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Volatiles including carbon and hydrogen are generally considered to be more soluble in silicate melts
than in mantle rocks. How these melts contribute to the storage and distribution of key volatiles in
Earth’s interior today and during its early evolution, however, remains largely unknown. It is essential to
improve our knowledge about volatiles-bearing silicate magmas over the entire mantle pressure regime.
Here we investigate molten Mgj_xFe,SiO3 (x = 0, 0.25) containing both carbon and hydrogen using first-
principles molecular dynamics simulations. Our results show that the dissolution mechanism of the
binary volatiles in melts varies considerably under different conditions of pressure and redox. When
incorporated as CO, and H,O components (corresponding to oxidizing conditions) almost all carbon
and hydrogen form bonds with oxygen. Their speciation at low pressure consists of predominantly
isolated molecular CO,, carbonates, and hydroxyls. More oxygenated species, including tetrahedrally
coordinated carbons, hydrogen (O-H-O) bridges, various oxygen-joined complexes appear as melt is
further compressed. When two volatiles are incorporated as hydrocarbons CH4 and C;Hg (corresponding
to reducing conditions), hydroxyls are prevalent with notable presence of molecular hydrogen. Carbon-
oxygen bonding is almost completely suppressed. Instead carbon is directly correlated with itself,
hydrogen, and silicon. Both volatiles also show strong affinity to iron. Reduced volatile speciation thus
involves polymerized complexes comprising of carbon, hydrogen, silicon, and iron, which can be mostly
represented by two forms: Ci_4H1_5Sip—500_3 (iron-free) and C5_gH;_gSip—gFes5_g0p—3. The calculated
partial molar volumes of binary volatiles in their oxidized and reduced incorporation decrease rapidly
initially with pressure and then gradually at higher pressures, thereby systematically lowering silicate
melt density. Our assessment of the calculated opposite effects of the volatile components and iron on
melt density indicates that melt-crystal density crossovers are possible in the present-day mantle and
also could have occurred in early magma ocean environments. Melts at upper mantle and transition zone
conditions likely dissolve carbon and hydrogen in a wide variety of oxidized and non-oxygenated forms.
Deep-seated partial melts and magma ocean remnants at lower mantle conditions may exsolve carbon
as complex reduced species possibly to the core during core-mantle differentiation while retaining a
majority of hydrogen as hydroxyls-associated species.
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1. Introduction cause of their large influences on the properties and behavior of
materials that make up our planet (e.g., Dasgupta and Hirschmann,
2010; Litasov and Shatskiy, 2018; Manning, 2018). For instance, the
presence of volatiles in minerals and rocks can dramatically lower
their melting temperatures thereby widening the incipient melt-
ing regime. Volatiles behave incompatibly during melting and are
preferably partitioned into melt. This can alter the degree of poly-
merization and the composition of the resulting melts and hence
influence their properties, for example, decreasing the density and

Volatiles such as carbon and hydrogen are abundant at the
Earth’s surface and likely exist underneath the surface in signifi-
cant amounts (e.g., Halliday, 2013; Hier-Majumder and Hirschmann,
2017). They are active ingredients to various geophysical and geo-
chemical processes operating throughout the Earth’s history be-
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viscosity and increasing the electrical conductivity.
Seismic and magnetotelluric observations support the presence
of partial melting, particularly, near the upper mantle-transition
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zone-lower mantle boundaries as well as atop the core-mantle
boundary (Revenaugh and Sipkin, 1994; Williams and Garnero,
1996; Toffelmier and Tyburczy, 2007; Liu et al.,, 2016). Earth would
have gone several episodes of melting in its early history due to
multiple impacts (Tonks and Melosh, 1993). Subsequent cooling of
early magma ocean (Abe, 1997; Rubie et al., 2003) would have con-
tributed to volatile sequestration into the mantle and core. There-
fore, we can view melting as a controlling factor to the evolution
and distribution of volatiles in the Earth’s interior (Hirschmann,
2006; Dasgupta, 2013).

At the ambient pressure, volatiles are usually insoluble in sil-
icate melts, but they become increasingly soluble with increasing
pressure (Mysen et al., 1976; Blank et al., 1993; Ardia et al., 2013).
The speciation of a given volatile determines its solution mecha-
nism and interaction with silicate components in magmatic liquids.
How volatiles are dissolved in melts is sensitive to multiple factors,
including pressure, temperature, composition, and oxygen fugacity
which all change with depth. The oxidized fluid species are usu-
ally considered to be relevant in the upper mantle, transition zone,
and subduction regions (Karato, 2011; Dasgupta et al., 2013; Kele-
men and Manning, 2015; Sakamaki, 2017) where oxygen fugacity
likely takes values above the iron-wiistite (IW) equilibrium by up
to 6 log units (Frost, 1991). According to numerous experimental
studies, silicate melts incorporate carbon and hydrogen primarily
as carbonates and hydroxyls and to some extent as molecular car-
bon dioxide and water at low pressures (e.g., Brey, 1976; Stolper,
1982; Nowak et al., 2003; Makhluf et al.,, 2016). Unlike silicate
melts, carbonatitic melts could be generated at shallow depths of
up to 250 km and in locally oxidized regions in small amounts
(Rohrbach and Schmidt, 2011). Reducing conditions are expected
to exist in deeper mantle and during accretion stage (Righter and
Drake, 1999; Frost and McCammon, 2008). For instance, oxygen
fugacity could have been IW-2 log units at the time of core for-
mation when metallic melt was in equilibrium with magma ocean
(O’Neill, 1991). Our knowledge of possible reduced species, such as
CO, molecular hydrogen, methane, and complex hydrocarbons is so
far limited to low pressures (e.g., Mysen et al., 2011).

First-principles computations were instead previously per-
formed to investigate either CO,- or H,O-bearing molten silicates
over the entire mantle pressure regime (Mookherjee et al., 2008;
Karki et al., 2010; Bajgain et al.,, 2015; Vuilleumier et al., 2015;
Ghosh et al,, 2017; Solomatova et al., 2019). Here, we consider bi-
nary volatiles CO,+H>0 in pure and iron-bearing MgSiOs liquids.
Low-pressure experiments have implied that such mixed incorpo-
ration can influence the incipient melting regime and melt compo-
sitional space (Litasov and Shatskiy, 2018; Manning, 2018). More
work is needed to understand how these volatiles dissolve in sili-
cate melts and how the stability of volatile-rich mixtures changes
under different redox conditions over pressure-temperature ranges
relevant to Earth’s interior. In particular, the possibility of exsolv-
ing volatile species by melts have been suggested under reducing
conditions (Mysen et al.,, 2011; Stagno et al., 2013). To explore pos-
sible reduced fluid species over much extended pressure regime,
we also study the incorporation of carbon and hydrogen as hy-
drocarbons. The cases of CO,+H,0 and hydrocarbons, respectively,
correspond to relatively oxidizing and reducing conditions of man-
tle relevance with their respective oxygen fugacity values perhaps
lying above and approaching (or below) the IW equilibrium. Simu-
lation results allow us to assess how these volatiles are correlated
in terms of their speciation and their influence on melt proper-
ties, particularly density. We also present the implications of our
results for the storage and distribution of carbon and hydrogen in
Earth today and during its early evolution.

2. Methodology

First-principles molecular dynamics (FPMD) simulations of sev-
eral volatile-bearing silicate melts were performed using gener-
alized gradients approximation (GGA) and projector augmented
wave method as implemented in VASP (Kresse and Furthmuiiller,
1996). For oxidized incorporation, we used the supercell consisting
of 32MgSi03+8C0,+8H,0 (total 208 atoms), which corresponds
to 1091 wt% of carbon dioxide (or 2.98 wt% carbon) and 4.46
wt% of water (or 0.5 wt% hydrogen). On the other hand, the su-
percell consisted of 32MgSiO3+4CH4+2CyHg (total 196 atoms) for
reduced incorporation of 2.97 wt% carbon and 0.86 wt% hydrogen.
To simulate iron-bearing melts, we substituted 8 Mg atoms in the
supercell with 8 Fe atoms (with no spin) corresponding to Xpe =
Fe/(Mg-+Fe) = 0.25. Volatile-free silicate melts were simulated us-
ing the 160-atom supercells corresponding to 32Mg_xFe,SiO3 for
x =0 and 0.25 and the results are consistent the previous results
based on the 80-atom supercells (Karki et al., 2018). We also sim-
ulated silicate melt containing CO, or H,O separately using GGA
as most previous studies were based on local density approxima-
tion (Mookherjee et al., 2008; Bajgain et al, 2015; Ghosh et al,,
2017). A plane wave cutoff of 400 eV and Gamma Point Brillouin
zone sampling were used. Pulay stress varying between 3.5 and 8
GPa over the volume range considered was added to the calculated
pressures.

Each melt configuration was thermalized at high temperature
(6000 K or above) and then quenched down to desired lower
temperatures. We chose thermodynamic conditions so as to en-
sure that our simulations represented a normal or near-normal
liquid state by carefully avoiding deeply supercooled regime; oth-
erwise unusually long simulation runs would be needed to ob-
tain well-converged results. Many canonical NVT simulations were
run for durations of 20 to 80 picoseconds depending on volume-
temperature conditions using a time step of 1 femtosecond. The
liquid state was confirmed in each case by examining radial dis-
tribution functions which show the presence of short-range order
with no long-range order and mean square displacements which
show that atoms cover on average distances of at least 5 A. We
simulated all melt systems at 2000 K and near-zero pressure, but
our simulations extend pressure up to 100 GPa at 3000 K and
cover higher pressures at 4000 K. While GGA was used for all sim-
ulations, we also assessed the effects of the Hubbard term with
U=5and J=1 eV (Jang et al., 2017) for iron-bearing melts at
selected conditions, which turned out to be relatively small (dis-
cussed later).

3. Results and analysis
3.1. Equation of state

The calculated pressure-density (volume)-temperature results
of pure MgSiO3 melt and all other melt compositions considered
in this study (Fig. S1 and Table S1) can be adequately represented
using the following relation:

P(p.T)=P(p.To) + B(p)(T —To)

Here, the reference isotherm P (p, Tg) with To = 3000 K is fit to
a fourth-order Birch Murnaghan equation of state, whose parame-
ters are given in Table 1 for all melt systems. Because the volatile
components are highly compressible, all volatiles-bearing melts are
more compressible than the pure melt. This behavior is mani-
fested by the systematically lower values of their zero-pressure
bulk modulus. The density-pressure profiles become almost par-
allel with the pure melt profile at pressures above 50 GPa (solid
curves in Fig. 1). The effects of temperature are modeled using
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Table 1

Equation of state parameters at 3000 K for pure and four volatiles-bearing silicate melts. Note that the pure melt
assumes a quadratic volume dependence for the thermal pressure coefficient.

32MgSiO3 32MgSio; + 32MgSiOs + 32MgSiO; + 32MgSiOs +
8C0 16H,0 8CO; + 8H0 4CH4 + 2CyHs
(2.7 wt% C) (0.91 wt% H) (2.98 wt¥% C (2.97 wt% C and
and 0.5 wt% H) 0.86 wt% H)
oo (gcm™3) 2.209 1.873 1.772 1.785 1.787
Vo (A%) 2415 3160 3280 3450 3100
Ko (GPa) 191 + 16 6.7 + 0.7 82+ 08 79 + 0.7 9.4 + 0.6
K{ 40+ 01 62+ 08 49+ 05 50 + 0.5 47 +£03
Kj(GPa™1) —0.08 + 0.04 —1.52 + 0.65 —0.49+ 0.22 —0.59 + 0.30 —0.41 + 0.08
a 35 22 22 20 20
b —70 (c =36) -31 —-32 —27 —-30
5.5||||I||||I||||I||||I||||L||||I _—
| - | Vyolatile = (V - Vf) Na/n
1 where n is the number of the incorporated volatile units (H,O
1 or CO2 or Hy0+CO, or hydrocarbon units) in the supercell and
A5 1 N4 is Avogadro’s number. This definition is expected to work well
] MgSio because the partial molar volume tends to be independent of to-
= 1 solid tal volatile concentration, particularly for hydrous melts (Du et al.,
§D g 2019). Fig. 2A shows the calculated partial molar volume of binary
= 1 S H,0+4C0, and that of CHss5 corresponding to (4CH4+2CyHg)/8.
£ 354 —MgSio It In each case, the partial molar volume decreases rapidly ini-
éca ] 8>1%; me [ tially with increasing pressure and then changes more gradually
i ® MggssFeg sSi0; melt at higher pressures. It increases somewhat with temperature as
1 ‘“,/'/ 3000 K O Oxidized volatile melt L shown by compgrisons between 3000 and 4000 K at high pres-
2.5 4&/ ® Oxidized volatile Fe-melt sures. V.H20+c02 is !arger than V.CH3_5 by a factor of two because of
oxygen in the oxidized case. It is remarkable that the presence of
¢ Reduced volatile melt I iron in melts does not influence the partial molar volumes of both
& Reduced volatile Fe-melt | types of volatile components within the computational uncertain-
1.5 et ties (Fig. 2A) for possible reason discussed later.
0 25 50 75 100 125 150 For the case of oxidized volatile incorporation, we also eval-

Pressure (GPa)

Fig. 1. Calculated density-pressure results of 32MgSi03+8C0,+8H,0 melt (oxidized
volatile incorporation, open squares) and 32MgSiO3+4CH4+2CyHg melt (reduced
volatile incorporation, open diamonds) at 3000 K (0 to 100 GPa) and 4000 K (80
to 150 GPa) compared to pure MgSiO3 melt. Solid curves represent the equation of
state fits. The corresponding iron-bearing cases are shown by small filled symbols
and dashed curves. Also shown is the density-pressure profile of pure MgSiO3 solid
at 3000 K.

B(p)=a+b (%) for the thermal pressure coefficient, where the

zero-pressure density pp and the parameters a and b for different
volatile-bearing melts are given in Table 1. The model curves ap-
pear to accurately describe the calculated 4000 K results over the
high-pressure regimes considered in this study (Fig. 1 and Fig. S1).

When iron is incorporated in pure and volatiles-bearing sili-
cate melts by substituting Mg atoms with Fe atoms, their volumes
change slightly (Fig. S1). Iron content raises melt density mainly
for mass reason (Fig. 1, Table S1). The calculated density data of all
iron-bearing melts tend to lie slightly above the density-pressure
profiles based on the pressure-volume equation of state of the cor-
responding iron-free melts (dashed curves in Fig. 1). Also note that
all volatile-bearing melts are less dense than the corresponding
volatile-free melts, consistent with experimental data (Ghosh et al.,
2007; Sakamaki, 2017). For the amounts of carbon and hydrogen
considered here, the volatile-induced changes in the melt density
are smaller under oxidizing conditions than under reducing condi-
tions primarily due to excess oxygen content of the oxidized melt.

3.2. Partial molar volumes
We evaluate partial molar volume of a given volatile component

from the difference between the volumes of the corresponding
volatile-bearing (V) and volatile-free (V ) silicate melts:

uate the partial molar volumes of H,O and CO, by considering
their separate solution in MgSiO3 melt (Fig. 2B). The calculated re-
sults generally agree with the experimental data which tend to be
highly scattered though (Ghosh et al., 2007; Sakamaki et al., 2011;
Sakamaki, 2017). As expected, Vo, is much larger than Vy,o at
all conditions. Their pressure evolution follows the similar trend as
seen for Viy,o04+co, and Ve, ;. We also model Vi,o-co, as a sim-
ple sum of VHZO and Vcoz- The sum values almost overlap with
the directly calculated values of VH20+C02 at all conditions. This
implied linear behavior can be linked to our finding that carbon
and hydrogen do not interact much with each other under ox-
idizing conditions as discussed later. This means that the molar
volume of hydrous carbonated silicate melts can be expressed as a
weighted average of all component volumes.

Comparison of the calculated partial molar volume of a volatile
component in silicate melt with its molar volume in a pure fluid
state allows us to assess the nature of mixing between the volatile
and silicate melt components. We investigate this issue in the case
of oxidized volatiles. As shown in Fig. 2B, VHZO is smaller than the
molar volume of the pure water at zero pressure and two volumes
approach each other rapidly as pressure increases. The volume of
mixing is negative in the narrow pressure regime 0 to 20 GPa, but
the melt + water solution becomes nearly ideal at higher pres-
sures. The situation is, however, different with the melt + CO;
system. The partial molar volume of CO, in melt is considerably
smaller than its pure volume and a negative volume of mixing
extends over a much wider pressure regime up to 50 GPa. The dif-
ferent mixing behavior of two systems can be associated with dif-
ferences in the structural variations of these fluids with pressure.
While the bulk CO, behaves as a molecular fluid over an extended
pressure interval (0 to ~40 GPa) compared to the bulk H,O fluid
(0 to ~15 GPa), both volatile components take dissociated forms
(that is, they are incorporated chemically as carbonate groups, hy-
droxyls, -O-H-0-) in silicate melt at all pressures (discussed later).
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Fig. 2. A. Partial molar volume of binary CO,+H,0 (oxidized volatiles) and CH3 5 (reduced volatiles) as a function of pressure at 3000 and 4000 K without iron (open
symbols) and with iron (small filled symbols). Comparison shows that iron has almost no effect on the partial molar volume of volatiles. B. Partial molar volumes of binary
CO2+H;0 (circles) and separate COy (squares) and H,O (diamonds) in iron-free melts compared with the molar volumes of respective pure fluids. Thick curves represent

the direct sum of the partial molar volumes of two oxide volatiles.

Our predictions are consistent with previous computational studies
(Bajgain et al,, 2015; Ghosh et al., 2017). Comparison of Vg,0.co,
with the sum of volumes of pure H,0 and CO; fluids as a function
of pressure suggests that the hydrous carbonated melt system is
non-ideal with its volume of mixing changing from large negative
to almost zero at pressures above 50 GPa. Non-ideal mixing of sil-
icate melt and CO,+H;O fluids was experimentally implied at low
pressures (Papale et al., 2006).

3.3. Radial distribution functions

We compute a full set of partial radial distributions functions
(RDFs) to obtain an overall picture of correlations that exist be-
tween different atomic species pairs of the melt (Fig. S2 and S3). A
first peak is recognizable in most partial RDFs, but the peaks show
large variations in their amplitude, shape, and location among dif-
ferent cases. The well-defined Si-O and Mg-O peaks signify dom-
inant charge order in the host melt whereas the 0-O peak cor-
responds to polyhedral arrangements formed by the cations and
anions (Fig. S2). The presence of carbon and hydrogen does not
have noticeable influence on host melt correlation functions. There
are additional pair-wise correlations involving volatile elements,
which deserve a further analysis. Under oxidizing conditions, the
C-0 and H-O functions (Fig. 3A) show sharp first peaks at distances
(1.23 and 0.98 A, respectively) shorter than the Si-O peak distance
(1.62 A) at zero pressure. Such strong correlations actually imply
direct oxygen-bonding of both volatile elements. The C/H-anion
correlations remain strong with increasing pressure though the
peaks slightly broaden and shift to larger distances. Other volatile-
involved RDFs, in particular, C-H, C-C, H-H and C-Si correlations
tend to develop a peak/shoulder at elevated pressures (Fig. S2).
Our results thus imply that oxygen bonding essentially controls the
speciation and dissolution mechanisms of CO, and H;O at all pres-
sures as in the cases when either of these volatile components is
separately incorporated in silicate melts (Karki et al., 2010; Bajgain
et al,, 2015; Ghosh et al., 2017; Solomatova et al., 2019; Du et al,,
2019).

The calculated radial distribution functions under reducing con-
ditions show that the H-O correlation is suppressed yet remaining
strong, but the direct C-O correlation (as reflected by the first
peak) weakens considerably (Fig. 3A, inset). Instead the C-C, C-H
and C-Si functions all show sharp peaks at short distances of 1.27,

RDF
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RDF

/1 HO
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o
a...*.‘q

I
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w
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=
o

o
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Fig. 3. Volatile-involved radial distribution functions (RDFs) of CO,+H;0 (oxidized)
and hydrocarbons (reduced) bearing silicate melts at 2000 K (0.2 and 0.7 GPa)
shown by black curves, at 3000 K (29.7 and 27.3 GPa) by blue curves and at 4000 K
(112.0 and 107.6 GPa) shown by red curves. A: Volatile-oxygen functions with the
reduced melt results shown in inset. B: Carbon-hydrogen, carbon-carbon, hydrogen-
hydrogen and carbon-silicon functions for the reduced melt. C: Volatile-iron func-
tions for the iron-bearing reduced melt (the oxidized results shown in inset). (For
interpretation of the colors in the figure(s), the reader is referred to the web version
of this article.)
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1.12, and 1.87 A, respectively, at zero pressure. Also noticeable are
the H-H (0.82 A) and H-Si (1.48 A) peaks (Fig. 3B). The C-O peak
around 1.27 A further weakens with increasing pressure, almost
disappearing at high pressure and instead a second peak becomes
prominent at a larger distance (Fig. 3A, inset). The H-O RDF and
all other volatile-involved RDFs continue to show sharp first peaks
on compression. These together imply that volatile elements in re-
duced melt are highly correlated with each other while direct C-O
bonding activity is dramatically suppressed.

Interestingly, iron is directly correlated with both volatiles, par-
ticularly with carbon. Under reducing conditions, the C-Fe peak
located around 1.83 A is strong and the H-Fe peak located at
1.5-1.6 A is noticeable at all pressures (Fig. 3C). Iron tends to en-
hance the hydrogen-oxygen correlation while suppressing the C-H
and C-Si correlations. Under oxidizing conditions, the C-Fe peak
is weak and the H-Fe peak is almost absent (Fig. 3C, inset). Iron
like other cations is strongly correlated with anion. Interestingly,
the Fe-Fe RDF shows a peak at 2.3-2.5 A whereas all other cation-
cation peaks are located at larger distances (Fig. S4). We find that
these iron-involved correlations are somewhat sensitive to the use
of Hubbard U term; while the Fe-O peak is enhanced, the Fe-Fe
peak becomes weaker and also shifts to larger distance. Neverthe-
less, the predicted strong direct C-Fe correlation (by both GGA and
GGA+U calculations) under reducing conditions hints some sort of
carbon-iron clustering. Unlike other cations, magnesium is weakly
correlated with both volatile elements (Fig. S2 and S3) though the
C-Mg and H-Mg peaks tend to become sharper and shift to smaller
distances as pressure increases.

3.4. Coordination environments

We evaluate coordination environments of different atomic
species pairs by using the distance to the minimum after the first
peak in their respective radial distribution functions (Fig. 3) as the
cutoff distance. The mean coordination number of atomic species
o with respect to atomic species g is denoted by Zyg, where o
and B represent elements Mg, Si, O, C, H, and Fe present in melt
composition under consideration.

Oxidized volatile incorporation. As shown in Fig. 4A, the mean
oxygen coordination number of carbon (Z¢g) of the oxidized melt
increases from 2.5 to 3.5 as pressure increases from zero to ~140
GPa. This appears to reflect a mixture of two- and three-fold coor-
dination states at low pressure, which gradually picks up four-fold
coordination state mainly at the cost of two-oxygen coordinated
carbon atoms at higher pressure. On the other hand, the mean
hydrogen-oxygen coordination number (Zyg) increases from 1 to
2 over the same pressure range, signifying the dominance of hy-
droxyls at low pressure and the appearance of O-H-O groups at
high pressure. Each volatile-involved coordination consists of two
or more states whose relative abundances are sensitive to pressure,
temperature, and composition (Table 2, Table S2). Our coordina-
tion results for binary oxide volatiles in silicate melts are mostly
comparable to the previous computations for separate incorpora-
tion of CO, (Ghosh et al., 2017; Solomatova et al., 2019) and H,0
(Mookherjee et al., 2008; Bajgain et al., 2015). The C/H-O coordi-
nation relationships can be actually considered as direct bonding
between volatile elements and oxygen. We further examine these
coordination distributions at three P-T conditions below (Table 2).

At 0.2 GPa and 2000 K (V =3189.51 A3), Z¢g is 2.49. All car-
bon is coordinated with oxygen; two-fold (CO;) and three-fold
(CO3) states accounting for nearly 95%. Like carbon, all hydrogen
is coordinated with oxygen (Zyo = 1.02), almost exclusively as
one-fold (hydroxyls) and less than 2% two-fold (O-H-O bridges).
Pressure systematically enhances volatile-oxygen bonding activity.
At 29.7 GPa (3000 K), the principal species is CO3 (90%) while dou-
bly and tetrahedrally coordinated carbons are also present in small

4I||||I||||I||||I||||I||||I||||
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0 25 50 75 100 125

-
w
o

2'0||||I||||I||||I||||I||||I||||

15

1.0

PR TR SR N SR TR TR O I S T W1

Mean Coordination

0.5

[ O o o o e e o e e e o e e LB

0 25 50 75 100 125 150

3.0I||||I||||I||||I||||I||||I||||

Mean Coordination

0-0||||||||||||||||||||||||||||||

0 25 50 75 100 125 150
Pressure (GPa)

Fig. 4. Calculated mean volatile-involved coordination numbers as a function of
pressure at 3000 and 4000 K under oxidizing (ox) and reducing (re) conditions.
Each coordination type is labeled Z,4 where atomic species « is coordinated with
atomic species B. The open and (small) solid symbols denote the results for iron-
free and iron-bearing melts, respectively.

amounts. The hydrogen-oxygen coordination consists of decreased
yet high proportion of one-fold state (~70%) and increased pro-
portion of O-H-O bridges (~30%). As pressure increases further,
volatile-oxygen coordination environments change more gradually.
At 112 GPa (4000 K), the carbon-oxygen coordination is dominated
by CO3 and CO4 (together more than 90% carbon participation). A
significant fraction of carbon (~15%) is also coordinated with it-
self while some carbon is coordinated with hydrogen. The 0-H-O
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Table 2

Calculated mean numbers and distributions (one-, two-, three- and four-fold
states) of volatile-involved coordination in 32MgSiO3 + 8CO, + 8H,0 and
32Mgo.75Fe0 5Si03 + 8CO, + 8H,0 melts (corresponding to oxidizing conditions)
at three different pressure-temperature conditions. For each coordination type Zyg
(where atomic species « is coordinated with atomic species 8), the first row corre-
sponds to near-zero pressure (2000 K), the second row to ~29 GPa (3000 K), and
the third row to ~112 GPa (4000 K).

Table 3

Calculated mean numbers and distributions (one-, two-, three- and four-fold
states) of volatile-involved coordination in 32MgSiO3 + 4CH4 + 2C;Hg and
32Mgo.75Fe0 25Si03 + 4CH4 + 2C2Hg melts (corresponding to reducing conditions)
at three different pressure-temperature conditions. For each coordination type Zyg
(where atomic species « is coordinated with atomic species 8), the first row corre-
sponds to near-zero pressure (2000 K), the second row to ~27 GPa (3000 K), and
the third row to ~107 GPa (4000 K).

Type CO;- and H;0-bearing silicate melts (oxidized case)

Hydrocarbon-bearing silicate melts (reduced case)

Iron-free Iron-bearing Iron-free Iron-bearing
Mean Distribution (%) Mean Distribution (%) Type Mean Distribution (%) Mean Distribution (%)
one, two, three, four one, two, three, four one, two, three, four one, two, three, four
2.49 5.5, 39.9, 54.7, 0 219 20.9, 59.4, 29.7, 0 0.16 96,3.1,0,0 0.23 25,0,0,0
Zco 3.00 0, 5.2, 89.7, 5.1 2.94 1.9, 11.2, 784, 8.6 Zco 0.09 91,0,0,0,0 0.16 8.1,3.7,01,0
3.42 0, 6.3, 45.6, 47.9 3.05 3.4, 18.6, 47.6, 30.4 017 13.3,18,0,0 0.24 14.1,3.2,12,0
1.02 98.3,17,0,0 1.01 96.5,21,0,0 0.40 376,11,0,0 0.65 59.7,2.1,0,0
Zno 130 69.7, 30.1, 0.1, 0 115 773, 18.6,0, 0 Zno 0.61 43.7,85,0,0 0.85 50,17.3,0,0
2.03 15.5, 65.6, 17.9, 0.7 1.90 219, 64.2, 12.7,0.3 0.90 358,259, 08,0 114 36.1, 35.5, 2.1
- - - - 1.87 19.5, 26.7, 13.1, 18.6 0.65 10.5, 28.4, 44, 0
Zcu - - 0.03 33,0,0,0 Zcu 137 434, 30.4, 10.5, 0.3 0.66 252,171, 1.9, 0.2
0.01 13,0,0,0 0.03 2.6,0,0,0 110 417, 23.3, 6.1, 0.7 0.56 331, 9.0, 1.3, 0.1
- - - - 0.25 25.0,0,0,0 0.46 26,0, 0,0
Zcc - - - - Zcc 0.75 49.7,12.5, 0, 0 0.73 55.2,8.8,0.1,0
0.16 14.7,0.7,0, 0 0.31 28.9,0.8,0,0 0.95 56.9, 16.7, 1.7, 0 0.93 439,219,170
- - - - 0.75 27.0,239,0,0 0.25 12.9,125,0,0
Zcsi 0.03 32,0,0,0 0.03 32,0,0,0 Zcsi 136 44.7,35.6, 3.7, 2.2 0.81 36.7, 20.6, 0.9, 0
0.05 4.7,0,0,0 0.05 4.7,0,0,0 1.64 33.2, 316, 16.3, 4.7 110 46.9, 22.6, 5.7, 0.3
- - 0.11 85,12,0,0 211 17.8, 15.6, 15.0, 25.6 211 17.8, 15.6, 15.0, 25.6
Zcre - - 0.15 110, 1.7,0, 0 Zcre 1.87 14.8, 21.2, 17.6, 16.9 1.87 14.8, 21.2, 17.6, 16.9
- - 0.26 206, 24,0,0 2.37 17.8, 27.9, 24.1, 221 237 17.8, 279, 24.1, 22.1
- - 0.02 13,03,01,0 0.12 5.9,28,08,0 0.12 59,238,080
Zure - - - - Zyre 0.20 9.9,3.0,09,0 0.20 9.9,3.0,09,0
- - - - 0.42 18.2,8.0,21,0 0.42 18.2,8.0,21,0

bridges and three-oxygen coordinated hydrogens prevail at the cost
of individual hydroxyls. Highly compressed melts also contain dou-
bly carbon- and hydrogen-coordinated oxygens in small amounts
of 0.6 and 2.5%, respectively (Table S2), which means that some
coordination groups are connected with each other.

Reduced volatile incorporation. The coordination environments of
carbon and hydrogen in silicate melts become more complex un-
der reducing conditions compared to oxidizing conditions (Table 3,
Table S3). The hydrocarbon incorporation suppresses the carbon-
oxygen coordination to almost non-existent; Zcg lies below 0.3 at
all pressures (Fig. 4A). On the other hand, Zyo is decreased to al-
most half compared to the oxidized melt. We find that the mean
coordination numbers of carbon with respect to itself (Z¢cc), hy-
drogen (Zcy), and silicon (Zcs;) all take large values and they tend
to increase with pressure (Fig. 4B, 6C). This implies that carbon
takes polymerized forms in reduced melt at all pressures. Con-
sistently, hydrogen is highly coordinated with carbon; Zyc takes
values between 0.3 and 0.5. Hydrogen is bonded with itself and
silicon to much lesser extent; Zyy varies from 0.02 to 0.06 and
Zys;i varies from 0.04 to 0.1 over the full pressure range considered.
Non-oxygen bonding/coordination of volatile elements which is al-
most absent under oxidizing conditions thus becomes important
under reducing conditions. All these volatiles-involved coordina-
tion types show different states, whose relative abundances vary
with pressure, temperature, and composition (Table S3).

At 0.7 GPa and 2000 K (V =2715.87 A3), only about 13% car-
bon (as mostly CO and some CO;) and about 39% hydrogen (as
mostly hydroxyls and some O-H-O) are coordinated with oxygen
in the reduced melt (Table 3) compared to their full involvement
in the oxidized melt (Table 2). This C/H-O undercoordination is
compensated by self-coordinated dimers (C; and Hy) and various
hydrocarbon species (CH, CH,, CHs and CH4 in comparable pro-

portions). Nearly half of carbon is singly and doubly coordinated
with silicon. On the other hand, hydrogen is highly coordinated
with carbon (more than half hydrogen participation) and some-
what with silicon and hydrogen. The corresponding coordination
numbers are: Zyc = 0.53, Zysi = 0.04, and Zyy = 0.02. It is
interesting to note that the combined value considering all coor-
dination types is 3.02 for carbon and 0.99 for hydrogen for the
reduced melt, compared to Zco = 2.49 and Zyo = 0.99 under ox-
idizing conditions.

At 27.3 GPa (3000 K), more than half of carbon is bonded with
each other, some taking two-fold coordination state (Table 3). The
carbon-hydrogen coordination distribution consists of lower coor-
dination states (in particular, CH and CH;) in higher proportions
owing mainly to increased carbon-silicon coordination when com-
pared to zero pressure. Nearly half of hydrogen forms hydroxyls
and O-H-O bridges while the rest contributes to coordination with
carbon, itself, and silicon (Zyc = 0.39, Zyy = 0.04, Zysi = 0.06).
At 107.6 GPa (4000 K), carbon is mostly bonded with each other,
hydrogen, and silicon (more than 70% carbon participation in each
coordination type) but much less with oxygen. A majority of hy-
drogen is bonded with oxygen. Less than half of hydrogen is coor-
dinated with others (Zyc = 0.31, Zyy = 0.06, and Zys; = 0.07),
mostly in one-fold coordination state (Table S3).

Effects of iron. Our results show that iron content influences co-
ordination environments of volatiles in silicate melts to different
extents depending on redox condition (Tables S2 and S3). Iron de-
creases both Zcg and Zyo of the oxidized melt at all pressures
(Fig. 4A). This coordination suppression appears to arise because
both volatile elements (in particular, carbon) are also coordinated
with iron to some extent. At 0 GPa and 2000 K, about 10% carbon
is directly bonded with Fe. As a consequence, more CO and CO;
and less CO3 are present resulting in a lower value of Z¢cg = 2.09
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Fig. 5. Visualization snapshots of 32MgSiO3+8C0,+8H,0 melt at 0.2 GPa and 2000 K (left) and 112 GPa and 4000 K (center and right). The corresponding supercell lengths

are 14.72 and 11.01 A. The SiO,, polyhedra are color-coded: n =4 (cyan), 5 (blue), 6

(magenta) and 7 (white) and Mg atoms appear as black dots. Carbon (large green spheres)

and hydrogen (small yellow spheres) are bonded with oxygen (medium red spheres). The volatile speciation at near-zero pressure consists of three CO,, five CO3, thirteen
hydroxyls, one -O-H-0O-, and one molecular water. On right, the color of large and small spheres encodes oxygen-neighbor counts of carbon and hydrogen, respectively (black
=0, red = 1, yellow = 2, green = 3, cyan = 4). At high pressure, there are CO3, CO4, HCO2, CO4-HO1 2, C205-CO3 and five hydroxyls (other hydroxyls join to form three-

to five-atom sequences).

compared to the iron-free case (Table 2, Table S2). The effects of
iron on the H-O coordination are relatively small. In contrast to the
oxidized melt, iron tends to increase both Zco and Zyg of the re-
duced melt (Fig. 4A). Interestingly, both carbon and hydrogen are
coordinated with one or more iron atoms (Table 3, Table S3). Over
the full pressure range considered, Zcge varies between 1.6 and 2.8
whereas and Zyge varies between 0.1 and 0.8 (Fig. 4C). This high
carbon-iron coordination activity (involving around 80% carbon and
almost all iron) implies a clustering tendency of carbon with iron,
which has been also suggested by recent first-principles simula-
tions of pyrolytic melt + CO system (Solomatova et al., 2019).
Another consequence of this is to lower Zcs; and Zcy to almost
half of their values in the absence of iron (Figs. 4B, 4C). As hy-
drogen is less coordinated with carbon compared to the iron-free
case, the hydrogen-oxygen coordination is considerably enhanced
under reducing conditions.

Host cation-anion coordination. The addition of CO; and H,0
in silicate melts tends to slightly enhance the mean magnesium-
oxygen coordination because volatile-contributed oxygen (labeled
as Oyo) forms bond with magnesium, that is, MgO, + Oy <
MgOy+1 (Fig. S5). Mean Si-O coordination, however, remains unaf-
fected irrespective of iron content (Fig. S5). When O, gets bonded
with silicon by breaking one of its polyhedral bridging oxygen
bonds, the coordination state of the concerned silicon does not
change and Oy, becomes non-bridging oxygen: Si-O-Si + Oyq <>
2 0-Si (Table S4). On the other hand, the reduced volatile incor-
poration systematically suppresses both cation-anion coordination
environments (Fig. S5). The calculated values of Zgjo are smaller
than those for the pure and oxidized melts at all pressures be-
cause two- and three-fold coordination states appear in significant
amounts in reduced melts (Table S5). Such undercoordinated sili-
con atoms are also bonded with volatiles. The mean iron-oxygen
coordination number is lower than Zygo in the oxidized case and
much lower than Zgj in the reduced case (Fig. S5) because iron is
directly correlated with both carbon and hydrogen. We note that
the use of GGA+U considerably increases the mean Fe-O coordina-
tion numbers of both oxidized and reduced melts at all pressures
(Tables S4, S5) as it tends to suppress direct iron-iron correlations
(Fig. S3).

Dissolved volatile components in silicate melts are usually con-
sidered to influence the degree of melt polymerization (defined
by NBO/Si ratio). Our results show that the mean O-Si coordi-
nation number systematically decreases in the presence of CO»
and HO (Fig. S5) mainly because free oxygens, not bonded with
any silicon, appear in significant amounts at low pressures (Ta-
ble S4, S5). More non-bridging oxygens appear as both volatiles
get bonded with host melt oxygen thereby breaking up the silicate

network. The result is the depolymerization of melts (i.e., increased
NBO/Si). The role of these volatiles in regard to melt polymeriza-
tion appears to change with increasing pressure. Because of its
high oxygen-coordination, carbon tends to behave more as a net-
work former than a network modifier in highly compressed melts.
The majority of hydrogen participates in inter-polyhedral bridging
(-Si-0O-H-0-Si-) and three-fold oxygen coordination state (Table 2).
The situation is, however, very different under reducing conditions
because the volatiles form bonds with other elements (much more
in the case of carbon) besides oxygen (Table S4). This results in
fewer free oxygens and more non-bridging and bridging oxygens
relative to the oxidized case (Table S5). As such, the hydrocar-
bon incorporation lowers Zgsi to lesser extent than the oxidized
volatile incorporation does. Interestingly, these coordination effects
are even smaller in the presence of iron perhaps because of en-
hanced volatile-iron bonding.

3.5. Volatile speciation

By examining the details of local coordination/bonding envi-
ronments of carbon and hydrogen, we identify various forms of
their speciation in silicate magmas. Under oxidizing conditions, the
predicted speciation at low pressure occurs predominantly as car-
bonates, molecular CO;, and hydroxyls (Fig. 5, left). These oxidized
species in different proportions were experimentally detected in
silicate melts and glasses (Stolper, 1982; Fine and Stolper, 1985;
Nowak et al., 2003). Other species, including CO, molecular wa-
ter and O-H-O are present in much lower proportions. All C/H-O
groups remain isolated from each other. As pressure increases,
carbonate and tetrahedral carbon groups appear in higher abun-
dances. While hydroxyl groups remain prevalent, bridging hydro-
gen (O-H-0) and four-atom sequence (O-H-O-H) become increas-
ingly important at higher pressures. Some of these oxidized species
also join with each other to form mixed groups like CO3-HO and
CO4-HO when oxygen is shared between carbon and hydrogen.
Additional species, such as C;05, HCO;, SiCO3 where carbon is di-
rectly bonded with carbon, hydrogen and/or silicon appear to some
extent. Even larger complexes are formed in highly compressed
melts. For example, CO4H-O;H and C;05-CO3 exist at 112 GPa
(Fig. 5, center and right). Given the prevalence of carbon/hydro-
gen complexes connected by oxygen, the dissolution mechanisms
of CO, and H3O in silicate melts essentially involve oxygen bond-
ing of carbon/hydrogen.

Under reducing conditions, both volatiles besides bonding with
oxygen also form bonds with each other and silicon. As a result,
the reduced melt shows a richer set of speciation of which major-
ity does not involve oxygen. Visualization reveals CH4, CH3, Ha, Cp,
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Fig. 6. Visualization snapshots of 32MgSiO3+4CH4+2C;Hg melt at 0.7 GPa and 2000 K (left) and 107.6 GPa and 4000 K (center and right). The corresponding supercell
lengths are 13.95 and 10.75 A. The melts consist of SiO, polyhedra (undercoordinated states appear as blue spheres connected with red spheres) and Mg atoms (black dots).
Bonds are shown for carbon (large green spheres) with other carbon, hydrogen (small yellow spheres) and silicon. Hydrogen is bonded with oxygen and carbon. The volatile
speciation (on left) consists of CH4 (two), hydroxyls (six), molecular water (two), Hz, C2, CH,Siz, CHSiO, and C2H4Si;. On right, the color of large and small spheres encodes
the H-neighbor count of carbon and the O-neighbor count of hydrogen, respectively: black = 0, red = 1, yellow = 2, green = 3. Besides one CHs, six hydroxyls, and two H;,
there exist C2H4Si» 0, C5H4Sig, and three-to-five atom hydroxyl sequences at high pressure.

Fig. 7. Visualization snapshots of iron-bearing silicate melts: 32(Mgo.75Feq.25)Si03+8C0,+8H, 0 at 29.0 GPa (left) and 32(Mgo.75Fep.25)SiO3+8C+28H at 25.9 GPa (center and
right), both at 3000 K. The melts consist of SiO, polyhedra (undercoordinated states appears as blue-red spheres) and Mg atoms (black dots). Links denote the bonding of
carbon (large green spheres) and hydrogen (small yellow spheres) with other elements including iron (magenta spheres). In the oxidized melt (left), carbon forms carbonates
(six CO3, one HCO3Fe, and one FeCO3 groups) and hydrogen forms hydroxyls (twelve OH, two -O-H-O- and one H-O-H-O-). In the reduced melt (center and left), carbon and
some hydrogen together form two large complexes C;H;Si30 and CgH7SizFegO,. Two-third hydrogen appears as OH-involved species. Two iron atoms not bonded with C/H

show five- and six-fold oxygen coordination.

HSi, CH,Si; and CyH4_5Siy at zero pressure, where silicon is un-
dercoordinated (two or three-fold) with oxygen (Fig. 6, left). The
predicted methane and methyl groups were detected experimen-
tally under reducing conditions at low pressures (Mysen et al.,
2011; Ardia et al.,, 2013). Molecular hydrogen and carbon dimer
are not directly correlated with oxygen and silicon and they tend
to be highly mobile. The carbon dimer is instead coordinated with
two or more Mg atoms and occasionally decorated by hydrogen.
Molecular Hy was experimentally observed in silicate melts un-
der controlled hydrogen-fugacity (Hirschmann et al., 2012). On the
other hand, oxygen-participated species include mostly hydroxyls
and some O-H-O and molecular water as in the oxidized case. They
appear in the regions where carbons are absent. When carbon is
bonded with oxygen, it is also bonded with silicon and hydrogen
to form COq »HSi group.

As pressure increases, carbon and hydrogen form larger com-
plexes. For instance, single-, double- to triple-carbon groups rep-
resented as Cq_3H;{_5Si1_509_1 appear at 27.3 GPa and 3000 K.
They include CH,Si, CH3Si, CH;Si, CHSi»0, CaH3Sis, C3H4Sis4, and
C3H5Sis0. More than half of hydrogen forms hydroxyls and O-H-O
groups and some O-H-O-H and Hj. The reduced-carbon groups are
further extended when melt is highly compressed. At 107.6 GPa
(4000 K), carbons form dimers and trimers via direct C-C bonding
(Fig. 6, center and right). These carbons are also bonded with about
one third of silicon as -C-Si-C- and -Si-C-Si- sequences. There are
two or three large clusters on average (in our simulated 196-atom
supercell), which are decorated mostly with hydrogen and occa-
sionally with oxygen. The bonds of carbon with itself, hydrogen
and silicon thus together define large complexes of which three-
fourth consists of up to four carbons. Larger complexes consisting

of five or more carbons incorporate more silicon and hydrogen:
Cs_gH4_10Si5_g0g_2. The two-third hydrogen is dissolved as oxi-
dized species in highly compressed melt.

Iron influences volatile speciation because carbon and to some
extent hydrogen also form bonds with iron. The oxidized melt
contains some COi_3Fe and HCFeOq_3 in which bonding exists
between carbon and each of other elements (Fig. 7, left). On the
other hand, the reduced melt involves iron to much greater ex-
tent because of stronger iron affinity of both volatiles. Almost
all iron is bonded with carbon while a majority of it is bonded
with hydrogen (Fig. 7, center and right). The result is large com-
plexes like CgH7Si»0,Feg in which oxygen is bonded only with car-
bon. Pressure somewhat enhances volatile-iron bonding and silicon
participation while suppressing both carbon-oxygen and carbon-
hydrogen bonding. We even identify all carbon-all iron cluster,
such as CgH7OSi7Feg in our simulated system at 105.8 GPa (4000
K), where hydrogen is bonded with carbon and/or iron. Iron-
involved clusters mostly consist of five or more carbons whereas
iron-free clusters mostly consist of up to four carbons. These clus-
ters are further decorated by silicon and hydrogen. While the de-
tails of the speciation of carbon and hydrogen under oxidizing and
reducing conditions are considerably influenced by the presence of
iron, each volatile element appears to be integrated in iron-free
and iron-bearing melts to similar degree. The effective local coor-
dination of carbon and hydrogen considering all atoms (O, C, H,
Si, Fe) with which the volatile atoms are directly bonded remains
essentially unchanged (Table S2 and S3). For instance, the total car-
bon coordination number varies from ~2.8 to ~4.6 in the pressure
range 0 to 100 GPa for iron-bearing melts, irrespective of redox
conditions, compared to the corresponding variations of ~2.7 to
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~3.9 for iron-free melts. This perhaps explains why iron has al-
most no influence on the partial molar volume of the Hy0+CO,
and CHs 5 components in silicate melts (Fig. 2a).

4. Implications

We present implications of the calculated results on melt den-
sity and volatile speciation for present day partial melting in the
mantle and early magma ocean. The issue about possible melt-
crystal density crossovers at deep mantle/magma ocean conditions
is important (e.g., Agee, 1998; Caracas et al., 2019). Density com-
parisons between molten and crystalline MgSiO3 imply that such a
density crossover does not occur in iso-chemical situations (Fig. 1).
The calculated density difference Ap = Pmelc — Pcrystal T€mains al-
ways negative though its magnitude considerably decreases with
pressure: Ap = —0.50 g/cc at 25 GPa (3000 K) and Ap = —0.09
g/cc at 130 GPa (4000 K). However, melt composition is ex-
pected to differ considerably from co-existing solid composition
because incompatible elements including iron, carbon, and hydro-
gen preferably partition to melts. It is remarkable that the density
of MgSiO3 liquids containing volatiles and iron in amounts con-
sidered in our simulated systems actually exceeds the pure solid
density; Ap becomes zero at ~110 and ~140 GPa, respectively,
for the oxidized and reduced cases (Fig. 1).

Water-rich mantle transition zone materials may undergo dehy-
dration melting when they are transported to the upper mantle or
the lower mantle (Karato, 2011; Schmandt et al., 2014). Volatiles-
bearing materials carried by subduction slab (Kelemen and Man-
ning, 2015; Riipke et al., 2004) may melt when the slab stagnates
at a boundary region, probably feeding more volatiles to nearby
silicate melts. To assess the stability of these partial melts, we es-
timate their iron content to be 0.24 by adopting an iron solid/melt
partitioning coefficient of 0.35 (Corgne et al., 2005) and a bulk iron
content of 0.1 as done previously (Karki et al., 2018). For this ex-
cess iron content, our results show that melts with any amounts
of volatiles are less dense than coexisting bridgmanite at shallow
lower mantle pressures. However, these melts can still be heav-
ier than solid materials which are present in the transition zone.
As such, partial melts are likely retained around 660 km depth and
can be associated with low-velocity seismic observations (Liu et al.,
2016). Since reducing conditions are expected at these depths, our
speciation results suggest that carbon forms clusters with carbon,
hydrogen, silicon, and iron. Much of carbon may eventually exsolve
from melts as diamond, hydrocarbons or carbides as also suggested
previously (e.g., Dasgupta and Hirschmann, 2010; Mysen et al.,
2011; Stagno et al., 2013). However, melts likely remain hydrous as
a majority of hydrogen is dissolved as hydroxyls-associated species.

For partial melting in deepest parts of the mantle, the esti-
mated iron content using an iron partition coefficient value of
0.2 (Tateno et al., 2014) is 0.35. Our results show that partial
melts there even with large amounts of volatiles can be denser
than co-existing solids and are thus gravitationally stable atop the
core-mantle boundary. These deep-seated partial melts may be
remnants of early magma ocean (Labrosse et al., 2007). Also, sub-
ducted materials upon reaching the bottommost part of the mantle
may undergo redox melting as they come in contact with reduced
lithologies or metallic iron. Because of reducing conditions there,
any primordial or subducted volatiles that may have existed as C-
H-Si-Fe complexes and hydroxyls-associated groups (based on our
speciation results) likely remain buried in deepest mantle on very
long timescales. It is also possible that they are transported partly
to the underlying core or partly towards the surface by the mantle
plume.

How carbon and hydrogen were incorporated in magma ocean
environments could have dictated their subsequent storage and
distribution in the Earth’s interior. Magma ocean created by the

moon forming-giant impact late in accretion (Tonks and Melosh,
1993) is generally considered to be a molten silicate-metal iron
system possibly containing a lot of volatiles (e.g., Halliday, 2013;
Grewal et al., 2019). Subsequently, magma ocean would have un-
dergone segregation of the core and fractional solidification thus
driving major chemical redistribution (Rubie et al., 2003; Mon-
teux et al, 2016). Reducing conditions are expected to have ex-
isted during early stages of core formation (e.g., O'Neill, 1991;
Righter and Drake, 1999). Based on our volatile speciation re-
sults, carbon would be in polymerized forms via C-C, C-H and
C-Si bonds while hydrogen would also exist as O-H associated
species and molecular hydrogen. Moreover, carbon and to some
extent hydrogen because of their affinity to iron would form C-H-
Si-Fe clusters. Such volatiles-iron complexes would likely exsolve
from magma ocean into sinking metallic liquid. As the core seg-
regation progressed, more reduced (non-oxygenated) species were
removed from magma ocean possibly raising its bulk oxygen con-
tent. Magma ocean could have been oxidized (relative to the iron-
wiistite reference) at depths corresponding to the upper mantle
and transition zone when magma ocean and iron-rich core ap-
proached chemical equilibration (Armstrong et al., 2019; Deng et
al., 2020). While a majority of carbon seemed to have been trans-
ported to the core, a majority of hydrogen would have been re-
tained in magma ocean. A similar scenario has been suggested on
the basis of measured partition coefficients of hydrogen and car-
bon between metal and silicate melts (e.g., Kuramoto and Matsui,
1996; Malavergne et al., 2019).

On cooling, magma ocean would begin to crystallize most likely
at mid depths (Stixrude et al., 2009). During fractional solidifica-
tion, iron and volatiles would be preferably partitioned to silicate
melt over crystals. We consider a situation in which half of the
magma ocean has crystallized. The estimated iron contents are
0.17 and 0.03 for melt and crystal, respectively (Karki et al., 2018).
This corresponds to Ap =0 at 80 GPa and 0.14 g/cc at 130 GPa
for (Mg,Fe)SiO3 with no volatiles. Based on our density results,
we find that Ap becomes zero when up to 2 wt% of carbon and
0.5 wt’% of hydrogen are added in silicate melts. This means that
iron-enriched melts with significant amounts of volatiles would be
sufficiently dense to percolate downwards. The result would be a
basal magma ocean as previously suggested (Labrosse et al., 2007;
Stixrude et al., 2009; Caracas et al., 2019), which became denser
and richer in incompatible elements with time, probably serving
as a geochemically enriched reservoir at the bottom of the lower
mantle. On the upper side, melt would float and migrate towards
the surface. As more oxidizing conditions were expected at shallow
depths, carbon and hydrogen would have chemically dissolved in
magma ocean via oxygen-bonding and to some extent by bonding
with silicon and iron. While upwelling, silicate melts would have
crystallized to possibly form hydrous minerals in the transition
zone and carbonated phases in the upper mantle. Some volatiles
could have exsolved to the then atmosphere while magma ocean
was cooling (Elkins-Tanton, 2008; Lebrun et al., 2013; Deng et al.,
2020).

5. Conclusions

Though experimental studies of volatiles-bearing silicate melts
and glasses are confined to relatively low pressures, recent compu-
tational studies have covered much wider pressure ranges. Unlike
previous first-principles molecular dynamics simulations, here we
have investigated how carbon and hydrogen together are dissolved
in pure and iron-bearing MgSiO3 melts and how these volatiles in-
fluence melt properties over the entire mantle pressure regime at
2000-4000 K. Two opposite scenarios of redox we have considered
represent oxidizing conditions above the iron-wiistite equilibrium
(8C0O2+8H;0 incorporation) and reducing conditions approaching
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or below the equilibrium (hydrocarbon 4CH4 + 2C;Hg incorpora-
tion). The simulation results allow us to evaluate volume/density-
pressure relationships and analyze the behavior of volatile-melt so-
lutions. The calculated partial molar volumes of binary H,0+CO»
(oxidized) and CHs 5 (reduced) each decreases rapidly initially with
increasing pressure and then changes more gradually at higher
pressures. Interestingly, VH20+C02 is larger than VCH3_5 by a factor
of two and both volumes are almost insensitive to iron content.
Our analysis also suggests that VH20+C02 can be taken as a sim-
ple sum of Vy,o and Vco,. While carbon and hydrogen lower
the melt density, iron raises it. As these opposite effects can be
counterbalanced for plausible contents of volatiles and iron, the
melt-crystal density crossover is possible when the mantle un-
dergoes partial melting and could have occurred in early magma
oceans. This means that dense volatiles-bearing silicate melts can
be transported and accumulated at specific depths likely along the
compositional or phase boundaries.

Simulated atomic position-time series allow us to analyze pair-
wise correlations and local coordination environments to infer
the speciation and dissolution mechanisms of carbon and hydro-
gen in silicate melts. Under oxidizing conditions, these volatiles
are exclusively bonded with oxygen but are weakly correlated
with each other (direct carbon-hydrogen correlation is almost ab-
sent). The volatile speciation at low pressure consists of predom-
inantly molecular CO,, carbonate, hydroxyl, and some molecular
water and O-H-O (mostly existing in isolation), consistent with
experimental observations. As pressure integrates volatiles more
into melts via enhanced oxygen-bonding, more oxygen-involved
species appear and also some CO;3 and hydroxyl groups join
with each other via oxygen sharing. Both volatiles show weak ten-
dency to polymerize as they rarely form bonds with each other
and with other cations, including iron. Under reducing conditions,
while hydrogen-oxygen bonding remains strong, direct carbon-
oxygen correlation is dramatically suppressed. Instead carbon is
highly correlated/bonded with itself, hydrogen and silicon, and
both volatiles are also bonded with iron. As such, large com-
plexes containing carbon, hydrogen, and silicon (and iron) become
prominent, more so at higher pressures. These species can be
mostly represented by two forms: Ci_5H{_500_2Sig—5 (iron-free)
and C5_gHj_500_2Sip_gFeg—g. Our speciation results suggest that
dense partial melts and magma ocean at lower mantle conditions
incorporate volatiles as C-H-Si-Fe clusters, probably exsolving most
carbon as reduced species but retaining a majority of hydrogen
as hydroxyls-associated species. But, melts at upper mantle and
transition zone conditions appear to dissolve carbon and hydro-
gen in a wide variety of oxidized and reduced/non-oxygenated
forms. Improved knowledge of the speciation of carbon and hy-
drogen in silicate melts and their influence on melt density under
different conditions of pressure and redox is thus helpful to better
understand the incorporation of these volatiles in magma ocean
environments and their subsequent storage and distribution in the
Earth’s interior.
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