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Abstract

Iron (Fe) is present in terrestrial melts and at all depths inside the earth. How Fe in its varying oxidation
and spin states influences the properties of silicate melts is of critical importance to the understanding of
the chemical evolution of our planet. Here we report the results of first principles molecular dynamics
simulations of molten Fe-bearing MgSiO3 over a wide pressure range covering the entire mantle. Our
results suggest that the structural properties of the host melt, such as average bond length and average
coordination in Mg—0O, and Si—O, do not differ much when compared with the Fe-free melt. More
importantly, they show that the local (Fe—O) structure is more sensitive to the spin state (high-spin, HS
or low-spin, LS) of iron than to its valence state (Fe** and Fe**). For iso-valence configurations, the
average Fe—O bond lengths and coordination numbers differ by more than 10% and ~30%, respectively,
between HS and LS. In comparison, for iso-spin configurations, the corresponding differences between
Fe? and Fe*" are within 5 and 15%, respectively. Ferrous iron shows lower average oxygen coordination
numbers of ~3.8 for HS and ~3.3 for LS compared to the corresponding numbers of ~4.1 and ~3.7 for
ferric iron, at 0 GPa and 3000 K. As pressure increases, the coordination gap between the ferrous and
ferric iron closes for HS but persists for LS. Our analysis of the proportions of non-bridging and bridging
oxygens and the rates of bond breaking/formation events suggest an equivalent role of the ferrous and
ferric iron in terms of their network forming ability. The predicted structural behavior of iron in its
varying oxidation state is generally consistent with the experimental inferences for MgO-FeO-SiO»
melts. Unlike other ferrosilicate compositions for which the experimental data suggest that Fe*" increases
and Fe?* decreases the viscosity of the melt, the ferrous and ferric iron, due to their structural equivalence,
are likely to have similar influence on the dynamical behavior of deep mantle iron-bearing MgSiO3; melts.

Keywords: Iron in silicates, first-principles study, structure and structural aspects of spin and valence

INTRODUCTION

Iron is present in various valence (e.g., Fe* and Fe*") and spin (high-spin, intermediate-spin, and low-
spin) states in nature and at all depths inside the earth. The present-day largely solid earth is believed to
have evolved from a completely molten state (Stevenson, 1989). It is therefore likely that iron influenced
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the physico-chemical properties of the early magma ocean, played a significant role in the subsequent
crystallization and continues to affect the ongoing geochemical processes (Dingwell, 1991; Lange and
Carmichael, 1990; Toplis and Carroll, 1995; Liu and Lange, 2006). Silicates are known to dominate the
mantle mineral composition and any deep-seated partial melts. So, ascertaining the role that Fe may have
played in molten silicates during the thermo-chemical/physical equilibration processes is critical to our
understanding of the underlying structure of the solid earth.

Due to the high relevance of iron-bearing silicate melts in the geological processes (such as mass and
heat transport, planetary formation, volcanism, etc.), the role of iron in glassy/molten silicates has been
experimentally assessed extensively (Mysen et al., 1980, 1985; Mysen and Virgo, 1989; Hannoyer et
al.,1992; Jackson et al., 1993; Alberto et al., 1996; Holland et al., 1999; Burkhard, 2000; Kukkadapu et
al., 2003; Farges et al., 2004; Mysen, 2006; Cochain et al., 2012, Drewitt et al., 2013; Zhang et al, 2016,
Alderman et al., 2017, 2017a; Kim et al., 2016, Kim and Lee, 2019). A large portion of these
experimental data are, however, obtained from the solid amorphous analogs. This is because of
difficulties in in-situ experimentation and our current understanding that the underlying structure of
highly compressed melts can be well constrained by their glass analogs.

One of the main purposes of these experimental studies was to investigate the oxidation state
(ferrous/ferric ratio) and iron—oxygen coordination and subsequently relate these characteristics to their
network forming or modifying ability. It is still not clear whether iron takes part in network forming or
behaves as a network modifier cation, or in particular, whether ferrous and ferric iron take different roles
in silicates. For example, based on the room temperature spectroscopic (XANES, Maossbauer, and NMR)
data, the network forming character for ferric iron and network modifying ability of ferrous iron have
been ascribed in andesitic (Zhang et al., 2016), sodium silicate (Kim et al., 2016) and (Mg,Fe)SiO3 (Kim
and Lee, 2019) glasses. On the contrary, in-situ melt data on several alkali-free compositions, including
(Mg,Fe)SiOs, do not provide any conclusive difference between the Fe?* and Fe’* cases. Alderman et
al. (2017) prescribes an intermediate role of Fe in terms of its network forming/modifying ability.

On the other hand, computational approaches have taken an increased significance in the study of silicate
and oxide melts/glasses under varying conditions of pressure and temperature (e.g., Karki 2015). The
first-principles molecular dynamics (FPMD) simulations of Fe-bearing melts were not as often
undertaken, likely because of high computational cost and complexity to deal with the Fe d-states and
spin component (e.g., Guilott and Sator, 2007, Ramo and Stixrude, 2014, Holmstrom and Stixrude, 2015,
Ghosh and Karki 2016, Karki et al., 2018, Sun et al., 2018, 2019). How iron influences the host silicate
melt structure and how amicably Fe is integrated in the melt, thus remain largely unknown.

We have recently simulated Fe-bearing MgSiO3 melts to study the thermodynamics and equation of state
covering the entire mantle pressure range (Karki et al., 2018). Here we focus on the structural properties
of the silicate melts with iron in different valence and spin states under relevant conditions. Such FPMD
studies of structural details of Fe-bearing silicate melts are rare (e.g., Ramo and Stixrude, 2014). In
particular, we aim to understand the atomistic origins of the structural similarities/differences between
the pure and Fe-bearing MgSiO3 melts with Fe in high- and low-spin configurations and also Fe in Fe?*
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and Fe’" valence states. In general, iron is expected to be in mixed spin, and valence states in silicate
melts (Karki et al., 2018). Here, we address simpler systems in which Fe is forced to be exclusively either
in high-spin or low-spin. Although these results are not directly applicable to natural mixed-spin systems,
they provide insight into the microscopic arrangements that stabilize a given combination of spin states
at each pressure and temperature. We stress here that at relatively low pressures, we expect the majority
of iron to be in the high-spin state. But, for the sake of comparison, we provide the pressure and
temperature variations of the structural parameters of both the HS and LS in ferrous and ferric cases.
Based on our atomistic understanding, we infer the possible role of iron in magnesium silicates and also
for silicate melts, in general. We also estimate the effective structural quantities based on the relative
stability of the mixed spin states, as reported in our previous study (Karki et al., 2018).

2. Methods

First-principles molecular dynamics simulations were performed using the generalized gradient
approximation (GGA) and projector-augmented wave potentials as implemented in VASP (Kresse and
Furthmuller, 1996). Plane-wave cutoff energy of 400 eV and Gamma-point Brillouin-zone sampling
were used. The NVT canonical ensemble (fixed number of atoms N, constant volume J and constant
temperature 7) was used, and the temperature was controlled with the Nosé thermostat (Nos¢, 1984).
Different valence states were considered for Fe atoms: (i) Fe*" state was achieved by substituting Mg
atoms with Fe atoms for composition Mg 7sFeo.25Si03; (ii) Fe** state was achieved by substituting equal
numbers of Mg and Si atoms with Fe atoms for composition Mg s75Fe0.25Si0.87503; (iii) and another Fe**
configuration was considered by substituting only Mg atoms with Fe and adding extra oxygen atoms to
mimic the Fe*" state for composition of Mg 7sFeo.25S103.125. Supercells with a total of 80 atoms (82 atoms
for the (iii) case) were considered for the high-spin (HS), intermediate spin (IS) [only for the Fe** case]
and low-spin (LS) simulations. The HS corresponds to 4 us/Fe for the Fe*" and 5 ps/Fe for the Fe**. The
IS corresponds to 1 ps/Fe for the Fe3*, and the LS is the non—magnetic state for both oxidation states.
Note that unlike crystalline solids, the local surroundings around Fe atoms in melts change significantly
with time and can lead to unphysical local spin states. To circumvent this issue, the system-wide total
magnetization was constrained to appropriately capture the intended spin states. The simulations were
performed at different volumes to cover the entire mantle pressure regime (0—140 GPa) at 3000 and 4000
K. Each configuration was initially melted and equilibrated at 8000 K and then sequentially quenched to
lower intended temperatures. Simulation run durations varied from 50 to 150 picoseconds with the
longer runs corresponding to the compressed volumes. A time step of 1 femtosecond and energy
convergence criterion of 10 eV were used throughout. The effects of finite-size on the structural
quantities were shown to be small by performing some simulations with 160-atom supercell (Table I). A
few simulations were also performed by including the Hubbard U term for the Fe-d states. Further
computational details can be found in Karki et al. (2018).

3. Results

3.1. Structure at zero pressure
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To understand how Fe influences the structure of the host melt, we analyze the partial radial distribution
functions (RDFs) of various atomic species pairs for different spin (HS and LS) and valence/oxidation
(Fe*" and Fe*") configurations of iron around zero pressure and 3000 K. The amplitude and position of
the peaks in the Mg/Si-O correlation functions remain mostly unaffected by the presence of Fe (Fig. 1).
This means that no discernible changes occur either to the network forming Si—O or network modifying
Mg-O units due to Fe, irrespective of its spin and valence state. Like other cation-anion correlations, all
Fe—O RDFs show a well-defined peak around 1.9 A, followed by a broad second peak around 4.3 A. For
a given spin state (HS or LS), the Fe-O RDF does not show significant differences between Fe** and
Fe’*. However, the effects of spin are noticeable. The Fe—-O peak position shifts to a smaller distance for
LS iron-bearing melts, irrespective of the oxidation state.

The calculated (at 0 GPa and 3000 K) average Si-O bond length and coordination number (CNsio) for all
iron configurations are around 1.71 A and 3.98, respectively, and almost coincide with those of pure
MgSiO3 melt values (Table I). This means that the effects of iron on mean Si-O coordination are
insignificant within the computational uncertainty. However, Mg—O coordination (CNwgo) shows some
effect due to the presence of iron. For the high-spin Mg 75Feo25SiO3 (Fe?*) and Mg s75Fe0.25S10.87503
(Fe*") melts, CNmgo remains around 4.5, which is very close to the pure melt value. Due to excess oxygen
availability in the Mg 75Fe0.25S103.125 (Fe**) case, CNwgo displays enhanced values (> 4.6). Largely, there
is no noticeable difference in CNwgo between the HS and LS. The variation in average Mg—O bond length
for different valence and spin states remains within £0.02 A of the pure melt value of 2.22 A.

The influence of Fe on the network forming component(s) can be assessed by looking at the relative Si-
O-Si bridging oxygen (BO) content in the melt as it defines the connectivity of the silicate polyhedral
network. Our results show that there is a slight increase (2 — 3%) in the relative BO proportion for
Mgy .75F€0.25S103 (Fe?*) and Mg 75Fe0.25S103.125 (Fe**) when compared to the pure melt value of 34%. As
a result, their average O-Si coordination numbers (for both the HS and LS) do not differ much from the
pure MgSiOs value of 1.33 (Table I). On the other hand, for Mgy s75Fe0.25Si0.87503 (Fe**), there is ~10%
drop in the relative BO content (for both the HS and LS), resulting in a lower average O-Si coordination
number (1.16). This opposing trend in the BO abundance (relative to the pure melt) can be linked to the
Si content relative to the larger cations (i.e., Mg and Fe) in the system. The (Mg+Fe):Si ratio is 1 both
for Mgo.7sFe25S103 (Fe?*) and Mg 75Feo.25Si03.125 (Fe*"), and the effects of iron are minimal. Their
slightly increased BO abundance may be attributed to the differences in the local surrounding of Fe and
Mg, with the iron being relatively less coordinated than the Mg. However, the Mg s75F€0.25510.87503
(Fe*) melt is relatively Si poor (Mg+Fe):Si > 1). So, the oxygen-silicon connectivity gets suppressed.
This is consistent with the general understanding that the network connectivity increases with the Si
content, becoming complete in SiO,, where the BO proportion is nearly 100% (and the mean O-Si
coordination is 2).

Unlike other cation-anion coordination environments, the Fe—O coordination environment in silicate
melts is significantly sensitive to both the valence and spin states. At 0 GPa and 3000 K, CNkco is 3.8
and 4.2, respectively, for the high spin Fe**- and Fe**-bearing melts, and correspondingly, the average
Fe-O bond length takes values of 2.13 to 2.09 A (Table I). Interestingly, the low-spin Fe-bearing melts
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show smaller CNrco values of 3.3 and 3.7, respectively, for Fe?* and Fe*" configurations. Higher oxygen
coordination of Fe** compared to that of Fe?" may be attributed to the relatively oxygen-rich scenario of
Fe’*-bearing melts. However, it is not clear at this point why bonding environments are substantially
different between the HS and LS states or why the low-spin Fe>* and Fe’* tend to be under-coordinated
with oxygen compared to the HS iron. This trend, which persists to high pressure (discussed later), is in
contrast with the crystals in which the spin transition occurs iso-structurally.

We further examine the vicinity of iron atoms in the melt. The cation—cation correlation functions
generally show a broad peak, but this may not be entirely true for the iron-iron correlation. In particular,
for the LS cases, the Fe-Fe RDFs display some sort of peak in between 2.0 —2.5 A, followed by a minima
around 4.0 A. This indicates the existence of both the 1% and 2" nearest neighbor iron atoms. A
significant proportion of Fe—Fe distances lies in the vicinity of 2.0 A, which perhaps signifies direct Fe-
Fe bonding (Fig. 2). Such direct Fe-Fe correlation is also present in the HS case but to a much lesser
extent. Because of relatively strong Fe—Fe correlation, the LS iron atoms probably lose some Fe—O bonds
to maintain optimal bonding environment and are thus under-coordinated compared to the HS state. The
RDFs do not reflect any other direct cation-cation correlations of same- or mixed species as the
corresponding peaks appear at distances beyond 3 A (Fig. S1). We note that all simulations, including
those using independent configurations with no initial near-neighbor Fe—Fe bonding and also those using
large supercell, have provided similar statistics (Table I). Using GGA+U tends to suppress direct Fe-Fe
correlation and increase mean Fe-O coordination at zero pressure, for all cases of HS, LS, Fe?*, Fe**
(Table IT and Fig. S1).

3.2. Structure at high pressure

Both the Si—O and Mg—O RDFs of all Fe-bearing melts at elevated pressures are similar to the
corresponding RDFs of the pure melt (Fig. 3). The Fe—O correlation shows noticeable variations among
different cases of Fe. The Fe**-O peak is somewhat shorter and slightly shifted to a larger distance
relative to both Fe3*-O peaks for each spin case. Similarly, the peaks in the high-spin cases are somewhat
shorter and right-shifted relative to the low-spin cases. The different positions of the minima after the
first peak and the presence/absence of a satellite (peak) after the first minima imply some subtle structural
differences between the Fe?* and Fe**-bearing melts. We further explore the structural response to
pressure in terms of bond lengths and coordination numbers and their distributions.

The calculated pressure profiles of the mean Si—O bond lengths and coordination numbers of all iron-
bearing silicate melts considered remain close to each other and are also similar to those of the pure melt
(Fig. 4). The corresponding Mg-O profiles are spread out considerably among different iron types and
also tend to lie above the pure melt values. For instance, the MgO coordination varies among different
melts by up to 1 at high pressures, whereas the Si-O coordination variations lie within 0.5 at all pressures.

Despite the minimal influence of iron on average structural quantities, the effects of pressure on Si—O
coordination distribution are significant. The pressure-induced onset of high coordination species (> 4)
in iron-bearing melts is much more rapid than that in the pure melt. For example, by around 30 GPa, the
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abundances of five- and six-fold Si—O coordination species exceed 50 and 25%, respectively, whereas
the corresponding abundances remain within 35% and 5% for the pure melt. The effects of iron are also
evident in the mid compression range, where the mean Si—O coordination tends to be somewhat higher,
and different coordination speciation appears in Fe-bearing melts. Around 65 GPa, the ratio of four-,
five- and six-fold species changes from 22:51:26 (pure melt) to 2:26:68 due to the addition of iron to the
melt.

The overall effects of compression on the Fe—O structural parameters are characteristically more or less
similar to those on Mg-O and Si-O. For each Fe-bearing melt, the average Fe-O bond length increases
initially with pressure up to 20 GPa and thereafter starts to decrease normally on compression (Fig. 5).
Such anomalous behavior is typically shown by the Si-O bond over much wider pressure interval. The
overall variations in the Fe-O bond length among different Fe-bearing melts remain almost unchanged
with pressure. On the other hand, the mean Fe-O coordination number increases rapidly with pressure in
the anomalous regime (0 to 20 GPa) and then increases gradually at higher pressures.

Unlike Mg/Si—O, the overall spreads in the mean Fe-O coordination and bond distance among different
valence and spin states are much wider. The HS configurations consistently display larger Fe—O bond
distance and coordination than the LS ones at all pressures. They also approach the corresponding values
for Mg-O at high pressure (~8 for coordination and ~2.05 A for bond distance at 140 GPa). For the LS
configurations, although the bond distances seem to converge to ~1.9 A at 140 GPa, the coordination
difference between the valence states persists even at the highest pressure, reaching ~6.5 and ~5.8 for
Fe** and Fe?*, respectively. As discussed earlier, direct Fe—Fe bonding is much more prevalent in the LS
than in the HS at all pressures. Also, the first nearest neighbor Fe—Si and Fe—Mg connections start to
form in larger proportions in the LS case. These cation—cation connections probably result in maintaining
or even increasing the HS—LS coordination difference as the melt is compressed.

The average Fe—O bond distance in the Fe*" case displays higher values at all pressures in comparison
to the Fe** cases for both the HS and LS. Compression-induced decreases in bond distances are small in
Fe—O (2-3%) in comparison to Mg—O (~8%) over the pressure range 0 — 120 GPa. Over the same
pressure interval, there is ~45% increase in the mean Fe-O and Mg-O coordination. The mean Si—O
coordination of all Fe-bearing melts reaches 6 at high pressure (around 120 GPa), as in the case of other
silicate melts. The effects of compression on the Fe—O (and to some extent also for the Mg—O)
coordination appear to differ between the HS and LS as can be seen by the diverging trend in the
coordination-pressure profiles (Fig. 4 & 5). For example, the mean high-spin and low-spin Fe—O
coordination differs by about 0.5 at 0 GPa and by > 1.2 at 120 GPa. The coordination difference of ~0.5
at 0 GPa between two valence states does not change with pressure for the LS but tends to decrease for
the HS. Thus, the influence of pressure on the spin-associated difference in the Fe-O coordination is
more than the ferrous-ferric difference (inset of Fig. 5). For the simulated intermediate-spin (IS) state in
the Fe*" configuration, the Fe—O coordination and bond distance display values similar to that of the HS
states at low pressures, but they gradually take values that are more consistent with the LS states at higher
pressures (Fig. 5).
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The difference in the network connectivity between Mg 75Fe25Si03 (Fe*") and Mg s75F€0.25S10.87503
(Fe*") discussed earlier at zero pressure also persists over the entire pressure range considered (Fig. 6).
The Mgy s75F€0.25Si0.87503 (Fe**) configuration consistently displays lower O-Si coordination compared
to Mgo.7sFe025S103 (Fe?") and Mgp 75sFe025S103.125 (Fe*™), which in turn closely follows the pure melt
values at all pressures. This similarity/difference is also reflected even in the speciation of O-Si. For
instance, both the Mg 75Fe25Si03 (Fe?") and Mg 75Fe025Si03.125 (Fe**) display NBO, BO, and triply
coordinated oxygen (O3) in the proportion that is similar to that of the pure melt (around 26:55:16 at 65
GPa). The Mg s75F€0.25Si0.37503 (Fe*") melt has a different NBO:BO:03 ratio of 35:50:10, which can be
attributed to its lower silica content compared to the other two melts.

Our results show that the increase in temperature broadens all RDF peaks, which is a general trend seen
in all silicate melts. As a consequence, the average bond distances for all cation-anion pairs increase, as
can be seen, particularly in the mid compression regime (Fig. 4 & 5). The overall effects of temperature
on Mg/Si-O cation-anion coordination are similar to those for the pure melt. In the Fe**-bearing melt,
increasing temperature tends to decrease the average coordination at pressures above 20 GPa. This trend
is not so distinct in the Fe?" case, which displays similar or somewhat increased mean Fe-O coordination
at higher temperatures. For the network forming O—Si connections, lower temperature facilitates the
stabilization of triply coordinated and tetrahedral oxygen atoms at compressed conditions (Fig. 6). As a
result, the mean O—Si coordination increases with decreasing temperature for all melts. The temperature-
induced differences in cation-anion and O-Si coordination become almost insignificant at very high
pressures. The effects of temperature on the structural properties are generally small compared to the
pressure. For instance, over the pressure range of 0 to 140 GPa, the average cation-anion and O-Si
coordination increase by 1.5 to 2 fold, respectively.

3.3. Effect of Hubbard U on local environment of iron

The addition of an appropriate intra-atomic Coulomb repulsion term somewhat captures the localized
nature of the Fe-d states better and generally results in an improved description of the electronic
properties (e.g., band gap) in materials (Cococcioni and de Gironcoli, 2004). To explore how localization
of the Fe-d states affect the iron local surrounding, we have performed some GGA+U simulations using
U =2.5¢V, as in previous studies of (Mg,Fe)O and Fe;Si04 melts (Ghosh and Karki, 2016; Holmstrom
and Stixrude, 2016; Ramo and Stixrude, 2014). Our analysis suggests that the inclusion of U tends to
enhance Fe-O correlation while suppressing Fe-Fe correlation (Table II, Fig. S1). The influence of U is
more pronounced for the LS states, which consistently show higher average Fe-O coordination in
comparison to the GGA values (Fig. 5), and the difference between the GGA+U and GGA reaches as
high as 0.65. The average Fe-O coordination for the HS states displays either similar or slightly enhanced
values (< 0.4) as compared to their GGA counterparts. The high-spin low-spin Fe-O coordination
difference gets suppressed in the low-pressure regime, but not at high pressures. The diverging trend in
the average Fe-O coordination between the HS and LS with pressure is similar to that displayed by the
GGA results (Fig. 5). We briefly note here that the other cation-anion near-neighbor surroundings do not
show any noticeable difference with GGA+U.

In order to further assess the local environment around iron atoms, we have analyzed Bader charges
(Henkelman et al., 2006; Tang et al., 2009) on the system for one compressed volume (corresponding to
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60 to 70 GPa). The average charge on iron varies between +1.0e and +1.4e, depending on its spin and
valence state. Incidentally, this same variation in the effective charge of iron has been reported for several
Fe-C-O complexes (Koch et al., 2018) and a charge of +1.01¢ was obtained for crystalline FePO4 (Wang
et al., 2014). Our evaluated iron atomic charges for silicate melts thus appear to be reasonable. For other
atoms, the variations in their effective charges due to different valence and spin states are insignificant.
Their values are +1.6e (Mg), +3.1e (Si) and -1.5¢ (O), which are very close to the ones previously
evaluated for silicate melt (Ghosh and Karki, 2017). The effects of U on the effective charge of iron are
small as well.

Despite providing some GGA+U results for the sake of comparison, we note here that the dependence of
the U value on pressure, temperature, spin, and valence state, if any, is not known. Improper U choice
can lead to incorrect description of material properties, such as the dragging the spin transition to much
higher pressures or even absence of the spin transition (Rollmann et al., 2004) in hematite (Fe>O3) which
is experimentally reported to occur around 55 GPa (Sanson et al., 2016). We have found for (Mg,Fe)O
solid that GGA+U tends to overestimate the spin transition pressure with respect to experiments (Ghosh
and Karki, 2016). Therefore, we stress here that the entirety of the results presented here with the GGA
formalism is reliable and should be useful.

4. Discussion

4.1. Similarities/differences in local environment around iron: Fe?* vs Fe3*

The atomistic details from the present study indicate that the structural properties of Fe-bearing silicate
melts are more sensitive to the spin state of iron than that of the valence state. For instance, the average
Fe—O bond length difference between the HS and LS reaches >10%, whereas this difference between the
Fe?" and Fe** remains within 5%. For average Fe-O coordination, the corresponding differences reach as
high as 30% and 15%. Unlike crystals where the valence state depends on the residence of Fe atoms in
specific crystalline sites, the surroundings of Fe atoms in liquid are not unique anymore. The individual
Fe surrounding in the silicate melt may differ from one another (resulting in variation in the polyhedral
parameters, e.g., volume, coordination, bond length, distortion index, etc.) at any given time instant and
also evolve continuously with the time. The strong silicate network can impede the dynamics of the Fe-
units to some extent and aid in differentiating their local surroundings. Since the spin state of any Fe
atom depends on its local surroundings, the coexistence of the HS, LS, and even intermediate spin states
becomes a possibility in Fe-bearing silicate melts. The Fe?* configurations consistently display higher
bond lengths at all pressures. So, the Fe>* may undergo spin transition at comparatively higher pressures
than the Fe**. Our FPMD simulations have predicted the HS to LS transition in the Fe?*-bearing melt at
higher pressures than in the Fe3*-bearing melts (Karki et al., 2018).

Based on the experimental data on ferrosilicate glasses and melts, the estimated average Fe—-O
coordination number varies from 4 to 6 (Jackson et al., 1993, 2005; Wilke et al., 2004, 2007; Drewitt et
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al., 2013; Zhang et al., 2016; Kim et al., 2016; Alderman et al., 2017, 2017a; Kim and Lee 2019). This
wide coordination variation, though it encompasses various compositions, temperatures, and oxygen
fugacity conditions, may indicate significant uncertainty in the estimation of this structural quantity. For
example, while Jackson et al. (1993) estimated an average Fe—O coordination number of ~4 in Fe;SiO4
melt, Drewitt et al. (2013) reported a value of 4.8 for the same melt. For Fe>SiO4+x melts, the numbers
fall in the range of 4.4 — 4.7 (Alderman et al., 2017a). Moreover, in the majority of these studies, more
distinctly for alkali ferrosilicates, it has been suggested that the ferrous iron has greater near-neighbor
oxygen connectivity than the ferric iron. Although the melt composition studied here is much simpler
than the experimentally constrained ones, our results (GGA and GGA+U) show that the average Fe—O
coordination for the ferric iron is higher than the ferrous iron for any given spin state at zero pressure.
This elevated iron-oxygen connectivity in Fe** is maintained for the entire pressure range for the LS but
does not show a clear trend for the HS.

We further elaborate on how the present simulation results compare with a recent in-situ experimental
study on alkali-free silicate melts and their quenched products (Alderman et al., 2017). Majority of the
compositions used in this experimental study display a slightly higher coordination for Fe?* than Fe**.
However, the trend is opposite for the MgO—FeO—SiO, melt. Based on the linear extrapolation and
interpolation of iron K-edge and pre-edge peak area-centroid data, the estimated Fe—O coordination
numbers are 4.8 and 4.9, respectively, for the Fe** and Fe** end members around 2000 K (Alderman et
al., 2017). Assuming that iron remains in the HS at zero pressure, our calculated GGA values at 3000 K
are 3.8 and 4.1, respectively, for the Fe?* and Fe’" (Table I). The inclusion of U increases the
corresponding values by about 0.2 and 0.1 (Table II). Thus, despite showing a similar trend, the
calculated mean coordination numbers are substantially lower than the experimentally estimated ones.
The difference between the calculated Fe**-O and Fe?*-O coordination number is slightly larger (~0.3
for GGA and ~0.2 for GGA+U) than the experimentally inferred difference of 0.1. The difference in Fe—
O coordination between the ferrous and ferric iron is as large as 0.6 in FeO—CaSiO3 melts, but the trend
is opposite, i.e., the Fe?>* has higher coordination than the Fe** (Alderman et al., 2017).

To make a more appropriate comparison with the glass-based experimental data, we also simulated the
glass phase for the low-spin Mg s75Fe0.25Si0.37503 (Fe*") at the room temperature and near-zero pressure
by quenching down the corresponding 3000 K liquid configuration. Our simulated glass shows an
average Fe—O coordination of ~4.5 compared to 3.7 at 3000 K. Similarly, the average Mg—O coordination
increases from ~4.5 to ~4.8 while the average Si—O coordination remains almost unchanged. If we
consider a similar correction of 0.8, the LS Fe?* glass is likely to show an average Fe-O coordination
slightly greater than 4.1 (~4.6 for the HS Fe?*). Our 300 K coordination numbers thus agree reasonably
well with the large set of experimental data. The results also indicate that the effects of temperature on
Fe-O coordination maybe not negligible when the temperature range is 300 — 3000 K.

4.2. Network forming/modifying character: Fe?" vs Fe3*
Our results can provide some insight into how Fe integrates into the silicate melt, in particular, whether
iron acts as a network modifier or network former. While the ferrous iron is usually considered as a
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network modifier (Rossano et al., 2000; Farges et al., 2004; Jackson et al., 2005; Mysen, 2006; Drewitt
et al., 2013) with some exceptions (Waychunas et al., 1988), the role of ferric iron in the silicate melts is
still controversial. The similarity in the charge between A" and Fe**, together with the experimentally
estimated Fe—O coordination of 4 — 5, for the Fe*" in ferrosilicate melts/glasses led to infer the network
forming nature for the ferric iron. This assessment remains ambiguous based on the estimates from the
spectroscopic data. For instance, the XANES data on andesitic glasses imply increasing Fe-O
coordination with increasing Fe’*/EFe (XFe = Fe** + Fe’"), whereas the Mossbauer data suggests
somewhat opposite trend (Zhang et al., 2016). Additionally, based on similar Fe—O coordination between
the Fe?" and Fe** in alkali-free ferrosilicate melts/glasses, Alderman et al. (2017) infer that both the Fe?*
and Fe’" may play an intermediate role in terms of network formation.

The Fe**—O speciation at zero pressure comprises of three-, four- and five-fold coordination states, with
the tetrahedral proportion of about 50% (Table I). In comparison, for the network forming Si atoms, the
tetrahedral coordination states are present in excess of 90%. Even the Mg-O coordination consists of
about 40% tetrahedral species. The relative proportion of bridging oxygen is perhaps more appropriate
in ascertaining the network connectivity of the melt. From that perspective, the ferrous and ferric iron do
not display significant differences even when we consider both the Si and Fe as the network forming
cations. For instance, both in the Fe?* (Mgo.7sFe025S103) and Fe** (Mgo.75Fe25S103.125) configurations
with (Mg+Fe):Si = 1, the BO proportion that includes Fe-O-Fe, Fe—~O-Si and Si—O-Si is around 50%
(Table IIT). For the other ferric (Mgo.g875Fe0.25S10.87503) configuration, where the melt is relatively Si poor,
this BO proportion drops by about 8% mainly due to the decrease in Si—~O—Si’s. Notably, the proportion
of Fe—O-Si’s remains around 20% among the different HS states and 12% for the LS states (Table III).
Even the triply connected oxygen (O3) do not show much difference between the two valence
configurations for any given spin state. These results thus justify that the structural differences between
the Fe** and Fe* valence states are not so significant.

To further explore the incorporation of Fe in the silicate melts, we have analyzed the temporal behavior
of various cation-anion bonds. As expected, the bond breaking/formation events in the Mg—O units are
much more frequent than those in the Si-O units (Fig. 7). For example, the average number of bond
breaking/formation (includes recombination and formation of new bonds) events per Si atom (for Si-O)
over a run duration of 10 ps is only around 20. Depending on the valence state, this number varies from
155 — 175 for Mg-O. It is visually evident that the temporal activity of Fe is biased towards Mg. The
estimated average lifetime of Si-O, Fe-O, and Mg-O bonds are 1300, 450, and 300 femtoseconds,
respectively. Both the Fe?" and Fe** display similar temporal characteristics in terms of their bond
breaking/formation activity. These atomic details further suggest that iron, irrespective of its valence
state, behaves similarly, perhaps taking the network modifying role, or at best an intermediate role in
iron-bearing MgSiO3 melt.

Our finding does not agree with the experimental inference that the Fe*" contributes to the structural
framework because the viscosity increases with increasing Fe*"/ZFe in ferrosilicate melts (Dingwell and
Virgo, 1987, Dingwell, 1991). It is possible that the presence of the larger, lower field strength alkali
atoms in these melts facilitates the formation/retention of the tetrahedral Fe**’s (and BO’s), which
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perhaps help in making alkali-ferrosilicate melts more viscous (Weigel et al., 2006; Giuli et al., 2012;
Cicconi et al., 2015). For Fe;SiO4+x melts, the measured viscosity, however, shows an opposite trend,
that is, a decrease in the viscosity with increasing Fe**/ZFe ratio (Kaiura et al., 1977), probably indicating
compositional dependence of the network forming/modifying ability of Fe**. Based on our calculated
structural results of Fe-bearing MgSiOz melts and the experimental data on alkali-free ferrosilicate
melts/glasses (Alderman et al., 2017), it is likely that the difference in viscosity among the different
valence states is not significant.

4.3. Iron-oxygen coordination at equilibrium spin fractions: Fe?* vs Fe’*

Up until this point, we have discussed the dependence of the structural parameters with pressure and
temperature either for fully HS or LS states for a given valence state. But, under mantle conditions, iron
in the silicate melts is likely to be in the mixed spin state. Direct assessment of such mixed spin states is
beyond our present capability. However, the spin phase diagrams reported by Karki et al. (2018) provide
information about the equilibrium low- and high-spin fractions at high pressure-temperature conditions.
It is thus possible to estimate effective structural parameters for those equilibrium mixed spin states and
relate them to the mantle conditions. The effective Fe-O coordination-pressure profiles for the stable
mixed spin are shown in Fig. 8, and also the influence of iron on the average Si-O and Mg-O coordination
is assessed (Fig S2).

Considering the relatively stable mixed spin state, it is apparent that the differences between the ferrous
and ferric configurations become significant, particularly at the mid compression range. For instance,
along the 3000 K isotherm, the difference in Fe-O coordination between the ferrous and ferric iron
reaches to ~0.5, with the ferrous iron displaying an average coordination comparable to the Mg-O value.
The spin transition occurs at a relatively higher pressure in the Fe?* (Karki et al., 2018). The fraction of
the LS at any given pressure is thus lower for the Fe?* in comparison to the Fe** case. For example,
around 60 GPa, the proportion of the LS-Fe?* is only 0.03, while the proportion of the LS-Fe** is 0.13.
With most iron remaining in HS in the mid compression range, together with the fact that the average
Fe-O coordination in the HS-Fe?* is higher than the HS-Fe3" at those conditions (Fig. 5), the stable Fe**
melt should, therefore, display higher average coordination. At the higher end of the compression, this
difference between the Fe*" and Fe** stable melt is largely suppressed. Both the melts are thus likely to
display very similar structural characteristics that originates from the disproportionate abundances of HS
and LS in them.

5. Summary
Our FPMD simulations of iron-bearing MgSi03; melts show that the structural properties associated with
iron are more sensitive to the spin state (HS or LS) than to the valence state (Fe** or Fe**). They also
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predict that, for a given spin state, the ferrous iron remains relatively under-coordinated than the ferric
iron at low pressures, irrespective of temperature. This is consistent with the experimental inference for
MgO—-FeO-SiO> melts, but the ferrous iron has more neighbor oxygen connections than the ferric iron
for many ferrosilicate melts. The ferric—ferrous Fe—O coordination difference persists for the LS over
the entire pressure range considered. The gap between the mean Fe?"-O and Fe**-O coordination
numbers, however, decreases with compression for the HS without showing a clear trend at high
pressures. The atomistic details, such as NBO and BO abundances, and bond breaking/formation activity
suggest an equivalent role of the ferrous and ferric iron in terms of their contribution to the structural
framework, which is consistent with experimental inference. It has also been reported that the ferrous
and ferric irons behave differently in alkali-bearing ferrosilicate melts, with the ferrous iron enhancing
and the ferric iron suppressing the melt mobility (decreasing and increasing viscosity, respectively). The
atomistic details of such melts from FPMD simulations can help relate the structural properties with the
observed viscosity, and also possibly unravel the origin of the differences between those melts and Fe-
bearing MgSiO3 melts.
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