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Iron is one of the most abundant non-volatile elements in the solar system. As a major
component of planetary metallic alloys, its immiscibility with silicates plays a major role
in planetary formation and differentiation. Information about these processes can be
gained by studying the equilibrium Fe isotope fractionation between metal alloys and
molten silicates at conditions of core formation. In particular, recent attention has been
paidto 56 Fe/ 54 Fe equilibrium isotope fractionation at conditions relevant to
Earth’s core formation and the influence that light elements (O, H, C, Ni, Si and S)
have had in this process. Most of these experimental studies relied on the
measurement of Fe isotope fractionation from quenched phases of silicate melts and
molten iron alloys. The experimental works are extremely challenging, and may suffer
different drawbacks. To overcome this, we use ab-initio computational methods to
perform a systematic study of the 56 Fe/ 54 Fe equilibrium isotope fractionation in
molten and solid Fe 1-x S x alloys at conditions of the core formation (60 GPa,
3000 K). We show for the first time, that equilibrium isotope fractionation factors from
solid systems can be used as proxies for molten systems with differences between
these two methods less than 0.01 %o at the relevant P-T conditions. Additionally, we
discuss the effect of sulphur concentration on the equilibrium Fe isotope fractionation
and show that although there are some structural changes due to atom substitutions,
the wide range of studied concentrations produces b -factors that are constant within
~ 0.01%o. Finally, we discuss the implications of our results for the interpretion of recent
experiments and the understanding of core crystallization processes.
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Highlights (for review)

e Equilibrium isotope fraction factors from solid alloys can be used as proxies for
molten systems

e The effect of sulphur on isotope fractionation factors are within a 0.02%o. for all the
studied alloys

e Bond type and local environment are the controlling parameters of Fe isotope
fractionation in Fe1xSx alloys

e No measurable Fe fractionation should be produced between liquid and solid Fe1-xSx
alloys at conditions of Earth’s core formation.



Manuscript Click here to view linked References *

1

2 First-principles investigation of equilibrium iron isotope fractionation in Fe1.xSx alloys at

3 Earth’s core formation conditions

4

5 Carlos Pinillals, Aldemar de Moyal, Segolene Rabin?, Guillaume Morard3,4, Mathieu Roskosz3 and Marc
6 Blanchard?

7 1 Departamento de Fisica y Geociencias, Universidad del Norte, Km 5 Via Puerto Colombia, Barranquilla,
8  Colombia

9 2 Géosciences Environnement Toulouse, Université de Toulouse, CNRS, IRD, UPS, CNES, 14 avenue E. Belin,
10 31400 Toulouse, France
11 3 Institut de Minéralogie, de Physique des Matériaux, et de Cosmochimie (IMPMC), UMR CNRS 7590,
12 Sorbonne Universités, Muséum National d’Histoire Naturelle, CP 52, 57 rue Cuvier, Paris F-75231,

13 France.
14 4 Université Grenoble Alpes, CNRS, IRD, IFSTTAR, ISTerre, 38000 Grenoble, France

15 5 School of Chemistry, University of Bristol, Cantock’s Close, BS8 1TS, Bristol, United Kingdom

16
17

18 ABSTRACT

19  Iron is one of the most abundant non-volatile elements in the solar system. As a major component of
20  planetary metallic alloys, its immiscibility with silicates plays a major role in planetary formation and
21  differentiation. Information about these processes can be gained by studying the equilibrium Fe

22  isotope fractionation between metal alloys and molten silicates at conditions of core formation. In

23 particular, recent attention has been paid to 56Fe/54Fe equilibrium isotope fractionation at conditions
24 relevant to Earth’s core formation and the influence that light elements (O, H, C, Ni, Si and S) have had
25  inthis process. Most of these experimental studies relied on the measurement of Fe isotope

26  fractionation from quenched phases of silicate melts and molten iron alloys. The experimental works
27  are extremely challenging, and may suffer different drawbacks. To overcome this, we use ab-initio

28  computational methods to perform a systematic study of the 56Fe/5¢Fe equilibrium isotope

29  fractionation in molten and solid Fe1..Sx alloys at conditions of the core formation (60 GPa, 3000 K).
30  We show for the first time, that equilibrium isotope fractionation factors from solid systems can be
31  used as proxies for molten systems with differences between these two methods less than 0.01 %o at
32  therelevant P-T conditions. Additionally, we discuss the effect of sulphur concentration on the

33  equilibrium Fe isotope fractionation and show that although there are some structural changes due to
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atom substitutions, the wide range of studied concentrations produces f-factors that are constant
within ~ 0.02%o. Finally, we discuss the implications of our results for the interpretation of recent

experiments and the understanding of core crystallization processes.

ARTICLE INFO

INTRODUCTION

Iron is the major element of solar system planetary cores, in relation with the nucleosynthesis
sequence. [ron plays a major role in every stance of planetary formation and differentiation.
Geophysical approaches have confirmed the presence of iron for Earth’s core but with almost 10% of
light elements required to make up its mass (Hirose et al., 2013). Traditionally the effects due to the
presence of light elements in the core are being inferred by geophysical studies where the density and
sound velocity propagation are studied as function of light element concentration to match those
values reported from geophysical models such as PREM. However, recently it has been suggested that
the Fe isotopic composition in the mantle could be used to infer the composition of Earth’s core
(Bourdon et al.,, 2018; Craddock and Dauphas, 2010; Craddock et al., 2013; Lesher et al., 2020; Shahar
etal., 2016; Sossi et al., 2016). This is based on the assumption that the presence of elements such as C,
0, Si, S should affect the partitioning of iron isotopes between the mantle and the core. Originally, it
has been suggested that core-mantle differentiation will leave imprints on the iron isotope signature of
Earth’s mantle because of the difference of Fe valence state and coordination in the mantle (Fe2*) and
in the core (Fe® metal) (Polyakov, 2009). That study suggested that the mantle should be enriched in
heavy isotopes, product of equilibrium isotope fractionation during differentiation. However,

subsequent explanations argue that the bulk silicate Earth is chondritic in its iron isotopic composition
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and that any difference in isotope composition seen in basalts is due to fractionation during partial
melting of the rock from which they have been formed (Craddock et al., 2013). Indeed, isotope
compositions in natural rocks are scattered in values, with 856Fe ~ -0.01 %o for carbonaceous
chondrites, 656Fe ~ -0.1 to +0.1 %o for enstatite chondrites and 856Fe ~ +0.1 %o for basalts (Craddock
and Dauphas, 2011; Liu et al., 2017; Poitrasson et al., 2013). These scattered values are therefore
interpreted to suggest that the accessible mantle has a Fe isotope composition that is indistinguishable
from chondritic composition (i.e. 5°6Fe ~ 0 %o). Apart from expected evidence of the presence of light
elements in the core due to difference in chemical bonds, one must also consider the effects of
pressure and temperature. It is well known that equilibrium fractionation effects should vanish at high
temperatures. However, in the case of lower mantle and core conditions where pressures are also
high, these fractionation effects might still be important. Recently, Shahar et al. (2016) have carried
out experiments and computational modelling on the effects of pressure and light elements (such as H,
C, O) on the equilibrium isotope fractionation of 57Fe /54Fe at the core-mantle boundary. Their work
has found a significant imprint on isotope fractionation due to light elements such as C and H
(056Fe~0.03-0.05 %o0) whilst elements such as O leave almost no imprint (856Fe~0.007-0.01 %o). Their
results support the suggestions by Craddock et al. (2013) that in order to have a mantle with a d5¢Fe
near 0%o, light elements such as C and H that provide a large imprint in fractionation should not be
present in the core at a significant level. Additionally, it favours the presence of O as a light element in
the core. However, the effects of other light elements such as S on equilibrium Fe isotope fractionation
at core conditions are yet unclear as well as any pressure induced magnetic effects that can be of
relevance. There has been recent experimental work by (Ni et al., 2020); Shahar et al. (2015) on the
effects of S on Fe isotope fractionation between solid metal and liquid metal, or between metal and
silicate. In both cases, sulfur enters into the metallic phases and preferentially into the liquid metal
phase. Shahar et al. (2015) found that metal-silicate fractionation increases significantly with the
sulfur content in the metal, whereas Ni et al. (2020) observed that the solid-liquid fractionation in this

system does not depend on the sulfur content of the liquid metal. Obviously, much work needs to be
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done to understand these effects at temperature and pressure conditions of the terrestrial core, far
away from experimental studies performed below 2 GPa. In this context, the difficulty to carry out
experiments at high pressure and high temperature leads to the use of crystalline phases such as hcp
Iron or I4 FesS as proxies of the molten systems leading to large extrapolations and possible errors in
the interpretation of final results. This approach is used for instance in Liu et al. (2017) where high-
pressure data (up to 206 GPa) suggest a minuscule Fe isotope fractionation between metal and silicate

that is one order of magnitude lower than the one found by Shahar et al. (2015) at 1-2 GPa.

In recent years, computational techniques have become useful tools to estimate isotope fractionation
factors in mineral systems. This is particularly true for methods based on quantum mechanics that
allow to describe the vibrational properties of light and heavy isotopes at any pressure and
temperature conditions (Blanchard et al., 2017). However, the weakness of these methods typically
lies in the use of the quasi-harmonic approximation that falls when temperature increases or when the
systems become fully molten. In addition, in dynamical systems such as liquids and melts, it has been
shown that configurational disorder needs to be taken into account in order to obtain meaningful

equilibrium fractionation factors (Blanchard et al., 2017; Pinilla et al,, 2015).

In this work, we use ab-initio computational methods to perform a systematic study of the 56Fe/54Fe
equilibrium isotope fractionation in molten and solid Fe1«Sx alloys at conditions of the core formation.
By comparing the fractionation factors obtained from solid and molten systems, we estimate the
validity of the experimental approximation consisting in using solid metals as a proxy for molten
alloys. Additionally, we comment on the effects of S concentration on Fe isotope fractionation in liquid
systems. We discuss our findings on view of latest results on equilibrium Fe isotope fractionation and

their relevance for the formation of the Earth’s core.

METHODS
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2.1 Equilibrium isotope fractionation factor from harmonic vibrational modes

The equilibrium isotope fractionation factor of an element displaying two isotopic forms Y and Y*

between two phases a and b is related to the ratio of the isotope concentration ratios:

—

Ny«
ny

),
ny b

a(a,b,Y) =

where ny is the mole fraction of isotopes Y in phase a. The equilibrium fractionation factor between
two phases can be related to the reduced partition function ratio f(a,Y) of each phase by:
In(a(a,b,Y))=In(f(a,Y)) - In((b,Y)). Isotopic reduced partition function ratios are usually presented as
103 In(B(a,Y)) in permil. The reduced partition function ratio S(a,Y) describes the isotopic fractionation
properties of a given phase normalized to the properties of a classically behaving system. It can be
shown that within the harmonic approximation and using the Teller-Redlich rule for frequencies

(Wilson et al., 1955), the (a,Y) factor in a solid phase can be written as (Meheut et al., 2007):

3Ny, 1/NNg
o~/ (2ksT) o~1Wq,i/ (egT)

1
= L
B(a; Y) nl n U th'l/(kBT) e_th,i/(ZRBT) (2)

where vg; and v*;; are the phonon frequencies of the i-th branch with wave vector g for the two
isotopologues. Ny is the number of atoms in the unit-cell and N is the number of sites occupied by the
Y atom in the unit-cell. h and kg are the Planck and Boltzmann constants respectively, and T the
temperature. The second product in equation 2 is usually performed on a grid containing Nq g-vectors

to ensure full convergence of the (a,Y) value.

2.2 Equilibrium isotope fractionation factor from the Kinetic energy

To calculate the equilibrium fractionation factor directly from molecular dynamics simulations of
liquid systems, we can use the equation relating the B-factor to the atomic kinetic energy (K)

(Polyakov, 1998, 2009):
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where Am=m*-m with m* the mass of the heavier isotope. In this work we have used the definition of
kinetic energy (K) as a function of the partial vibrational density of states (pDOS) that can be
computed directly from computer simulations or experiments using nuclear resonant inelastic X-ray
scattering spectroscopy (NRIXS) (Dauphas et al.,, 2018; Dauphas et al., 2012; Polyakov, 2009). In this
way, the kinetic energy of an atomic specie in the phase of interest can be defined as a function of the

vibrational density of states of this atomic specie, g(v), as (Vos et al., 2015):

3J, 9a(v,T)dv
2 [V g

4)
with a(v,T) the kinetic energy of a quantum harmonic oscillator. This last term is defined as:

1 1
(X(V, T) = hv (m + E) (5)

The vibrational density of states of a system of atoms can be retrieved from the Fourier transform of
the velocity auto-correlation function (VCF) thermodynamically averaged over all atoms of a given

specie. The pDOS for a system of N atoms is given by

_ (7, @ v©0)
0= | oo™ ©

The VCF has been calculated directly from ab-initio molecular dynamics simulations at the

temperature and pressure of interest.

2.3 Computational details

The calculations in this work are based on density functional theory as implemented in the VASP code

developed by Kresse and Hafner (1994) and updated by Kresse and Furthmuller (1996). The exchange
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and correlation energy was represented by the generalized-gradient-approximation GGA approach in
the version for solids, PBEsol, developed by Von Barth (2004). Electronic wave functions were
expanded on a plane-wave basis with a maximum cutoff energy of 600 eV, which guarantees
convergence of all calculated properties. Pseudopotentials of the projector augmented wave type
(Blochl, 1994; Kresse, 1999) were used for Fe and S, with an electronic configuration of valence states

3s23p63de4szand 3s2 3p4, respectively.

Ab-initio molecular dynamics (AIMD) calculations were performed using a Nosé-Poincaré thermostat
(Bond et al,, 1999) and a Parrinello-Raman barostat (Hernandez, 2001) to work at temperatures and
pressures of interest. All systems were thermodynamically equilibrated at core formation conditions
(60 GPa, 3000 K) by means of a NPT ensemble for a minimum time of 2 ps, which was found sufficient
to guarantee fully thermodynamic equilibrium. Once the system was equilibrated to the desired
pressure and temperature, calculations were subsequently performed in a NVT ensemble at the same
temperature, using a Nosé-Hoover thermostat (Hoover, 1985; Nosé, 1984). All AIMD calculations were

carried out with an integration time of 0.5 fs.

In order to understand the effect of S on the Fe isotope fractionation, we selected the following
systems: a pure solid hcp iron structure (54 atoms) and its molten counterpart (0 at%S), a solid 14
FesS structure (64 atoms) and its molten counterpart (25 at%S) and two liquid alloys with
intermediate compositions of 9.4 at%S and 17.2 at%$ (64 atoms each). All calculations besides the one
for pure liquid iron have been carried out at 60 GPa and 3000 K. In the case of pure liquid iron we have
carried out calculations at a higher temperature of 6000 K due to the fact that at this pressure of 60
GPa and 3000 K, the most stable phase of iron is still the solid hcp structure and not a molten system,
as shown by previous phase diagram calculations (Alfé et al., 2002). In order to understand the effect
of temperature on force constants and isotope fractionation factors, we have run an extra AIMD

calculation of solid hcp Fe at 300 K.
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Additional to the AIMD calculations mentioned above, we have also carried out zero-temperature
structural optimizations of the two crystalline systems, to estimate the 5¢/54Fe equilibrium isotope
fractionation factor from vibrational properties using the harmonic approximation through equation
(2). We estimated vibrational frequencies by using first the perturbation theory method as
implemented in VASP to obtain the dynamical matrix. Then, force constants and vibrational
frequencies have been post-processed using the PHONOPY code (Togo and Tanaka, 2015). Phonon
frequencies are given by the eigenvalues of the dynamical matrix. The k-point for total energy
convergence as well as the g-mesh used to obtain convergence of vibrational properties used in this
work can be found in Table 1. Using these parameters, frequencies and B-factors are converged to
0.001 cm and 0.0001 %o respectively. Additionally, we have produced solid solutions at similar
concentration as the two liquid alloys discussed above using the solid solution method reported by
D’Arco et al. (2013); Mustapha et al. (2013). The structures of these solid solutions were found to be
dynamically non-stable and therefore their isotope fractionation factors are not reported in this work.
[t should also be noted that we have found magnetic effects to be non-relevant at the studied pressure
and temperature conditions and therefore have not been taken into account in this work (See Valencia

etal. (2020)).

Keeping in mind these methodological part, we can now outline the four different methods used in this
work to estimate f-factors and explain the limitations and advantages of each one of them. Firstly, the
trajectories obtained from finite-temperature AIMD calculations have been used to obtain the velocity
auto-correlation function (VCF) and subsequently, the partial density of states (pDOS) using equation
(6). One limitation of the pDOS method lies on the length of the trajectory used to obtain meaningful
results given that the noise in the velocity auto-correlation function increases with the length of the
time interval and could lead to non-converged pDOS spectra. In this work, the reported pDOS are
obtained as an average of several 6 ps trajectories (at least 5 trajectories) obtained over a longer MD

trajectory. We have estimated the Kkinetic energy and subsequently the B-factor using equations 4 and
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3 respectively. In this method, the interatomic force constant can also be retrieved from the pDOS,

using the following equation (e.g. Dauphas et al. 2012):

m + 0o

(Fy=2 [ gvidv  (7)

This method has the advantage to include anharmonic effects as well as configurational disorder, of
relevance in the case of liquid systems. We will refer to this method as the “pDOS-melt” results.
Furthermore, we have used the same pDOS methodology applied to Fe-hcp and Fe3S-14 crystalline
systems with AIMD calculations performed at 300 K and 60 GPa. The B-factors obtained through this

method will be presented as the “pD0S-solid” results.

Using the snapshots from the same AIMD trajectories of the molten systems, we have performed zero-
temperature constant-pressure optimisations of the atomic positions in order to minimise the total
energy. Following this, we have used the relaxed configurations to calculate vibrational properties and
estimate the B-factor using equation 2. This method is similar to the one presented in previous works
by Pinilla et al. (2015) and results obtained from this method will be referred as the “RELAX” results.
In the “RELAX-melt” method the obtained snapshots can be seen as those resembling a glassy system
obtained through rapid quenching and characterised by structural disorder but where bond distance
distribution has been evened out due to optimization of atomic positions. Finally, in the case of
crystalline Fe-hcp and Fes3S-14, we have calculated the vibrational properties within the harmonic
approximation from the optimised structure at zero temperature and used equation 2 to obtain the -
factor. Results from these calculations will be known as “RELAX-solid” results. It should be noted that
in the case of solid structures, the RELAX-melt method (i.e., AIMD at finite temperature followed by
zero-temperature relaxations) converges to the same results as the RELAX-solid method (i.e., direct
zero-temperature structural relaxation). A summary of the methods used in the present study can be

found in Table 2.
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3. RESULTS AND DISCUSSION

3.1 Iron and sulfur Kinetic energies

To determine the kinetic energy for Fe and S atoms we calculated the velocity auto-correlation
function (VCF) for all the studied systems as shown in Figure 1. In the case of liquid alloys, the typical
behaviour for dense liquids was observed, with an intermediate negative region produced by atomic
collision and a subsequent rise before oscillating around a zero correlation (Hansen and McDonald,
2005). The fact that the positive part of the VCF is larger than the negative one describes a system with
net diffusion, opposite to what is seen in the case of solids. The corresponding pDOS are also displayed
in Figure 1. It is interesting to note that in the case of solids the pDOS has a zero value at zero
frequency. At low frequency (long times) the pDOS of solids should follow a quadratic trend just like
the one described by the Debye model for the long wavelength limit (Hansen and McDonald, 2005)
and corresponding to acoustic vibrational modes. This is different from what is seen in the case of
liquids where diffusive effects lead to a net pDOS value at zero frequency. Additionally, in the case of
solids we have also displayed pDOS from zero-temperature vibrational frequencies to show the effect

of temperature producing a broader spectrum.

Using the pDOS we have determined the kinetic energy via equation 4. Figure 2 shows the iron kinetic
energy as a function of temperature for some of the studied systems. We note the large error bars
reported in these results, where kinetic energies for liquid and solid system are close. However, we
observe in details, systematic trends. Fe atoms have a slightly smaller kinetic energy than S atoms with
a Ks - Kre= 0.8 meV for solid FesS at 300 K and 60 GPa. An Fe atom in pure solid Fe hcp lattice has an
average kinetic energy Kresoia = 43.4 meV at 300 K whereas a similar atom in a FesS structure has a
Kress-solid = 44.2 meV. This difference complies with the fact that the Fe-S bond has a more covalent
nature thus producing a stronger bond than a pure metallic Fe-Fe bond. This conclusion could also be

extended to liquids but with a smaller magnitude. Similar behaviour has been also reported by Morard
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et al. (2008) in the case of Fe-S-Si liquid alloys. Overall, the Fe kinetic energy of Fe1.«Sx alloys tends to
be slightly higher than those based on pure Fe. Furthermore, the kinetic energy of an Fe atom in a
solid, liquid and gas phase of these alloys is different due to the bond nature, but the trends are not the
same depending on the composition investigated. All systems possess a larger kinetic energy than that
for a free Fe atom (3kzT/2) = 38.7 meV/atom at 300 K, but in the case of pure Fe, the solid has a lower
kinetic energy than that found for the liquid phase, whereas, this effect is reverted in the case of the
FesS system. Finally, we can observe that the kinetic energy difference decreases as temperature

increases, leading to a constant value due to the increase of diffusive-like contributions.

3.2 Iron B-factors from solid and molten alloys

The 56Fe/54Fe reduced partition function ratios (f-factors) obtained from all methods described in
Table 2 are shown in Figure 3. A further insight into our results can be obtained from the iron force
constants displayed in Table 3. We need to differentiate the results estimated from calculations at zero
temperature (RELAX-melt and RELAX-solid methods) from those at finite temperature (pDOS-melt
and pDOS-solid methods). At 3000 K, S-factors from the later methods seem to be ~ 0.02 %o lower
than the p-factors from the former one (Fig. 3). Consistently, force constants from pDOS calculations
(pDOS-melt and pDOS-solid) are ~ 100 N/m smaller than those from frequency methods (RELAX-melt
and RELAX-solid) (Table3). This difference is found to be related to shorter Fe-Fe and Fe-S bonds at
zero temperature as well as to the truncation in the kinetic energy integral to a certain maximum
cutoff value of 246 meV (See SI). This truncation procedure is much on the lines to what is done for
NRIXS experiments (Dauphas et al., 2012).

If we now compare solid, glass and liquid results, we can make several observations. For both Fe and
FesS compositions, RELAX-melt and RELAX-solid methods present comparable results for the S-factors
(Fig. 3) or the force constants (Table 3). The RELAX-melt method includes some configurational

disorder like in a glass, even if the distribution of bond distances has been diminished by the
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optimization of atomic positions. Therefore, these results suggest that the isotopic properties of a glass
system, as that given by the RELAX-melt method, may be equivalent to that of a perfect solid structure.
When dealing with liquid systems taking full account of thermal effects such as in the case of the pDOS
calculations, we see that the f-factors extrapolated at conditions of core formation (3000 K, 60 GPa)
from a liquid Fe simulation run at 6000 K and from a solid simulation run at 300 K are comparable
with BFesoig-BFeliquia ® 0.02 %o at 3000 K. The same conclusion can be drawn for the FesS composition.
Overall, our results highlight that although configurational disorder is different in all systems, bond
type and local environment are the controlling parameters of this modelling. This shows that 3-factors
obtained from solid systems may in principle be used in place of molten ones, with differences not
larger than 0.02 %o at conditions of core formation. Hence, we can conclude that crystalline or glassy
iron alloys are good proxies for molten systems for deep Earth studies as has already been done in

several experimental works.

Finally, we can compare the values of iron force constants calculated for pure Fe-hcp and FesS using
the RELAX-melt or RELAX-solid methods to the equivalent NRIXS-derived room-temperature values
reported in previous experimental works by Shahar et al. (2016) and Liu et al. (2017). Calculated and
experimental values are all in good agreement with the largest difference between these values of
about 10% for the pure Fe system (Table 3). It is noteworthy that there are no data for solid alloys at S
concentrations of 5.6 and 10.6 wt% because these solid alloys were found to be dynamically unstable

under the pressure used.

3.3. Thermal extrapolation of the S-factor

The temperature dependence of the fS-factor for zero-temperature calculations (RELAX-solid and
RELAX-melt methods) and finite temperature MD simulations (pDOS-solid and pDOS-melt methods)
has been determined using equations 2 and 3 respectively. The procedure of using vibrational

frequencies or the partial density of states obtained at a given temperature to extrapolate the
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functional behaviour of B-factors to other temperatures is a widely used approach both in theory and
experimental analysis, but can be prone to errors. Here we assess the validity of such procedure by
comparing the B-factors obtained using the pDOS method from AIMD simulations performed at several
temperatures (3000 K, 4000 K, 5000 K, 6000 K and 7000 K) with the values obtained using an
extrapolation procedure (Fig. 4). Our results show that the data extrapolation from a simulation at
3000 K toward higher temperatures is perfectly valid. On the other hand, the data extrapolation
towards 3000 K from simulations performed at higher temperature (4000-7000 K) lead to small
uncertainties. Extrapolated values oscillate from one simulation temperature to the other but globally
these oscillations do not exceed the error bar already calculated for the pDOS-melt method (about
+0.01 %o at 3000 K, Fig. 4). More critical is the linear extrapolation up to 3000 K of the pDOS-solid
simulation run at 300 K. In order to assess the validity of this extrapolation, we ran an overheated Fe-
hcp structure at 60 GPa and 3000 K. This simulation leads to a f-factor close to the melt one at the
same conditions, suggesting that this extrapolation overestimates the force constant by about 30 N/m
(Fig. 4b) and the f-factor by about 0.01 %o (Fig. 4a). Data for pDOS-solid displayed in Figure 6 as well
as Tables 3 and 4 have been corrected to account for this overestimation.

Overall, our results suggest that the force constant determined by spectroscopic analysis at room
temperature will be overestimated by 30 N/m when discussing implications at conditions near the
3000 K. This overestimation is of the same order of magnitude as error bars reported in spectroscopic
methods (Dauphas et al,, 2012; Roskosz et al., 2015). Therefore, these results warn on the use of solids
as proxies for high-temperature liquids and make this approximation acceptable for a range of
temperatures between 1000-2000 K. It is important to say that the behaviour observed here for the
force constant as a function of temperature is true at the high-pressure regime where this work has
been carried out. However, we expect a more significant correction at low pressures where vibrational

effects, thermal expansion and even magnetic effects might be more pronounced.

3.4. Correcting for fluidicity effects on estimated (3-factors
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The pDOS methodology described above has been widely used for the NRIXS-based and static
computation study of isotope fractionation properties in crystalline systems where the harmonic
approximation is most of the time a good assumption (Bourdon et al.,, 2018; Dauphas et al., 2018).
However, a direct extension to liquids may not be appropriate since entropy and fluidicity effects are
dominated by low-frequency modes. In particular, the pDOS of liquids has a non-zero value at zero
frequency, which corresponds to the diffusion mode (Fig 1).
To assess the effect of fluidicity on the calculated B-factors we have used the two phase approach
proposed by Lin et al. (2003) and Lin et al. (2010) in which the partial density of states (g(v)) of a
system with 3N degrees of freedom can be partitioned into a gas- and a solid-like component:

gw) =g+ g°), (8)
where the gas-like diffusive component g9(v) corresponds to 3N¢9= 3fN degrees of freedom with f
being the gas fraction. The remainder, g5(v), describes a non-diffuse system in which g5(0) = 0 (i.e.
no diffusion). Thus, the degrees of freedom from the system that behaves in a solid-like way are 3Ns=
3N(1-f).
In order to estimate the solid-like density of states, it is necessary to define the gas-like diffusive
component g9(v) and the gas fraction f. In their original paper, Lin et al. (2003) approximate g9(v) to

that of a hard sphere fluid defined as:

gy =—2 9
LT

where s is the original g(v) zero-frequency value. Likewise, the gas fraction, f, can be written as

3 7 3 5
207%/2f15/2 _ GAT3FS _ AT2fz 4+ 6AT2fz + 2f— 2 = 0, (10)
where
_ 250 (mkgT\M? 173 (6)\?/3
A(T,p,m,sg) = 9—N(—m ) p (;) (11)

with m the mass of the particles and p = N/V, the density. A is a function of the studied alloy. Note that

through MD calculations, the obtained value sy determines A and subsequently g9 (v) and the gas
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fraction also called fluidicity factor f. In this way, any thermodynamic property can be estimated as a
sum of gas and solid contributions.

The respective decompositions at conditions of the core formation can be seen in Figure 5. Results
show that the pDOS for a gas decays rapidly and monotonically as frequency increases. This behaviour
is expected since in gases usually the mean free path is larger than the particle diameter. In the case of
a solid-like system, and as shown earlier, the velocity auto-correlation function oscillates around zero
with amplitudes decreasing as time increases. In a single particle system oscillating under a harmonic
potential, this oscillation can be fitted to a cosine function and the g°(v) resembles a Dirac delta. In the
case of a solid the g5(v) has several peaks reflecting the ordered nature of crystal structures.
Furthermore, the values of the fluidicity factor fincreases as a function of temperature showing how
the diffusive character of the alloy increases with temperature (Fig. 5c). We have used these results to
estimate the B-factor corrected for fluidicity effects in the case of Fe and Fe3S melts. Results are
reported in figure 6. The results with or without fluidicity correction are similar with S-factors
differing by less than 0.01 %o among them. Therefore, fluidicity effects present in the pDOS are not

relevant when estimating the equilibrium fractionation factor of Fe in liquid Fex.15y alloys.

3.5. Effect of S concentration on Fe B-factor

In order to evaluate the effect of S on the iron 3-factor we have performed calculations on four systems
with S concentrations ranging from 0.0 to 25 at% (Fig. 6). As already mentioned in part 3.2, results
from zero-temperature methods (RELAX-melt and RELAX-solid) must be discussed separately from
pDOS-based methods. Overall, all methods show a small variation of S-factors (i.e. not larger than 0.02
%o) over the whole S concentration range. However, calculations show subtle trends where the Fe f-
factor changes continuously with S concentration (see green and black lines in Fig. 6). In addition, the

change seems to be different for the case of crystalline and non-crystalline systems (Figs. 3 and 6). In
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the case of crystalline systems (RELAX-solid and pDOS-solid results) we see the fS-factor for pure Fe-
hcp to be larger than those of Fe3S-14. The same trend is observed for the force constants (Table 3).
Conversely, pDOS-melt and RELAX-melt results show the opposite behaviour where S-factors and
force constants increase with S content. However, we note here that experimental uncertainties likely
exceed these differences calculated here for P-T conditions relevant to the Earth’s core formation.

The fact that S-factors and force constants depend on concentration in the case of Fe1.S« alloys can be
understood from the local structural and chemical environment described through the coordination
number and bond lengths (Smith, 1956). Therefore, we have derived the partial radial distribution
functions and coordination numbers as a function of S content for solid and liquid systems (Fig. 7). In
the case of molten alloys, we see that sulphur shows some covalent bonding with iron in the first shell,
creating shorter Fe-S bonds and increasing slightly the length of the remaining Fe-Fe bonds. Indeed,
Figure 7c clearly shows that the Fe-Fe coordination number (CNFeFe) goes from 13.4 at 0 at%S to 9.8 at
25 at%Ss, showing a decrease in the number of Fe atoms surrounding another Fe atom. Likewise, the
Fe-S coordination number increases from 0.0 in absence of sulphur to 3.1 at 25 at%S. By adding the
Fe-Fe and Fe-S coordination numbers together, we see that the total number of atoms surrounding a
Fe atom in molten systems is fairly constant through all the S concentration range, suggesting that S
atoms substitute readily for Fe atoms within the melt. Therefore, the nearly constant total
coordination number and the increase in the number of shorter Fe-S bonds with sulphur
concentration lead to an increase of fS-factors and force constants for all molten alloys. In contrast, in
crystalline systems, atoms are more localized around their equilibrium position and as a result, bond
length distributions tend to be narrower than in melts, as seen in figure 7. Additionally, FesS-14
displays an average Fe-Fe distance significantly larger (+6%) than in Fe-hcp (Fig. 7) while the total
coordination number remains nearly the same. This observation explains why crystalline FesS
presents a smaller S-factor and force constant than Fe-hcp.

A closer look at Fe3S-14 shows that this structure has three distinct Fe crystallographic sites: Fel, Fell

and Felll whose f-factors are 0.094, 0.103, 0.117 %o at 60 GPa and 3000 K respectively. The first



406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

coordination shell of the Fel site displays 12 Fe atoms (average distance dre.re=2.44 A) and 2 S atoms
(average distance dres=2.08 A). Fell site is surrounded by 10 Fe atoms (dren-re=2.40 A) and 4 S atoms
(drens=2.14 A) while Felll site is surrounded by 10 Fe atoms (dreire=2.38 A) and 3 S atoms (dren-
s=2.13 A). Iron in site III has the highest S-factor because its total coordination number is the lowest
(13) and is dominated by iron with the shortest Fe-Fe bonds. Between sites | and II, displaying the
same total coordination number of 14, iron in site II has the highest fg-factor in relation to a larger
number of S neighbours and a shorter average bond length.

Results thus suggest that the small changes seen in the force constants and f-factors when S
concentration increases in FeixSx alloys are mainly due to a combination of attenuated structural
changes related to atomic coordination and bond stiffness. The geochemical implications and possible

reappraisals of existing experimental data related to these small variations are discussed below.

3.6. Implications in the context of terrestrial core formation

Our theoretical calculations alleviate a number of controversies and speculations in the field of HP-HT
behaviour of Fe isotopes in solid and liquid alloys. To a certain extent, these conclusions likely hold for
other isotopic systems.

First of all, it is commonly proposed that solids and glasses could be considered as representative of
molten counterparts as a first approximation (Liu et al., 2017; Shahar et al,, 2016; Yang et al,, 2019).
This was obviously proposed for lack of better alternatives. For pure iron, the simple close-packed
structure of liquids, the similarities between density and compressibility relative to its solid phase
under core conditions made this assumption reasonable (Laio et al., 2000). Similar assumptions were
also made for silicates for which structural data also indicates strong similarities between glasses and
melts at the local scale (Dauphas et al., 2014; Mysen and Pascal, 2005; Sanloup et al., 2013). Our results
demonstrate, in the case of pure iron and iron sulphides that this assumption holds at least in the high

pressure and temperature conditions prevailing during the Earth’s core formation.
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Second, another common assumption made to extrapolate experimental spectroscopic results to
planetary conditions (Liu et al., 2017; Shahar et al,, 2016; Yang et al., 2019) or, conversely to try to
explain flagrant inconsistencies between spectroscopic and experimental results (Shahar and Young,
2020) focusses on the validity of harmonic approximations. Anharmonicity must indeed be present at
some level as it is the mechanism responsible for thermal expansion, which is present in geological
materials. For example, the volume of forsterite expands by 8% when the temperature is increased
from 300 to 2300 K (Bouhifd et al,, 1996) and no expansion would be present if the bonds were
perfectly harmonic. If the bonds were perfectly harmonic, then the force constant of those bonds
should not vary with temperature. Conversely, anharmonicity in interatomic potentials would be
manifested as an apparent variation of the force constant of the iron bonds as temperature changes.
Our results show such a variation (Fig. 4b). The Fe force constant decreases from 288 N/m at 300 K to
262 N/m at 3000 K for solid iron, and the force constant for liquid iron decreases from about 255 N/m
at 3000 K to 238 N/m at 7000 K. However, these variations are of the same order of magnitude as
error bars reported in spectroscopic studies. Consistent results were recently produced in the case of
silicate minerals and glasses (Roskosz et al, in prep.). This is an important result because it
strengthens the use of spectroscopic approach to derive isotopic properties of geomaterials at extreme
conditions. It also highlights one more time the unexplained inconsistency between fractionation
factors derived from experimental petrological experiments (e.g. Shahar et al. (2015) and theoretical
and spectroscopic determinations (Liu et al., 2017; Shahar et al.,, 2016; Yang et al., 2019). To date this
discrepancy remains unexplained but is clearly beyond the effects related to the anharmonic nature of
metallic materials.

Third, these data can be used to describe Fe isotopes distribution within core forming materials during
its crystallization. At the studied conditions (60 GPa and 3000 K), our calculations suggest that no
measurable fractionation should be produced between liquids and solids even if incongruent
crystallisation of a Fe-S molten alloy is considered. The limited amount of light alloying element and Ni

should not change this conclusion since NRIXS measurements performed on solid analogues
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confirmed that reasonable amounts of these elements could not significantly modify the force
constants of the alloy (Liu et al., 2017; Shahar et al., 2016). Moving to milder conditions, experiments
were recently performed to mimic core formation in planetesimals where pressure and temperature
do not exceed a few GPa and 1600 K. Clearly, extrapolations of our calculations to lower temperature
and pressure is limited by phase transitions and no firm conclusion can be drawn in the context of
planetesimal differentiation. Nonetheless, as a first attempt, we have compared our A%6¢/54q4.
liquia=103(InBsoiia-InPiiquia) results with those recently reported by (Ni et al, 2020) concerning
planetesimal core crystallization (Table 4). We find our results to be about five times smaller than
their reported average value of A456/54giiquia = 0.09£0.04 %o at 1573 K for a similar range of S
concentration and much lower pressure. If our predicted very small fractionation is confirmed by
future calculations performed at lower pressure and temperature, then the relatively heavy iron
isotopic signature of iron meteorites could not be explained solely by core crystallization and may
also derive from fractionation associated to processes involved during the exhumation of core

materials.

4. CONCLUSIONS

In this work, we have used computational methods to understand the effect of S on Fe equilibrium
isotope fractionation in FeiSx alloys as well as the consequences of using solid metal as proxies of
molten alloys when performing experimental studies. We have shown that although configurational
disorder could be different between these systems, bond type and local environment are the
controlling parameters of Fe isotope fractionation and that -factors obtained from solid systems may
in principle be used in place of molten ones, with differences not larger than 0.01 %o at the high
pressure and temperature conditions investigated here. In addition, while the Fe force constant is
found to decrease with increasing temperature, this consequence of the anharmonicity of the

interatomic bonds remains smaller than the typical error bars of spectroscopically-derived force
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constants at high pressure. This result makes valid the extrapolation in temperature of such
experimental force constants. Regarding the S concentration effect, we observe changes in Fe f-factor

and force constant much smaller than the estimated error bars even if the subtle and continuous
trends with S concentration can be rationalized by a combination of structural changes related to
atomic coordination and bond stiffness. Our calculations have thus suggested that no measurable
fractionation should be produced between liquid and solid even if incongruent crystallisation of a Fe-S
molten alloy is considered at conditions of the Earth’s core formation. However, it is important to note
that the results outlined here for Fei«Sx alloys apply to high pressure and high temperature conditions
and that the effect of anharmonicity, S concentration and possibly magnetization on Fe isotopes

behaviour at milder conditions could be larger than what has been found in this work.
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Figure 1. Calculated velocity correlation function (right) and partial density of states (left)
for different molten alloys (top) and solid crystalline systems (bottom). For solid systems,
the pDOS were also calculated from zero-temperature vibrational frequencies (violet
curves).

Figure 2. Iron kinetic energy difference as a function of temperature for the studied solid
and liquid systems at 60 GPa. The difference has been taken with respect to the kinetic
energy per atom of an ideal gas (3ks7/2). The inset is a closeup of the kinetic energy for the
region between 3000K and 6000K.

Figure 3. °%/>%Fe B-factor in pure Fe and FesS liquid and solid systems estimated using the
RELAX-solid (blue circles) and RELAX-melt (green diamonds) methods, and the integration of
the pDOS for a liquid (black squares) and solid (red triangles) system. Dashed lines correspond
to results from NRIXS experiments reported by Liu et al. (2017).

Figure 4. a) Temperature dependence of the Fe f-factor estimated using the pDOS-melt
method. Colour-circles show values from independent AIMD simulations performed at 3000,
4000, 5000, 6000 and 7000 K. Solid lines correspond to temperature dependences estimated
from a single simulation performed at the displayed temperatures, and then extrapolated to
other temperatures. Violet dashed line corresponds to results from the pDOS-solid method
for Fe-hcp run at 300 K and extrapolated at higher temperatures. b) Fe force constant as a
function of temperature in liquid iron (pDOS-melt method). Violet-dotted line and blue-
dashed line correspond to values obtained from pDOS-solid at 300 K and 3000 K respectively.

Figure 5. Partial density of states for a) pure iron at 6000 K and b) FesS at 3000 K, both at 60
GPa. Black-solid line represents total pDOS, dashed and dash-dotted lines are the solid and
gas contributions respectively. c) fluidicity factor f as a function of temperature for the pure
iron system.

Figure 6. °%/>*Fe B-factor as a function of S concentration at 60 GPa and 3000 K using
different calculation methods. In addition to the four standard methods summarized in
Table 2, “pDOS decomp.” corresponds to the pDOS-melt result corrected for fluidicity
effects (cf. section 3.5). Experimental results from Shahar et al. (2016) and Liu et al. (2017)
are shown for comparison. The small panel on the right hand side corresponds to a zoom up
of results obtained at 0 and 25 at% and is displayed to facilitate the reading of the reported
values.

Figure 7. Structural properties for molten Fei1xSxalloys. a) and b) panels correspond to Fe-Fe
and Fe-S radial distribution functions respectively for various S concentrations. Dotted and
Dashed-dotted lines are values for crystalline Fe-hcp and FesS-14 at 300K. c) Fe-Fe (black dots)



and Fe-S (red squares) coordination numbers as a function of S concentration. Green line
shows the total coordination number for any concentration. Blue values correspond to
coordination numbers for Fe-hcp and FesS-14 crystalline structures.
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Crystalline system

Supercell size

k-points mesh

g-points-mesh

Fe - hcp

Ax4x4

3x3x3

Ax4x4

FesS—-14

2x1x2

Ix2x1

6x6x6

Table 1. k and g meshes used for the zero-temperature calculation of electronic and vibrational

properties of crystalline systems.

Method Details 10°In(p)

pDOS-melt Full AIMD trajectory at 60 GPa | Calculated using the pDOS and
and finite temperature (3000 K | kinetic energy (equations 3, 4
for all alloys besides pure | and 6)
molten Fe computed at 6000 K).
Anharmonic and
configurational disorder effects
included.

pDOS-solid Full AIMD trajectory at 60 GPa | Calculated using the pDOS and
and 300 K. Anharmonic and | kinetic energy (equations 3, 4
configurational disorder effects | and 6)
included

RELAX-melt Snapshots taken from the liquid | Calculated using the vibrational
AIMD trajectory — structural | frequencies (eq. 2)
relaxation at constantPand T =
0 K. Some configurational
disorder effects taken into




account. Frequencies
estimated using the harmonic

approximation

RELAX-solid Optimization of Fe-hcp and | Calculated using the vibrational

FesS-14 crystal structures at T = | frequencies (eq. 2)
0 K. Frequencies estimated
using the harmonic

approximation.

Table 2. Summary of the methods used here for determining the S-factors.

System pDOS-melt pDOS-solid RELAX-melt RELAX-solid Other
works

Fe 2397 25818 330123 345+19 3121, 3212

Fe1xSx with x=5.6 238126 340+26

wt%

Fe1«Sx with 232114 ---- 344+7 ---- ----

x=10.6 wt%

FesS 24415 2287 35217 330129 327%

Table 3. Interatomic force constant of iron for Fe;.4Sx alloys in solid, glass and liquid states. Values are
given in N/m. NRIXS results from ! Liu et al. (2017) and 2Shahar et al. (2016) are shown for comparison.

Typical error value for the displayed NRIXS data is of about 20 N/m.



A5 i tiquia (%o) A5 i tiquia (%o)
3000 K 1600 K

Fe 0.011+0.005 0.036x0.005
0.00620.003 0.021+0.006
FesS -0.008+0.001 -0.028+0.001
-0.004140.002 -0.016140.003
Feselid_Fe,Sliauid 0.0050.002 0.015+0.002
0.0051+0.003 0.01940.004

Table 4. A°%**,qiquia at 1600 and 3000 K calculated using either the RELAX-solid — RELAX-melt

methods (first line) or the pDOSsoiia - PDOSmerr methods (second line).



