighter isotopes
relative to metallic Ce®, whereas trivalent species Ce>* preferentially
incorporates heavier isotopes relative to metallic Ce’. Additionally, the
hydration of ionic REE affects the isotope fractionation with non-
hydrated species being isotopically heavier (Fig. 5A). Isotope fraction-
ation by NFS displays the characteristic proportionality to 1/T (Fig. 5).

The NFS effect for the oxidation reaction of Ce>" to Ce*t for all
combinations of stable Ce isotopes is presented in Table S4 and illus-
trated in Fig. 5C. In contrast to mass-dependent isotope fractionation,
the difference in nuclear charge radius leads to a large enrichment of the
lighter isotope in the higher oxidation state of Ce for the 4?Ce/*°Ce
ratio. Depending on the isotope pair considered, the magnitude of this
effect varies from highly negative (1 OsblﬂCe(Iv)_Ce(m) = -0.47 to -0.52 at
25 °C) when #2Ce is involved, to relatively negligible (1 0’ InPceavy-ceamn
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-0.055 to 0.003 at 25 °C) for the other isotope pairs.
4. Discussion
4.1. Evaluation of computational methods

In order to ensure reliable interpretations can be made using the
mass-dependent and mass-independent isotope fractionation data
herein, the robustness of the computational setups was firstly evaluated
with respect to its accuracy prior to considering its implications for
understanding hydrous systems.

4.1.1. Accuracy of DFT calculations
To confirm the vibrational frequencies presented herein are robust
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Fig. 2. Mass dependent 10°Inp values for a variety of aqueous species for (A)
12‘gLa/138La, (B) 142Ce/MOCe, and (C) 1*°Nd/!*“Nd calculated in this study. The
diagrams show a clear relationship between mass-dependent isotope fraction-
ation and 1/T? and therefore a smaller fractionation between aqueous com-
plexes at elevated temperature.

and accurate, several setups including variable basis sets and different
solvation effects were tested which are presented in Table 3. The
experimental La-O stretching frequency (343 em™} Rudolph and Irmer
(2020)) is poorly reproduced by using only one hydration shell to
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simulate solvation effects (281 c¢cm™!). The addition of a continuum
model for implicit solvation effects, resulted in only a slight improve-
ment (308 cm™1). Adding a second explicit hydration shell of 14 water
molecules still produced a vibrational frequency (334 cm™?) slightly
lower than the experimental data. Finally, adding implicit solvation
effects to two explicit hydration shells allowed us to keep 16 water
molecules in the second shell, which is closer to the experimental value
of 18 (Naslund et al., 2000) and perfectly agrees with the 16 water
molecules observed in a molecular dynamics simulation (Clavaguera
et al., 2005). The def2-svp basis set shows a better performance for
lighter elements, while the def2-tzvp basis set worked better for the
heavy REE elements leading to a slightly better agreement with exper-
imental vibrational frequency (318 cm-1; Table 3). A combination of
these two basis sets and two explicit hydration shells together with
implicit solvation effects yielded excellent agreement with experimental
data for the REE-O stretching frequencies (Fig. 6, D-F, Table S5).
Additionally, using a LANL2TZ basis set (Roy et al., 2008) for La with a
Hay-Wadt ECP (Hay and Wadt, 1985) and a people style split valence 6-
31G(d,p) basis set (Hehre et al., 1972) for H, and O, produced results
similar to using def2 basis sets (Table 3). This indicates that the accuracy
of calculated properties is more sensitive to changes in solvation effects
than to the choice of the basis set. However, LANL basis sets are only
available for La in ORCA and not for Ce, and Nd, so we have imple-
mented def2 basis sets throughout.

Based on the calculations herein different LREE show element-
specific variations in 10°Inp between the various complexes (Fig. 2).
This can be attributed to: (1) Lanthanide contraction: a systematic
decrease in REE-O bond lengths due to the shielding of an additional 4f
electrons. The decrease in REE-O bond length from 2.60 A in hydrated
La®" over 2.56 in Ce®" to 2.52 A in Nd>* observed here (Fig. 6A-C;
Table S6) is consistent with previous experimental studies (Persson
et al.,, 2008; Rudolph and Irmer, 2020). (2) Jahn-Teller effects: the
higher distortion in open shell complexes (Ce, Nd) due to additional
valence electrons can also cause variation in individual geometries.
Interestingly, bond lengths are generally overestimated by around
0.04 A by calculations using two explicit hydration shells while bond
lengths replicate experimental data exceptionally well when only one
hydration shell plus implicit solvation effects was used (Fig. 6A-C;
Table S6). Models using only one hydration shell plot within uncertainty
(2 x standard deviation) of the average of published experimental data
(DFT and molecular dynamics studies were omitted from the average)
while bond lengths derived from calculations with two hydration shells
plus implicit solvation effects fall outside this range (Fig. 6A-C). For Ce
and Nd, the bond lengths generated herein are also very close to the
average experimental data (AREE-Ogyp.prr = 0.006 A and 0.003 108,
respectively) while a small overestimation remains for La (ALa-Ogxp.prr
= 0.017 A). Given that mass-dependent isotope fractionation in equi-
librium is governed only by the vibrational energies, a small inaccuracy
in bond lengths calculated herein (for two hydration shells) should have
no perceptible effect on the quality of our results.

Mass-dependent isotope fractionation scales with Am/mm’ where
Am is the mass difference between the two considered isotopes and mm’
is the average of the two masses. This is consistent with the progressively
smaller range of 10°mmg for '*°La/'%®La than for '*?Ce/!*°Ce and
146Nd/14*Nd, compared to *8Nd/***Nd (Fig. 2, Table 1). The smaller
mass difference between the La isotopes (1 amu) makes it more chal-
lenging to resolve stable isotope fractionations and given there are no
other stable La isotopes available (Fig. 7A), La is not the most pro-
spective choice for a LREE geochemical tracer although its concentra-
tion is often the highest. Additionally, given the odd mass number of
139La it is susceptible to nuclear-spin effects which are mass-
independent fractionation effects (Buchachenko, 2013).

A general correlation of 10%Inp and the electronegativity of the
bonding partner has been observed in previous studies and is commonly
used as an indicator for isotope fractionation between molecules
(Albarede et al., 2017; Fujii et al., 2014; Moynier et al., 2013; Zhao et al.,
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Fig. 3. (A-C) Aqueous speciation of La, Ce, and Nd in simplified modern seawater from pH 2 to 12 at 25 °C. Speciation follows the same trend for all three REE. The
proportion of CO3~ complexes increases with increasing pH and reaches a proportion of > 90 %. (D-F) Isotopic composition of aqueous La, Ce, and Nd species in

seawater at 25 °C.

2021). Fig. 8A-C confirms this trend for REE complexes with, for
example, HS™ and Cl~ species being among the lightest complexes
whereas F~ complexes are consistently the heaviest species.

4.1.2. Evaluation of electronic structure calculations
Relativistic and non-relativistic Hartree-Fock calculations of ground-
state energies of La’ and Ge® are in good agreement with previously
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published calculations which have used different basis sets (Fig. S3A, B).
Furthermore, only negligible variations between various relativistic
Dyall basis sets of double zeta and triple zeta quality (e.g. CV2Z, CV3Z,
AE2Z, AE3Z) are observed (Fig. S3A, B). The computationally less
expensive 2-component Hamiltonian X2C agrees well with the Dirac-
Coulomb (DC) Hamiltonian (Fig. S3A, B). The model used for our
10%Inpyps  computations (X2C/CV3Z) approximates very well
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aqueous La, Ce, and Nd species in a hydrothermal fluid. The mass-dependent isotope fractionation decreases with a proportionality to 1/T? making it more chal-

lenging to resolve isotope fractionation in high-temperature systems.

experimental data of ionisations energies of La and Ce (Table S7). A
range of basis sets were tested for La>" and clearly demonstrate that
results from non-relativistic calculations differ significantly from rela-
tivistic calculations and therefore non-relativistic calculations are not
sufficient to describe NFS effects in REE species (Fig. S4). Similar to total
energy calculations (as discussed above), variations in 103lnﬁNps be-
tween the different relativistic Dyall basis sets are also negligible
(Fig. S4). Additionally, to verify accuracy we qualitatively cross-checked
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our results with available isomer shifts data for REE. Isomer shifts are
sensitive to the electron density at the nucleus |\|1(O)|2 and have been
widely studied for Sm and Eu (Brix et al., 1964; Coey, 1976; Eibschiitz
et al., 1972; Gerth et al., 1968). The nuclear field shift effect is also
proportional to |l|l(0)|2. We can refer here to Eu, and Sm because of the
similar electronic structure of REE elements which are only distin-
guished by additional 4f or 5d electrons. Isomer shift results demon-
strate that |y(0)|? varies only slightly between REE phases of identical
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oxidation state but significantly when the oxidation state changes. The
electron density at the nucleus follows the pattern: REE>t <REE3* <REE?
in REE phases. Our calculated 10°Inp values show that trivalent La and
Ce species are enriched in heavy isotopes relative to La® and Ce°,
respectively. This can be attributed to their lower |y(0)|? because of the
missing 6s electrons in trivalent species. Through oxidation of Ce>* to
Ce*", a 4f electron is removed which decreases the shielding of the inner
5s electrons resulting in an increase in |y(0)|%. This can explain the
enrichment of lighter isotopes in Ce** over Ce>". Taken together, we are
reasonably confident that the electronic structure calculations of the
REE species presented herein are of good quality. The hydration of REE
ions decreases 10°Inpyrs indicating heavier isotopes in the non-hydrated
species and therefore a slightly higher electron density at the nucleus in
the hydrated REE species (Fig. 5A). We attribute this to the interaction of
the negatively charged water oxygens with the positively charged REE
nucleus which redistributes the electrons around the REE nucleus.

4.2. Implications for REE mobility in high temperature hydrothermal
systems

Hydrothermal systems are dominated by elevated temperatures (100
° — 500 °C), which reduces the magnitude of isotope fractionation
observed since mass-dependent isotope fractionation is proportional to
1/T? (Bigeleisen and Mayer, 1947; O’Neil, 1986). This temperature
dependence makes it is more difficult to use REE element stable isotope
systematics as tracers of the sources and the processes involved in the
mobilisation and enrichment of REE. The maximum mass-dependent
isotope fractionation between NdCl, and NdF for 5'4/14*Nd decreases
from 0.19 %o at 100 °C to only 0.053 %o at 500 °C (Fig. 2, Table 1),
although at 500 °C this range of variability is still resolvable given the
current achievable uncertainties on §'*¢/1*Nd = + 0.015 %o (McCoy-
West et al., 2020b). Therefore, **°Nd/***Nd can be a usable proxy to
understand hydrothermal processes. For higher temperature systems (T
> 500 °C), the analytical resolution would have to be increased or a
different isotope pair with a larger relative mass difference needs to be
utilised. Neodymium has a range of stable isotopes whose difference in
nuclear charge radius increases relatively linearly with increasing mass
difference (Fig. 7C). Thus, it can be expected that the proportion of NFS
effects will remain constant for increasing mass differences of Nd iso-
topes. The use of 148Nd/1*4Nd for example, shows a maximum isotope
fractionation range of 0.065 %o at 500 °C between NAF and NdCl,
(Table S3). Similarly, the maximum isotope fractionation of Ce-species
drops from 0.096 %o at 300 °C to 0.053 %o at 500 °C (Table 1) which
comes below the current analytical uncertainty for 1*?Ce/*4°Ce (+0.04
%o; Liu et al. (2023)). This limitation could also be overcome by utilising
a greater relative mass differences such as 1*°Ce/13Ce, if possible.

In hydrothermal systems, chloride, sulphate, and fluoride complexes
are the main transporter of REE (Fig. 4A-C). The Thermoddem database
is mostly based on the thermodynamic data from Haas et al. (1995) and
therefore the proportion of hydroxide and fluoride species at elevated
temperatures is overestimated, potentially by an order of magnitude
(Migdisov et al., 2016). Fluoride is an important ligand for REE mobi-
lisation in hydrothermal fluids and its destabilisation contributes to
bastnasite (REEFCOs3) formation, the most abundant REE-mineral in
hydrothermal systems (Migdisov and Williams-Jones, 2014). Since
Fluoride complexes are isotopically heavy, their destabilisation would
create a pool of heavy REE isotopes that form the source of REE incor-
porated into minerals (e.g. bastnasite). Fluoride bearing REE minerals
can therefore be expected to be heavier than the bulk composition of the
hydrothermal fluid. It can also be inferred from the aqueous complexes
that bonds with fluoride in the crystal lattice like in bastnasite will
incorporate heavier isotopes from the fluid owing to the high electro-
negativity of fluorine.

Additional complications could arise when REE ion coordination
number changes. It has been demonstrated in molecular dynamics and
X-ray absorption spectroscopy studies that the coordination number of
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Calculated 10%Inpyps (NFS = Nuclear Field Shift) values for aqueous La, and Ce complexes. Values are given relative to La® and Ce®, respectively.

Species Temperature (°C)
0 25 50 100 200 300 400 500
Lanthanum Species
La®* 0.066 0.061 0.056 0.048 0.038 0.032 0.027 0.023
La(H,0)3" 0.053 0.049 0.045 0.039 0.031 0.025 0.022 0.019
La(H,0)3+ 0.051 0.047 0.043 0.037 0.030 0.024 0.021 0.018
LaCl(H,0)3" 0.053 0.048 0.045 0.039 0.031 0.025 0.021 0.019
LaCl(H,0)3" 0.051 0.047 0.038 0.043 0.030 0.024 0.021 0.018
LaF(H,0)3" 0.053 0.048 0.045 0.039 0.031 0.025 0.021 0.019
LaS04(H,0)7 0.054 0.050 0.046 0.040 0.031 0.026 0.022 0.019
LaCO3(H,0)§ 0.052 0.047 0.044 0.038 0.030 0.025 0.021 0.018
LaHCO3(H,0)3" 0.053 0.048 0.044 0.038 0.030 0.025 0.021 0.019
LaOH(HZO);“;Jr 0.053 0.048 0.045 0.039 0.030 0.025 0.021 0.019
LaHS(H,0)3" 0.052 0.047 0.044 0.038 0.030 0.025 0.021 0.018
Cerium Species
Ce*+ 0.284 0.260 0.240 0.208 0.164 0.135 0.115 0.100
cett —0.230 -0.211 —0.195 -0.169 —0.133 —-0.110 —0.093 —0.081
Ce(H,0)3" 0.207 0.190 0.175 0.152 0.120 0.099 0.084 0.073
Ce(H,0)8" -0.279 —0.256 —0.236 —0.204 -0.161 —0.133 -0.113 —0.099
Ce(HZO)gJr 0.216 0.198 0.182 0.158 0.124 0.103 0.087 0.076
CeCl(H,0)3" 0.226 0.207 0.191 0.165 0.130 0.107 0.092 0.080
CeF(H,0)3" 0.210 0.192 0.177 0.153 0.121 0.100 0.085 0.074
CeCO3(H,0)§ 0.223 0.204 0.188 0.163 0.129 0.106 0.090 0.079
CeHCO5(H,0)3+ 0.225 0.206 0.191 0.165 0.130 0.107 0.091 0.080
CeOH(H,0)3" 0.228 0.209 0.193 0.167 0.132 0.109 0.092 0.080
Table 3

Overview of computational setups used for hydrated La®>* to find good agreement with experimental data of vibrational frequencies. Various basis sets and a com-
bination of explicit and implicit solvation effects were used. Two explicit hydration shells in combination with implicit solvation effects using a continuum model
(CPCM) shows best agreement with the experimental value of 343 cm ! for the La-O stretch (Rudolph and Irmer, 2020). The PBEO functional was used for all

calculations.
Species CPCM La basis set H, O basis set ECP v1La-0 (cm™1)
La(H,0)3+ no def2-tzvp def2-tzvp SD 281
La(H,0)3+ yes def2-tzvp def2-tzvp SD 308
La(H,0)3" yes def2-svp def2-svp SD 318
La(H,0)3* yes LANL2TZ 6-31G(d,p) Hay-Wadt 312
La(H,0)3+ yes def2-tzvp def2-svp SD 318
La(H20)e(H20)35 no def2-tzvp def2-svp SD 334
La(H,0)o(H20)3¢ yes def2-svp def2-svp SD 338
La(H,0)o(H,0)3¢ yes def2-tzvp def2-svp SD 344

La, and Nd complexes in a chloride solution gradually decreases with
increasing temperature (e.g. from CN = 8.2 at 200 °C to CN = 5.9 at 500
°C) along with a change in average number of inner sphere Cl™ -ions (e.g.
n =1 at 200 °C to n = 3.4 at 500 °C) (Brugger et al., 2016; Guan et al.,
2022; Mayanovic et al., 2009). For this purpose, some high-temperature
species of REE with a lower coordination number have been modelled,
namely REE(H20)s and REECI(H20)7, in order to estimate how isotope
fractionation will change at elevated temperature due to the reduction
of the REE coordination number. We calculated the isotope fractionation
for the ligand exchange reaction (HoO molecules are omitted for
simplicity):

REE®" + REE CI** = REE®" + REECI*" ©
at 200 °C and compared them with their lower temperature counterparts
REE(H20)9 and REECI(H20)g, respectively (Fig. 9). The p-factors of the
individual high-temperature species are higher because of their lower
coordination number which allows the surrounding atoms and mole-
cules to move closer to the REE ion which leads to shorter and stronger
bonds that favour heavier isotopes. However, the increase in 10°Inp is
not identical for all species and the magnitude of isotope fractionation
can be diminished or even inversed compared to lower temperature
coordination environment. As shown for La (Fig. 9A) changing the co-
ordination can also invert the NFS effect, however, its contribution to
the total fractionation is still negligible if no change in oxidation state
occurs. Therefore, due to these complexities simplified modelling of
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temperature dependent isotope fractionation in aqueous solutions at
elevated temperatures should be treated with caution.

Similar to aqueous complexes, correlations of p-factors with coor-
dination number and bond lengths have been identified in solid phases
using DFT (Ducher et al., 2016; Schauble, 2011). For example, Nd has a
coordination number of 9 in idealized Nd-monazite with average Nd-O
of 2.57 A (Ni et al., 1995) which lies in the range of bond length
values for Nd-complexes obtained in this study (2.46 — 2.55 1°\; Table S6).
This implies equilibrium fractionation between hydrothermal fluids and
minerals can also exceed analytical uncertainties at elevated tempera-
ture (>500 °C). However, p-factors for different minerals are required to
properly understand isotope fractionation between fluids and pre-
cipitates which is beyond the scope of this study.

Furthermore, fluid mixing at hydrothermal vents induces rapid
mineral precipitation meaning isotopic fractionation is dominated by
kinetic isotope effects (McCoy-West et al., 2020a) which concentrates
lighter isotopes in the hydrothermal minerals that prevents them from
re-equilibration with the ambient fluid (Wilkinson et al., 2005). There-
fore, p-factors do not provide very reliable information on disequilib-
rium processes that are common at hydrothermal vents. Overall, various
difficulties might arise in high temperature systems such as fluid mixing,
decreasing magnitude of isotope fractionation, and changes in coordi-
nation numbers that complicate the application of theoretical calcula-
tions of isotope fractionation in such systems.
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4.3. Implications for REE mobility in low-temperature systems and

resource exploration

Clay-hosted REE deposits have become of increasing commercial and
scientific interest in recent years (Jowitt et al., 2017; Sanematsu et al.,
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2016). Isotopes could serve as potential tracer to improve our under-

standing of the interplay of source rock weathering and enrichment
processes that form these deposits. Clay-hosted deposits form in low
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Fig. 6. Comparison of REE-O bond lengths (A-C) and vibrational frequencies of the symmetric REE-O stretch (D-F) in hydrated REE>* (REE = La, Ce, Nd). Data
derived from a range of computational and experimental methods. Bond lengths from DFT calculations herein utilising one hydration shell and implicit solvation
effects (**) show an excellent agreement with experimental data by plotting within the 2 standard deviation interval (highlighted area) of average experimental data
(dashed line; DFT and MD studies excluded) while calculations using two hydration shells plus implicit solvation effects (*) plot outside. Computations using two
hydration shells (**) show very good agreement with experimental vibrational frequencies. References: [1] Clark (2008), [2] Allen et al. (2000), [3] Ishiguro et al.
(2002), [4] Anderson et al. (2002), [5] Solera et al. (1995), [6] Persson et al. (2008), [7] Grigoriew and Siekierski (2002), [8] Habenschuss and Spedding (1979), [9]
Diaz-Moreno et al. (2011), [10] Petit et al. (2008), [11] Beuchat et al. (2010), [12] Guan et al. (2022), [13] Johansson (1992), [14] Cosentino et al. (2000), [15]
Mayanovic et al. (2009), [16] Yamaguchi et al. (1988), [17] Narten and Hahn (2002), [18] Rudolph and Irmer (2020). Abbreviations: DFT = Density Functional
Theory, EXAFS = Extended X-ray Absorption Fine Structure, XRD = X-ray diffraction, EPSR = Empirical Structure Refinement, MD = Molecular Dynamics, XAS = X-

ray Absorption Spectroscopy, ND = Neutron Diffraction.

host minerals such as monazite, apatite and xenotime determine the
isotopic composition of the source fluid but pedogenic processes like
complexation, availability of ligands and adsorption control the
enrichment of REE in economically relevant concentrations (Jowitt
et al., 2017).

In contrast to divalent base metals such as Ni, Zn, or Cu, most anion-
complexes of trivalent lanthanides (e.g. REESO} or REECO3) retain
their positive charge which makes them potential adsorbates on nega-
tively charged surfaces (Yang et al., 2019). The surface charge of sedi-
ment particles is mainly controlled by pH and is generally negative
around circumneutral pH (Stumm and Morgan, 1995) which is a rele-
vant pH spectrum for the deeper part of clay-hosted REE deposits (Borst
et al., 2020; Liang et al., 2024). Isotope fractionation between different
possible adsorbed surface complexes is poorly understood, but our data
strongly supports the idea that variations in the bonding environments
of REE in surface complexes will cause isotope fractionation comparable
to that observed in aqueous complexes, although some insights are
available. Bai et al. (2023) demonstrated that in a basaltic weathering
profile REE adsorption onto gibbsite and Fe-oxides can generate
resolvable Nd isotope fractionations of 5**6/1*4Nd up to 0.21 %o. This is
comparable to the range of observed variations in §'*%1*°Ce of 0.3 %o
seen in bauxites (Li et al., 2023a). Theoretically the formation of 8-9
ninefold coordinated REE as outer-sphere surface complexes on
kaolinite (Borst et al., 2020) would predict limited isotope fractionation
between adsorbed and dissolved species should occur due to the
invariant coordination number. However, the maximum difference in
Nd isotopic composition among 9-fold Nd aqueous species from Fig. 3C,
F presented herein is A10%Infnar.ng = 0.22. This value agrees very well
with the magnitude of the isotope fractionation observed in the Bai, J.
et al. (2023) study (0.21 %o). Isotope fractionation in weathering profiles
can, therefore, potentially be explained through preferential adsorption
of a specific ligand-bearing aqueous complexes to 9-fold outer-sphere
complexes. For example, Li et al. (2022) suggest that carbonate com-
plexes are preferentially adsorbed on clay minerals which makes their
isotopic composition heavier than the original REE>" bearing source
fluid. Adsorption experiments have shown that the availability of car-
bonate ligands can change isotope fractionation during adsorption for
Ce (Nakada et al., 2017). In groundwater due to the pH (<10), REE are
predominantly speciated as free REE>" or (bi-)carbonate complexes.
However, modelling by Tang and Johannesson (2010) has shown that
REE are mostly adsorbed as free REE>" from a pool of lighter adsorbed
species while the heavier isotopes are kept in solution as carbonate
complexes. An additional complication is carbonate complexation is pH
dependent as is the adsorption capability of mineral particles. This leads
to a smaller proportion of isotopically lighter free REE>* available at
higher pH (> 6) for adsorption (Fig. 3). Neodymium-carbonate com-
plexes can only be up to 0.11 %o heavier than free Nd** at 25 °C which is
significantly smaller than the range of isotopic composition currently
observed in weathering profiles (6146/ 144Nd = 0.21 %o; Bai et al., 2023).
Further isotope fractionation of sorbed carbonate complexes can be
expected through changes in coordination number and bond lengths
during adsorption. As demonstrated by Nakada et al. (2013b), light REE
exhibit a lower coordination number for La, Ce, and Nd on ferrihydrite
and Mn-oxides than in aqueous solution. Therefore, an even larger
fractionation between adsorbed and aqueous REE than between aqueous
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complexes can be expected. We conclude that even the formation of 9-
fold outer-sphere complexes can cause significant isotope fractionation
between fluids and clay minerals, but it is not sufficient to explain the
entire range of isotopic variation observed in the so far limited previous
studies. We predict even larger fractionations can be expected associated
with other mineral phases where greater changes in coordination
number and bond lengths occur.

4.4. Implications from nuclear field shift (NFS) effects for interpretation
of Ce isotope data

Most REE only exist as trivalent cations in terrestrial environments
except for Ce and Eu. Oxidation causes larger isotope fractionations than
changes in atomic coordination which makes Ce isotope signatures an
interesting potential proxy for oxidation. Negative and positive Ce
anomalies (Ce enriched or depleted relative to other REE) are a common
occurrence in weathering profiles and marine sediments (Berger et al.,
2014; Borst et al., 2020). However, Ce anomalies in marine sediments
like banded iron formations can occur regardless of their formation age
relative to the great oxidation event (Kato et al., 2006), and this has been
attributed to fluid overprints during later diagenesis (Basu et al., 2022;
Bonnand et al., 2020). Stable Cerium isotopes are potentially a sensitive
proxy for anoxic to suboxic and oxic conditions (Nakada et al., 2016)
and a few pilot studies on Ce isotope signatures have been published
recently (Bai et al., 2024; Bonnand et al., 2023; Li et al., 2023a; Li et al.,
2023b; Nakada et al., 2016; Nakada et al., 2017; Pourkhorsandi et al.,
2021). Cerium is removed from seawater by oxidation to the insoluble
Ce** in modern environments through oxidative adsorption or precipi-
tation as cerianite (CeO3) and ceric hydroxide (Ce(OH)4).

The B-factors of Ce** derived herein (Fig. 2B, Table 1) show that
there is a preference for heavier isotopes in the higher oxidation state
from a mass dependent perspective in accordance with the theoretical
principles of mass-dependent isotope fractionation (Schauble, 2004).
Our results from first principles calculations provide evidence that mass-
dependent isotope fractionation between hydrated Ce>* and Ce* is
significant (41031n/iCe(Iv)_cC(m) = 0.46 at 25 °C) and should be measur-
able when NFS effects are neglected. However, previous laboratory ex-
periments have shown the inverse behaviour of Ce during adsorption
and precipitation in aqueous systems. It has been demonstrated that Ce
in Ce**-oxides and surface complexes favours lighter isotopes although
its bonding environment shows shorter bonds, lower coordination
number and a higher oxidation state than the Ce3* in solution (Bonnand
et al., 2023; Nakada et al., 2013a; Nakada et al., 2017). Each of those
parameters is predicted to be associated with the incorporation of
heavier isotopes as they make stronger bonds. In the aforementioned
experiments, the 142Ce/1*°Ce isotope ratio was used and the preferred
incorporation of lighter isotopes in Ce** was suggested to be the result of
distorted surface complexes or NFS effects. Our results demonstrate that
the 1%2Ce/!*°Ce ratio is heavily affected by NFS effects with the pref-
erence for lighter isotopes occurring in the higher oxidation state (i.e.
ce*™) for *2ce/M0Ce signatures (Fig. 5C), thus NFS effects might
explain the previous unexpected experimental observations. However,
debate remains as to whether oxidative Ce adsorption occurs on ferri-
hydrite (Bau and Koschinsky, 2009; Nakada et al., 2013a). Assuming no
oxidative adsorption occurs, even considering NFS effects, we cannot
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contrast, Nd isotopes with similar nuclear charge radii are unstable. Data from
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explain why lighter isotopes would adsorb on ferrihydrite but also that
the bond length and coordination number of adsorbed Ce is smaller than
in aqueous complexes as shown in Nakada et al. (2013b) and Nakada
et al. (2017) since we would not expect significant NFS effects without a
change in oxidation state for Ce. Conversely, assuming oxidative
adsorption of Ce by ferrihydrite does occur (e.g. as observed by Bau and
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Koschinsky (2009)) NFS effects may help explain the anomalous
experimental results. Namely, the 10%Ing for the NFS for Ce oxidation
(1031nﬂCe(Iv),Ce(m) = —0.45 at 25 °C). However, this value deviates only
slightly from the mass dependent difference between hydrated Ge®* and
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coordination number of aqueous metal complexes decreases with increasing
temperature, the isotope fractionation between aqueous complexes can poten-
tially diminish or become inversed compared to the species observed at room
temperature.
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Ce*t (1031nﬁCe(Iv)_Ce(m) = 40.46 at 25 °C). This competing combination
of effects strongly suggests that minimal net isotope fractionation occurs
during Ce oxidation around room temperature meaning '**Ce/'*Ce
signatures are not an ideal tracer of oxidation (Fig. 10). This result is in
agreement with Schauble (2023) who found a near cancelation of mass-
dependent effects by the NFS effect for 142Ce/*4°Ce isotope fractionation
between Ce*"-oxide and Ce3*-monazite. Additionally, a recent study
looking at Ce isotopes in diamictites sampled across the Great Oxidation
Event (GOE) shows no change in the isotopic composition of Ce although
a clear change in oxidation state of Ce occurs post-GOE (Li et al., 2023b).
Nonetheless, Bonnand et al. (2023) continues to argue that 142Ce/140ce
is a potential redox proxy with lighter isotopes concentrated in the
oxidised phases.

Cerium has four stable isotopes, with the three lightest isotopes
136Ce, 138Ce, and 1°Ce having extremely similar nuclear charge radii
(~4.874 — 4.877 fm), whereas the heavier isotope 142Ce (4.907 fm) has
a distinctly different nuclear charge radius (Fig. 7B). Our theoretical
calculations show that the similar nuclear charge radii of 136Ce, 138Ce,
and 1*°Ce produce a negligible NFS effect during Ce®* oxidation (—0.06
to 0.003 at 25 °C; Fig. 5C) which would improve the ability to use Ce
isotope signatures as a proxy for changes in oxidation states. Due to the
greatly higher natural abundance of the isotopes (at least 44 times),
measurement of the 142Ce/!*0Ce isotope ratio has been favoured,
although if the analytical challenges could be overcome it would be
worthwhile considering using other isotope pairs for future studies to
eliminate the substantial influence from NFS effects on Ce isotopes.

The NFS effect is proportional to 1/T while mass-dependent isotope
fractionation is proportional to 1/T2. This means NFS effects contribute
a higher proportion of isotope fractionation in high temperature hy-
drous environments like hydrothermal systems (200 ° — 500 °C). Table 4
shows that, for example, the proportion of isotope fractionation asso-
ciated with NFS reaches only 4.5 % of total isotope fractionation at 500
°C for the sulphate-sulphide redox reaction (H20 molecules are omitted
for simplicity):

LaHS™ +20, = LaS0,* +H* (10)

Consequently, NFS effects can be considered to remain relatively
small, and are thus insignificant for hydrous systems unless changes in
oxidation state occur. Oxidation of a reduced fluid can significantly
fractionate the isotopic composition of aqueous complexes enriching the

061 394°C  227°C 127°C  60°C 12°C
0al [Mass-dependent| |
3
O o2} ]
S | Total fractionation |
]
O 00 === =T p
o
£
5
< _0.2 I " . ]
Nuclear field shift
_04 + 4
0.0015  0.0020  0.0025  0.0030 _ 0.0035
1/T (K1)

Fig. 10. Mass-dependent (MD) and nuclear field shift (NFS) effects for the
oxidation reaction of hydrated Ce®>* to Ce**. The MD fractionation is nearly
cancelled at room temperature and inversed at elevated temperatures, which
leads to an incorporation of lighter isotopes in the higher oxidation state. This
raises the question whether the *>Ce/!*°Ce isotope ratio is a useful proxy for
oxidation in future studies.
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Table 4

Mass-dependent (MD) and nuclear field shift (NFS) effect in A1031n[3 for the
sulphide-sulphate redox reaction LaHS™ + 20, = LaSO3~ + H™. With increasing
temperature, the proportion of NFS increases because of its proportionality to 1/
T whereas MD is proportional to 1/T2 However, even at temperatures of 500 °C,
the proportion of NFS on the total isotope fractionation remains below 5 %.
Mass-independent NFS effects are negligible for REE as long as no change in
oxidation state occurs which is the case for most REE in terrestrial environments.

T (°C) MD NFS %NFS
0 -0.1323 —0.0023 1.74
25 ~0.1122 —0.0021 1.87
50 —0.0963 —0.0020 2.01
100 —0.0731 —0.0017 2.29
200 —0.0462 —0.0013 2.84
300 ~0.0317 ~0.0011 3.39
400 —0.0231 —0.0009 3.94
500 —0.0176 —0.0008 4.48

S-bearing -complexes with heavier isotopes by 0.1 %o at 25 °C (Table 1).
Ultimately, therefore theoretical predictions for mass-dependent isotope
fractionation still provide extremely valuable information on the
magnitude and direction of isotope fractionation in high temperature
aqueous systems, however, when a change in oxidation state occurs
caution should be exercised.

5. Summary

Using a combination of aqueous speciation modelling and theoretical
calculations the isotope fractionation between aqueous complexes of La,
Ce and Nd have been investigated.

(1) This work provides a comprehensive dataset of reduced partition
function ratios (10°Inp) of light REE applicable to hydrous sys-
tems. This knowledge provides a foundation to enable the
application of REE stable isotope measurements to a range of
areas of geoscience in the future.

To obtain accurate vibrational frequencies in aqueous REE com-
plexes, the presence of a second explicit hydration shell was
required in addition to implicit solvation effects. However, REE-O
bond lengths within the first hydration shell are more accurately
described when only using one explicit hydration shell together
with implicit solvation effects.

Prediction of isotope fractionation from 10°Ing values can be
difficult in high temperature systems or where kinetic isotope
effects occur. The general decrease of isotope fractionation with
rising temperature can prevent isotope fractionation being
measured, especially for heavy elements like REE. The increasing
proportion of NFS effects on the total fractionation with
increasing temperature does not mask the mass-dependent frac-
tionation to a noticeable extent if no change in oxidation state of
the REE occurs. However, as the coordination number changes
with increasing temperature, the isotope fractionation can be
diminished or even inversed compared to predictions made from
species with higher coordination numbers.

This dataset will be of particularly interest for understanding ion
adsorption deposits because of the elevated isotope fractionation
at low fluid temperatures and their enrichment through adsorp-
tion where surface complexes are in exchange equilibrium with
the source fluid. Depending on the sorbed species, modelling
herein shows that the proportion and isotopic composition of
aqueous complexes available for sorption varies with fluid
conditions.

Previous Ce isotope adsorption experiments for Ce produced re-
sults contrary to predictions based on isotope theory and have
been related to NFS effects. The magnitude of NFS for
142ce/140¢Ce is significant (10°Infceqy).ceqmy = —0.45 at 25 °C)

(2)
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and nearly cancels mass-dependent isotope fractionation during
oxidation (103111/)’@3(1\;)_(;3(111) = +0.46 at 25 °C) which means the
142Ge/140Ge jsotope ratio is not a suitable proxy for oxidation. If
possible, the use of other Ce isotope pairs with more similar nu-
clear charge radii can greatly reduce NFS effects. The large mass-
dependent isotope fractionation effect of Ce®* oxidation
(1031nﬁCe(IV)_Ce(m) = 40.46 at 25 °C) is considered a promising
indicator that Ce could be a usable tracer for oxidation if NFS
effects are minimized.
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Appendix A. Supplementary material

The supplementary material contains various additional figures and
tables. Fig. S1 illustrates geometric isomers of chloride-, fluoride-, and
hydroxide-complexes of Lanthanum. Fig. S2 shows the mass-dependent
isotope fractionation between geometric isomers of La. Fig. S3 presents
relativistic and non-relativistic total energy calculations of (A) La® and
(B) ce’ using Dirac-Hartree-Fock with different basis sets and Hamil-
tonians. Energies are compared with results from previously published
values. Fig. S4 shows 10%Inpygs for La®" relative to La® derived from
various relativistic and non-relativistic calculations using different basis
sets. Table S1 contains the fluid parameters used for the PHREEQC
simulations. Table S2 shows the electron configuration for atomic and
ionic La and Ce used for nuclear field shift calculations. Table S3 pre-
sents 10%Inpyp values of *®Nd/!**Nd aqueous complexes. Table S4
contains 103lnBNFs values for the oxidation of Ce3* to Ce** for all
possible ratios for stable Ce isotopes. Table S5 compares computed
vibrational frequencies in the REE-O stretch with experimental data.
Table S6 gives an overview of REE-O bond lengths derived from theo-
retical calculations and experimental studies. Table S7 compares ion-
isation energies for La and Ce calculated in this study with experimental
data. Supplementary material to this article can be found online at htt
ps://doi.org/10.1016/j.gca.2024.10.007.
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