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SPECIAL TOPIC — Structures and properties of materials under high pressure
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(Mg,Fe)SiO3 is primarily located in the mantle and has a substantial impact on geophysical and geochemical
processes. Here, we employ molecular dynamics simulations to investigate the structural and transport properties of
(Mg,Fe)SiO3 with varying iron contents at temperatures up to 5000 K and pressures up to 135 GPa. We thoroughly
examine the effects of pressure, temperature, and iron content on the bond lengths, coordination numbers, viscosities, and
electrical conductivities of (Mg,Fe)SiO3. Our calculations indicate that the increase of pressure leads to the shortening of
the O—O and Mg-O bond lengths, while the Si—O bond lengths exhibit the initial increase with pressure up to 40 GPa, after
which they are almost unchanged. The coordination numbers of Si transition from four-fold to six-fold and eventually reach
eight-fold coordination at 135 GPa. The enhanced pressure causes the decrease of the diffusion coefficients and the increase
of the viscosities of (Mg,Fe)SiO3. The increased temperatures slightly decrease the coordination numbers and viscosities,
as well as obviously increase the diffusion coefficients and electrical conductivities of (Mg,Fe)SiO3. Additionally, iron dop-
ing facilitates the diffusion of Si and O, reduces the viscosities, and enhances the electrical conductivities of (Mg,Fe)SiOs3.
These findings advance fundamental understanding of the structural and transport properties of (Mg,Fe)SiO3 under high
temperature and high pressure, which provide novel insights for unraveling the complexities of geological processes within
the Earth’s mantle.

Keywords: (Mg,Fe)SiOs3, structural and transport properties, molecular dynamics simulations, high tempera-

ture and high pressure
PACS: 61.20.Ja, 61.50.Ks, 66.30.Pa, 66.20.Cy
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1. Introduction

(Mg,Fe)SiO3, particularly the silicate perovskites and
their high-pressure phases, play a crucial role in under-
standing the composition, structure, and dynamics of the
Earth’s mantle.['3] These minerals are predominant in the
lower mantle, where they constitute a significant fraction of
the Earth’s mass.[*”7] Their presence and dynamic behav-
ior under extreme conditions have profound implications for
various geophysical and geochemical processes.®-191 Nor-
mally, (Mg,Fe)SiO3 is stabilized into denser crystal struc-
ture with orthorhombic Cmcm symmetry.[!1=131 Tt undergoes
several structural phase transitions at high temperature and

e 4151 For example, the structural transition

high pressur
of (Mg,Fe)SiO3 from perovskite to post-perovskite occurs
at Earth’s lower mantle.!'®! This transition accompanies the
changes of the physical properties, such as density, viscosity,
thermal and electrical conductivities of (Mg,Fe)SiO3, which
are crucial for modeling the Earth’s interior processes./!’~23]
Improved knowledge of these properties will help in inter-

preting seismic data, understanding the mechanisms behind
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mantle plumes, and predicting the behavior of mantle mate-
rials during subduction and upwelling processes. Moreover,
(Mg,Fe)SiO3 are also significant in the context of geochemi-
cal processes, including the cycling of elements such as mag-

24-26] Their interactions with melts

nesium, iron, and silicon. |
and fluids in the mantle can influence the formation of magma,
the generation of volcanic eruption, and the composition of
volcanic substance. >’-2°]

Recent advancements have been achieved in the ex-
ploration of the structural and transport properties of
(Mg,Fe)SiO3; under high temperature and high pressure. For
instance, Mosenfelder et al. conducted shock loading exper-
iments to elucidate the equation of state (EOS) of MgSiOs,
discovering various phases ranging from low-density glass to
high-density perovskite and majorite.!'8! Holzapfel et al. mea-
sured the Fe—-Mg interdiffusion coefficients of (Mg,Fe)SiO3 at
pressures of 22-26 GPa and temperatures of 1973-2273 K,
demonstrating extremely low diffusion rates.3°! Their results
suggest that chemical equilibrium in the deep mantle is only

attainable under conditions of significant deformation. Kavner
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et al. investigated the electrical conductivity of majorite at
room temperature, inferring that the presence of both ma-
jorite and spinel phases may contribute to the observed in-
crease in electrical conductivity from the upper mantle to the
transition zone.*!! Chen et al. measured the viscosity of the
Si0,-FeO-MgO system in equilibrium with metallic Fe, re-
vealing that substituting FeO with MgO results in increased
viscosity and activation energy of the system.3?) Wan ez al.
employed ab initio molecular dynamics simulations to deter-
mine the diffusion coefficients and shear viscosities of molten
MgSiO3 under varying thermodynamic conditions. Their re-
sults indicated that the density of the melt was lower than that
of the corresponding solid phase under core-mantle boundary
conditions.[?*! These findings are pivotal for understanding the
structural, compositional, and dynamic properties of the man-
tle. However, experimental data on the transport properties
of (Mg,Fe)Si0O3, including viscosity and electrical conductiv-
ity across the full mantle pressure range (up to 136 GPa), re-
main limited. Moreover, some experimental results regarding
the pressure dependence of viscosities, particularly for silicate

14—

melts, are conflicting.!!*-1®] Most experimental studies have

been restricted to lower pressure ranges (< 13 GPa), with only
a few extending their measurements to 30 GPa.!!7:2!]

In contrast, molecular dynamics (MD) simulations pro-
vide significant computational efficiency, facilitating the sim-
ulation of larger systems and serving as a powerful method-
ology for examining the structural and transport properties of
silicate melts!??>%3] under high temperature and high pressure.
In this work, we used the molecular dynamics simulations to
study the structural and transport properties of (Mg,Fe)SiO3 at
high-temperature and high-pressure conditions up to 135 GPa
and 5000 K. We assessed the effects of iron doping on the
structural and transport properties of (Mg,Fe)SiOs3, specifi-
cally focusing on how varying iron concentrations influence
the bond lengths, coordination numbers, viscosities, and elec-
trical conductivities.

2. Methods

The classical MD simulations are conducted using
the Large-scale Atomic/Molecular Massively Parallel Sim-
ulator (LAMMPS) software.[?* We choose a large scale
(Mg,Fe)SiO3 system containing about 5000 atoms with dif-
ferent concentrations of Fe dopants. The Verlet algorithm is
employed to determine the motorial trajectories of the atoms,
with a time step of 1 fs. The Ewald summation method is
used to account for the long-range Coulomb interactions, and
a uniform cut-off radius of 11.0 A is adopted for both the long-
range Coulomb and short-range interaction terms to balance
the computational efficiency and accuracy. Temperature and
pressure are controlled using the Nosé—Hoover thermostat and
Nosé—Hoover barostat, respectively. The periodic boundary

conditions (ppp) are applied throughout the simulation.33-37]

The initial configuration is generated by randomly distribut-
ing atoms within the simulation box, but atomic overlaps are
prevented. The transport properties, such as viscosity, thermal
conductivity, and self-diffusion coefficient are carried out in
the canonical ensemble (NVT). The simulation durations are
sufficiently long to ensure the convergences of the energies
and forces.

=
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Fig. 1. (a) The crystal structure of the post-perovskite (pPv) phase of
MgSiOs3. (b) The large-scale (Mg,Fe)SiO3 at 5000 K and 135 GPa.

The selection of an appropriate potential function is cru-
cial to ensuring the accuracy of MD simulations. Here, the
van Beest—Kramer—van Santen (BKS) potential is employed,
which has been proven to effectively describe the interatomic

interactions in silicate minerals.?®) It is expressed as follows:
Uyj(r) = == + Bijexp(=rij/pij) = =", (1

where U;; represents the potential energy between atoms,
which is divided into three components. The first term is
the long-range Coulomb interactions, where g; and g; are the
charges of the ith and jth atoms, respectively. The second term
is the short-range repulsive interactions, and the third term is
the van der Waals interactions. The r;; represents the distance
between ith and jth atoms, while B;; , p;;, and C;; are the po-
tential parameters for each interaction term. To ensure the ac-
curacy and efficiency of the MD simulations of silicate melts,
we have used the potential parameters developed by Guillot
et al.3*491 Only the electrostatic interactions between cations
are considered in the simulations due to that the interactions
between oxygen ions and cations, as well as oxygen interionic
interactions, are dominant the short-range interactions. The
effective charges of the atoms are fixed, which are —0.945e,
0.945e, 1.89¢, and 0.945¢ for O, Mg, Si and Fe ions, respec-
tively. To explore the influence of iron content on the struc-
tural and transport properties of (Mgj_,,Fe,)SiO3 minerals,
we have selected various concentrations of iron dopant with
x values set to 0, 0.05, 0.10, and 0.15.

3. Results and discussion
3.1. Structure properties

At 2000 K, the O—O and Mg-O bond lengths of MgSiO3
gradually decrease with increasing pressure, while the Si-O
bond lengths increase with pressure up to 40 GPa, after which
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it stabilizes at a constant value as pressure continues to rise.
A similar behavior for the Si—O bond lengths of mantle rocks
at pressures below 40 GPa was observed by Solomatova et
al.') The Si-O bond length is 1.64 A at 2000 K and am-
bient pressure, which is in good agreement with our calcu-
lations, indicating that our computational method is reliable.
For Mg oFeq 1Si03 at 4000 K, the O—O bond lengths decrease
from 2.673 A at 0 GPa to 2.365 A at 135 GPa, while the Mg-
O bond lengths contract from 1.969 A to 1.881 A. In con-
trast, the Si—O bond lengths remain relatively stable, ranging
from 1.617 A to 1.639 A, and the Fe—O bond lengths decrease
gradually from 1.947 A to 1.903 A. At higher temperatures
of 5000 K, the trends in bond length variations are similar,
however, the Fe—O bond lengths exhibit a more pronounced
reduction at the 10% doping. The Mg—O bond length shows
a clear decreasing trend under different temperature and pres-
sure conditions. At both 4000 K and 5000 K, the Mg—O bond
lengths decrease with increasing pressure. At 4000 K, the Mg—
O bond lengths decrease from 1.969 A at 0 GPa to 1.881 A at
135 GPa, indicating that the bond lengths between Mg and O
atoms contract as the pressure increases. This trend remains
consistent at higher temperatures.
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Fig. 2. The bond lengths in Mgg9Feq 1SiO3 at 4000 K under different
pressures. (a) Mg—O bond lengths, (b) O-O bond lengths, (c) Si—O bond
lengths, and (d) Fe—O bond lengths.

The changes in O-O bond lengths are also evident. At
4000 K, the O—O bond length reduces from 2.673 A at 0 GPa
to 2.365 A at 135 GPa. Unlike the Mg—O bonds, the contrac-
tions of the O-O bond lengths are slightly larger, especially
under high pressure (e.g., at 135 GPa), where the O—O bond
lengths decrease by about 0.3 A compared to the initial O—O
bond length of Mgg 9Fe(.1SiO3 at 24 GPa. At higher tempera-
tures, the changes in O-O bond lengths are similar. Although

the initial O—O bond lengths at 0 GPa and 5000 K are slightly
larger (2.695 A), they also contract to 2.365 A at 135 GPa.
This indicates that increasing pressure decreases the distance
between oxygen atoms, while rising temperature slightly alle-
viates this effect.

The Si—O bond lengths are relatively stable. Whether
at 4000 K or 5000 K, the Si—O bond lengths remain around
1.639 A, with only minor variations in conditions (e.g., at
40 GPa and 4000 K, the Si-O bond length is 1.639 A). This
indicates that over a wide range of temperatures and pressures,
the Si—O bond length undergoes minimal change, suggesting
that the Si—O bonds are robust and rigid chemical bonds that
are less affected by changes in temperature or pressure. The
Fe—O bond lengths exhibit more obvious changes, especially
under high-temperature conditions. At 4000 K, the Fe—O bond
lengths decrease from 1.947 A at 0 GPato 1.903 A at 135 GPa,
indicating a marked contraction of the Fe—O bond with in-
creasing pressure. This contraction is also evident at higher
temperatures. For instance, at 5000 K, the Fe—O bond lengths
decrease from 1.859 A at 0 GPa to 1.881 A at 135 GPa. No-
tably, the effect of temperature on the Fe—O bond length is vis-
ible, with the Fe—O bond lengths at 5000 K being lower than
those at 4000 K, indicating that the increase in temperature
may lead to greater contraction of the Fe—O bonds compared to
other chemical bonds. Overall, the Mgg 9Fe( 1 SiO3 exhibits a
general trend of bond length contraction with increasing pres-
sure, particularly for the Mg—O, O-0, and Fe-O bonds. The
influence of temperature is minor on the Si—O bonds, while it
is more pronounced for the Fe—O bonds.
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Fig. 3. The bond lengths in Mgy 9Fep 1SiO3 under 24 GPa at different
temperatures. (a) Mg—O bond lengths, (b) O—O bond lengths, (c) Si-O
bond lengths, and (d) Fe—O bond lengths.

We then discuss the average coordination numbers of Mg,
Si, and Fe atoms in Mgg 9oFe( 1 SiO3 at different temperatures
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and pressures. At 2000 K, the average coordination numbers
of Si atoms in Mgp 9Fe( 1SiO3 increase from 4.01 at 0 GPa
to 6.0 at 135 GPa. Thus, the local structure of Si atoms at
0 GPa is dominated by four-coordinated Si—O tetrahedra. As
the pressure increases to 24 GPa, six-coordinated Si—O octahe-
dra become the dominant geometries, with the proportions of
four-coordinated Si atoms gradually decreasing to about 3.1%
at 40 GPa. At 80 GPa, the eight-coordinated Si—O polyhedra
begin to emerge, indicating the increased densities in the melt
and glass structures, as the proportions of four-coordinated Si
atoms diminish to 0.4%. The coordination numbers of Mg
atoms in Mg 9oFe 1Si0O3 are different from those of Si atoms.
The Mg atoms are mainly in six-coordinated states at low tem-
peratures and pressures. At 0 GPa and 2000 K, the average
coordination numbers of Mg atoms are about 5.31, with lo-
cal structures primarily composed of five- and six-coordinated
MgOs and MgOg polyhedra. As pressure increases, Mg atoms
transition to six- and seven-coordinated states at 14 GPa. With
pressure exceeding 100 GPa, Mg atoms mainly occupy seven-
and eight-coordinated states, with an average coordination
number of about 6.63 at 135 GPa. The coordination numbers
of Mg atoms are consistently larger than those of Si atoms un-
der the same conditions. In most cases, the coordination num-
bers of Fe atoms in Mg oFe( SiO3 are slightly lower than
those of Mg atoms, exhibiting a similar coordination trend.
For example, the coordination numbers of Fe atoms are about
5.13 at 0 GPa and 2000 K, compared to 5.31 for Mg atoms
under the same conditions. The Fe atoms also undergo a tran-
sition from five-coordinated to higher coordination states with
increasing pressure, reaching an average coordination number
of approximately 6.49 at 135 GPa.

We also conduct detailed analyses of the coordination dis-
tributions of MgpoFep 15103 under different pressures. At
0 GPa, 89.8% of Si atoms in Mgy oFeq SiO3 are four-
coordinated, while 10.1% are five-coordinated. For Mg atoms,
18.57% are four-coordinated, 40.1% are five-coordinated, and
At 14 GPa, the four-, five-,
and six-coordinated Si atoms account for 50.2%, 35.1%, and

30.2% are six-coordinated.

14.7%, respectively. The six-, seven-, and eight-coordinated
Mg atoms are present in proportions of 6.2%, 38.6%, and
14.4%. At 24 GPa, the four-, five-, and six-coordinated Si
atoms are 17%, 39.3%, an 43.7%, while the five-, six-, and
seven-coordinated Mg atoms are 3.6%, 29.2%, an 42.6%.
At 135 GPa, the five-, six-, and seven-coordinated Si atoms
are 7.8%, 83%, and 9%, and the six-, seven-, and eight-
coordinated Mg atoms are 25.6%, 49%, and 21.9%, respec-
tively.

In comparison to pure MgSiOs, the addition of iron in
Mg oFeq 15103 significantly affects the coordination distribu-
tion of Si atoms. At lower pressures, the average coordina-
tion number of Si in Mgy gFe( ;SiO3 is slightly higher than

that in MgSiO3, suggesting that the presence of iron enhances
the polyhedral connectivity of Si—-O bonds. As pressure in-
creases, the presence of iron further promotes the formation of
six- and eight-coordinated structures, accelerating the transi-
tion of Si coordination from four-fold to higher coordination
states. This indicates that iron doping increases the density
and degree of polymerization in the melt structure by altering
the local environment of Si, leading to a substantial impact on
the Si coordination. #2431

3.2. Transport properties

3.2.1. Self-diffusion coefficient

Figure 4 illustrates the variations of self-diffusion coef-
ficients for four elements (Mg, Si, O, Fe) in Mgg oFe ;SiO3
as a function of pressures. For O elements at 4000 K, the
diffusion coefficients exhibit a relatively complex response to
pressure. The diffusion coefficient of O is 2.02 x 1078 m?/s
at 0 GPa. As pressure increases to 5 GPa, the diffusion co-
efficient decreases to 1.69 x 10~8 m?%/s. However, at 10 GPa,
the diffusion coefficient decreases to 1.34 x 10~8 m?/s, which
is 33.6% lower than that at 0 GPa.
14 GPa, where the diffusion coefficient further reduces to
9.87 x 1079 m?/s. At 24 GPa, the diffusion coefficient speed-
ily decreases to 7.29 x 10~° m?/s. A similar trend is observed
for Si elements. At 4000 K and 0 GPa, the diffusion coefficient
of Siis 1.54 x 108 m%/s.
the diffusion coefficient decreases to 1.23 x 108 m?/s. How-

This trend persists at

As pressure increases to 5 GPa,

ever, at 10 GPa, the diffusion coefficient of Si decreases to
1.09 x 108 m?/s. Like O element, the diffusion coefficient of
Si exhibits a significant decrease at high pressure. The diffu-
sion coefficient of Si is 6.68 x 10~° m?/s at 24 GPa, which re-
duces nearly by one order of magnitude compared to the value
at 0 GPa.

For Mg and Fe elements at 4000 K, the self-diffusion co-
efficients also show distinct pressure dependencies. At 0 GPa,
the diffusion coefficient of Mg is 4.04 x 10~% m?/s, and that
of Fe is 3.82 x 1078 m?/s. As pressure increases to 5 GPa,
the diffusion coefficient of Mg decreases to 2.69 x 1078 m?/s,
while Fe’s diffusion coefficient decreases to 2.58 x 10~8 m?/s.
At 24 GPa, the diffusion coefficient of Mg drops significantly
to 1.13 x 1078 m?/s, and Fe’s diffusion coefficient decreases
to 1.07 x 1078 m?/s, showing a notable reduction compared to
the value at 0 GPa.

The effect of temperature on the diffusion coefficients
is in evidence. Figure 5 illustrates the variations of self-
diffusion coefficients for four elements (Mg, Si, O, Fe) in
Mgp.9Fe.1Si03 melts as a function of temperatures. For ex-
ample, the diffusion coefficient of O under 24 GPa increases
from 5.05 x 10~!! m?/s at 2000 K to 1.36 x 1078 m?/s at
5000 K. Similarly, the diffusion coefficient of Si under 24 GPa
rises from 4.64 x 10'! m?/s at 2000 K to 1.24 x 1078 m?/s at
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5000 K, with an increase of about two orders of magnitude. In
the case of Mg, the diffusion coefficient at 24 GPa also shows
a notable increase, rising from 1.27 x 10719 m?/s at 2000 K
to 1.92 x 1078 m?/s at 5000 K, which represents an increase
of roughly one order of magnitude. Likewise, for the Fe ele-
ment, as temperature increases from 2000 K to 5000 K under
24 GPa, the diffusion coefficient rises from 1.49 x 10710 m?/s
t0 2.03 x 1078 m?/s, showing a substantial increase of nearly
two orders of magnitude.
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Fig. 4. The self-diffusion coefficients of Mgg 9oFe( ;1 SiO3 melts at 4000 K.
(a) Mg, (b) Si, (c) O, and (d) Fe.
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Fig. 5. The self-diffusion coefficients of Mg oFeg | SiO3 melts at 24 GPa.
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In general, the diffusion coefficients of O and Si elements
exhibit similar trends with temperature and pressure. The ele-

vated temperatures enhance diffusion coefficients, while high
pressure conditions generally suppress diffusion. In particular,
at 5000 K, the diffusion coefficients increase by several orders
of magnitude, indicating the dominant influence of tempera-
ture on the diffusion process of Mgg gFe( 1SiO3 melts.

3.2.2. Viscosity

To gain deeper insights into the influence of temperature
and pressure on the viscosity of (Mg,Fe)SiO3; melt, we have
calculated the viscosity variations under different temperatures
and pressures. The calculated viscosity of MgSiO3 at 4000 K
and 0 GPa in this work is approximately 9 x 10~3 Pa-s, which
is similar to the value of 2 x 1073 Pa-s reported in the work of
Ghosh et al.'*”1 The results show that, as pressure increases,
the viscosities of the (Mg,Fe)SiO3 melt generally increase,
especially at about the glass transition pressure point, where
the viscosity increases remarkably.[**#6! This behavior may
be attributed to the increase of the Si coordination numbers
from four-fold to six-fold or even eight-fold under high pres-
sure, leading to a denser melt structure that restricts particle
diffusion.[*”*8] Tn contrast, at the same pressure of 24 GPa,
the viscosities of (Mg,Fe)SiO3 decrease obviously as the tem-
perature increases. For example, at 5000 K, the viscosity of
(Mg,Fe)SiOs is reduced by about 2 orders of magnitude com-
pared to that at 2000 K due to the enhanced ion mobility at
higher temperatures, which increases fluidity and decreases
viscosity. Overall, temperature exerts a more pronounced ef-
fect on viscosity than pressure.

(a)10° (b)10?
- —~
£ 10 £ 10
[ [
9 q
\% 10* g 10*
I =

10° 10°

0 45 90 135 2000 3000 4000 5000

Pressure (GPa) Temperature (K)

Fig. 6. The viscosities of (Mg,Fe)SiO3 melts at different temperatures
and pressures. (a) The viscosities of Mgg 9Feg. 1 Si0O3 melts at 4000 K un-
der different pressures. (b) The viscosities of Mgg 9Feq 1 SiO3 melts under
24 GPa at different temperatures.

As shown in Fig. 6, the viscosity of MggoFeq ;SiO3 ex-
hibits notable variations under different temperatures and pres-
sures. At 2000 K, the viscosity initially increases and then de-
creases with the increasing pressure. For instance, taking the
viscosity of Mg 9Fe(.1Si103 at 0 GPa as a reference, when the
pressure increases to 5 GPa, the viscosity increases by only
about 4.1%. At 10 GPa, the viscosity slightly decreases by
2.4%. When the pressure rises to 14 GPa, the viscosity in-
creases by about one order of magnitude. Further increasing
the pressure to 24 GPa results in a viscosity increase of about
two orders of magnitude compared to that at 0 GPa, indicating
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that pressure exhibits an enhanced effect on viscosity at lower
temperatures.

At higher temperatures, the viscosity shows a clear de-
creasing trend. At 3000 K, the viscosity at 0 GPa decreases
by 75.7% compared to that at 2000 K and 0 GPa. During the
pressure increase from 0 GPa to 5 GPa, the viscosity decreases
by 14.9%. However, the overall trend remains that viscosity
diminishes markedly with the increasing temperature. For ex-
ample, at 4000 K, the viscosity at 0 GPa is 90.1% lower than
that at 2000 K and 0 GPa, and at 5000 K, it further decreases
by 95.6%. This indicates that increasing temperature evidently
enhances ion mobility, thereby improving melt fluidity and re-
ducing the viscosity of Mgg 9Feq.1Si03.

3.2.3. Electrical conductivity

The electrical conductivities of Mgg 9Fe(.1Si03 melts are
calculated by Nernst—FEinstein equation.[*-33! The calculated
electrical conductivity of MgSiO3 at 3000 K and 0 GPa is
423 S/m, compared to the value exceeding 200 S/m reported
by Ghosh et al.'*’] The variations of electrical conductivities
of Mgy oFe(.1SiO3 melt at different temperatures and pres-
sures are shown in Fig. 7. As illustrated in Fig. 7, the electrical
conductivities of Mgg9Fe( 1SiO3 melt exhibit an increasing
trend under pressures ranging from 0 to 5 GPa.
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Fig. 7. The electrical conductivities of Mgg¢Fe( 1SiO3 melts at dif-
ferent temperatures and pressures. (a) The electrical conductivities of
Mgo 9Fep.1SiO3 melts at 4000 K under different pressures. (b) The elec-
trical conductivities of Mgp 9Feg 1 SiO3 melts under 24 GPa at different
temperatures.

However, when the pressure exceeds 5 GPa, the electri-
cal conductivities start to decrease with the increase of pres-
sure, likely due to a compression effect on the ionic migration
pathways and the freedom of movement, which restricts ion
transport and results in decreased conductivity. The discrep-
ancies between the maximum and minimum electrical conduc-
tivities are about two orders of magnitude, which are 502 S/m
at 24 GPa and 77 S/m at 100 GPa. In contrast, temperature
shows an even more pronounced effect on electrical conduc-
tivities of Mgg 9Fe(.1SiO3 melt. The electrical conductivities
increase monotonically with temperature. For example, at
0 GPa, the electrical conductivity rises from 129 S/m at 2000 K
to 407 S/m at 3000 K, then to 787 S/m at 4000 K, and finally

reaches the peak value of 1195 S/m at 5000 K. This behav-
ior demonstrates that the increase of temperature enhances the
ionic mobility, leading to a substantial increase in electrical
conductivity of Mgg ¢9Fe(.1SiO3 melt.

3.2.4. The effect of iron dopant

To explore the effect of Fe’* doping on the structural
and transport properties, we have calculated the microstruc-
tures, self-diffusion coefficients, viscosities, and electrical
conductivities of (Mg,Fe)SiO3; with varying iron contents
under 24 GPa and 4000 K. The Fe?* dopant induces no-
table modifications in bond lengths and coordination environ-
ments of (Mg,Fe)SiO3. As Fe2* content increases, the Fe—
O bond lengths slightly elongate, ranging from 1.991 A in
Mg0_95Fe().05SiO3 to 2.013 A in Mgo_85F60_1ssiO3. In con-
trast, the Mg—O bond length remains relatively stable at about
1.950 A, while the Si—O bond length increases slightly, from
1.617 A in MgSiO; to 1.639 A in Mg gsFeo 15Si03. These
changes indicate that Fe>* doping introduces localized struc-
tural distortions around O atoms.

The Fe** primarily forms FeOs and FeOg coordina-
tion complexes. At high Fe>* concentrations, for instance
Mg oFe.1Si03 a small fraction (~ 15% Fe?t) adopts FeOy
coordination. Additionally, Fe?>* doping slightly affects Mg—
O coordination, increasing the proportions of MgOs and
MgOg complexes. These structural adjustments are attributed
to the larger ionic radius of Fe?>" compared to Mg?" and the
higher polarizability of Fe>*, which causes the rearrangement
of nearby O atoms and leads to local structural changes. For
Si—O coordination, the addition of Fe?* causes a shift in the
distribution of Si—O coordination numbers. The dominant
coordinated complexes in Mgg oFeq 1SiO3 are SiO4 (~ 43%)
and SiOs (~ 43%), with a smaller proportion adopting SiOg
(~ 13%). These changes reflect a slight redistribution of Mg
and Si coordination environments in (Mg,Fe)SiO3 due to the
presence of Fe>* dopant.

The self-diffusion coefficients of all elements show min-
The diffu-
sion coefficient of O remains relatively stable, increasing
slightly from 6.96 x 10~ m?/s in Mg 95Fe( 05103 to 7.30 x
1072 m?/s in Mgy gsFeo.155103. Similarly, the diffusion coef-

imal variations with increasing Fe’* content.

ficient of Si varies from 6.24 x 10~° m?/s in Mgy 95Fe,05Si03
to 6.68 x 1072 m?/s in Mgy gsFe( 155i03. The diffusion co-
efficients of Mg are almost unchanged, which are 1.13 x
10~8 m? /s for (Mg 05,Fe.05)Si03 and 1.07 x 10~8 m?/s for
Mg gsFen.155103. These results suggest that the impacts of
Fe?* doping on the self-diffusion coefficients of (Mg,Fe)SiO3
are limited due to the relatively low concentration of Fe>t
dopant.

The viscosity of the (Mg,Fe)SiO3; melt shows minor
changes with increasing Fe>* content. The viscosity of pure
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MgSiO; is 2.77 x 1072 Pa-s, increasing slightly to 2.83 x
102 Pa-s for Mg.95Fe.05S103 and decreasing little to 2.71 x
102 Pa-s for MggoFe( 1SiO3. At the highest Fe>* content,
Mg g5Feq.15S103, the viscosity decreases further to 2.70 x
1072 Pa-s. These minor variations can be attributed to the po-
larizing effects of Fe>t which moderately affect the fluidity of
(Mg,Fe)SiO3; melt. However, the Fe2t are localized, resulting
in relatively stable viscosity of (Mg,Fe)SiO3 melt with differ-
ent doping concentrations.

The electrical conductivities of (Mg,Fe)SiO3 melts are
sensitive to Fe?t contents. For MgSiO3, the electrical con-
ductivity is 492 S/m, which slightly decreases to 480 S/m for
Mg 95Feq.05Si03. With increasing Fe>* content, the electri-
cal conductivity rises to 502.45 S/m for Mg 9Fe( 1SiO3 and
stabilizes at 497 S/m for Mg g5Feq.155103. The enhancement
in electrical conductivity with Fe?> doping may be due to the
introduction of additional mobile charge carriers, which im-
prove charge transport within the (Mg,Fe)SiO3 melts.

4. Conclusion

In summary, we have systematically studied the struc-
tural and transport properties of (Mg,Fe)SiO3 under high tem-
perature and high pressure using molecular dynamics simula-
tions. The results reveal that the coordination environments
of Si in (Mg,Fe)SiO3 are mainly four-fold coordination under
low pressure conditions, transitioning to six-fold and eventu-
ally eight-fold coordination at high pressure. This evolution
in coordination environments of Si directly influences the dif-
fusion coefficients, viscosities, and electrical conductivities of
(Mg,Fe)SiO3. Normally, the increased pressure obviously re-
duces the diffusion coefficients, while increasing the viscosi-
ties of (Mg,Fe)SiO3. In contrast, higher temperature slightly
decreases the viscosities, while markedly enhancing the diffu-
sion coefficients and electrical conductivities of (Mg,Fe)SiOs.
Furthermore, Fe>* doping promotes the diffusion of Si and O,
reduces viscosities, and improves electrical conductivities of
(Mg,Fe)SiO3. These findings offer insights into the structural
and transport properties of (Mg,Fe)SiO3 under extreme condi-
tions, which are important for advancing our understanding of
the intricate geological processes occurring within the Earth’s
mantle.
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