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Abstract Data from the Gamma-Ray Spectrometer (GRS) that flew on the MErcury Surface, Space
ENvironment, GEochemistry, and Ranging spacecraft indicate that the O/Si weight ratio of Mercury’s
surface is 1.2 £ 0.1. This value is lower than any other celestial surface that has been measured by GRS and
suggests that 12-20% of the surface materials on Mercury are composed of Si-rich, Si-Fe alloys. The origin of
the metal is best explained by a combination of space weathering and graphite-induced smelting. The
smelting process would have been facilitated by interaction of graphite with boninitic and komatiitic parental
liquids. Graphite entrained at depth would have reacted with FeO components dissolved in silicate melt,
resulting in the production of up to 0.4-0.9 wt % CO from the reduction of FeO to Fe®>—CO production that
could have facilitated explosive volcanic processes on Mercury. Once the graphite-entrained magmas
erupted, the tenuous atmosphere on Mercury prevented the buildup of CO over the lavas. The partial
pressure of CO would have been sufficiently low to facilitate reaction between graphite and SiO,
components in silicate melts to produce CO and metallic Si. Although exotic, Si-rich metal as a primary
smelting product is hypothesized on Mercury for three primary reasons: (1) low FeO abundances of parental
magmas, (2) elevated abundances of graphite in the crust and regolith, and (3) the presence of only a
tenuous atmosphere at the surface of the planet within the 3.5-4.1 Ga timespan over which the planet was
resurfaced through volcanic processes.

1. Introduction

The MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft collected
data that provided important insights into the structure, chemical makeup, and compositional diversity of
Mercury (Solomon et al.,, 2001). The X-ray Spectrometer (XRS), Neutron Spectrometer (NS), and Gamma-Ray
Spectrometer (GRS) that were aboard the MESSENGER spacecraft provided the first detailed chemical
analyses of Mercury's surface. Among the many discoveries about Mercury made by MESSENGER, several
surprising compositional characteristics of the surface were observed. These discoveries include elevated
sulfur abundances (up to 4 wt %), elevated abundances of graphitic carbon (0-4.1 wt % across the surface
with an additional 1-3 wt % graphite above the global average in low reflectance materials), low iron
abundances (less than 2 wt %), and low oxygen abundances (O/Si weight ratio of 1.40 + 0.03) (Evans et al.,
2012; Nittler et al., 2011; Peplowski, Lawrence, Evans, et al., 2015; Peplowski et al,, 2016; Weider et al., 2014).
These exotic characteristics likely have important implications for the thermochemical evolution of Mercury
and point to a planet that formed under highly reducing conditions (McCubbin et al,, 2012; Namur, Charlier,
et al, 2016; Namur, Collinet, et al., 2016; Zolotov et al.,, 2013).

The S and Fe abundances were used to constrain the oxygen fugacity (fO,) of Mercurian magmas between
2.6 and 7.3 log units below the iron-wistite (IW) buffer (McCubbin et al., 2012; Namur, Charlier, et al., 2016;
Namur, Collinet, et al., 2016; Zolotov et al,, 2013), which is lower than any of the other terrestrial planets
in the solar system (Ehlmann et al., 2016; Sharp et al., 2013; Wadhwa, 2008). The upper range was
constrained by assuming all Fe on the surface was FeO, which yielded fO, values ranging from 2.6 to
3.0 log units below IW (McCubbin et al., 2012). The lower end of this range was constrained by
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experimental data on silicate-sulfide equilibria, which resulted in fO, values ranging from 4.5 to 7.3 log
units below IW (McCubbin et al., 2012; Namur, Charlier, et al., 2016; Namur, Collinet, et al.,, 2016; Zolotov
et al, 2013). The lower end of this range in fO, corresponds to maximum FeO abundances in silicate
liquids of less than 0.8 wt % FeO (O'Neill & Eggins, 2002), which is equivalent to less than 0.62 wt % Fe.
Given that the average abundance of Fe measured on the surface by GRS is approximately 1.5 wt % Fe
(Weider et al., 2014), the lower estimates of fO, indicate that most of the Fe on the surface should be
hosted by metallic phases or sulfides (Zolotov et al., 2013). The inference of low FeO abundances in silicate
minerals on the surface is also supported by ground-based and MESSENGER ultraviolet-visible spectral
(UV-VIS) reflectance data that do not exhibit 1 um crystal field absorptions that could be attributed to
FeO on any area of the surface >20 km across (Blewett et al., 1997; Blewett et al., 2013; Ernst et al,
2010; Holsclaw et al., 2010; Izenberg et al., 2014; Riner et al., 2010; Robinson & Taylor, 2001; Vilas, 1988).
However, a downturn is observed in data from the MESSENGER Visible and Infrared Spectrometer (VIRS)
at wavelengths less than ~0.36 um in some pyroclastic deposits on Mercury, which is attributed to
oxygen-metal charge transfer and is supportive of FeO abundances of up to several tenths of a weight
percent (Goudge et al,, 2014; Weider et al,, 2016). Nonetheless, the source of Fe on the surface remains
enigmatic, and the distribution of Fe and its correlation with surface features indicate that Fe is likely indi-
genous to Mercury (Weider et al., 2014; Weider et al., 2015).

The surface elemental composition of Mercury as determined by MESSENGER has been used to identify up
to nine distinct geochemical terranes (Peplowski, Lawrence, Feldmanet, et al, 2015; Vander Kaaden et al.,
2017; Weider et al., 2015). Additionally, numerous modeling and experimental efforts have been undertaken
to infer the mineralogy and petrology of Mercurian lavas and surface materials (Charlier, Grove, & Zuber,
2013; Namur, Charlier, et al.,, 2016; Namur, Collinet, et al, 2016; Namur & Charlier, 2017; Stockstill-Cahill
et al, 2012; Vander Kaaden et al., 2017; Vander Kaaden & McCubbin, 2015a; Vander Kaaden & McCubbin,
2016). However, all of these efforts have presumed the following valence states for each of the measured
elements: Si**, Ti**, APY, Cr**3*, Fe?*, Mn?*, Mg?*, Ca?*, Na*, K*, S*~, and ClI~. Based on these valence
assignments, cations are first charged balanced with the measured anions S~ and CI~, and the remaining
charge deficit is then balanced by the addition of 02~ until the bulk composition is electroneutral. The
aforementioned valence state assignments include an implicit assumption that sufficient O is available
(given that S and Cl are measured directly), but given the preponderance of evidence for highly reducing
conditions on Mercury, the validity of this assumption is unknown. Moreover, the valence-assignment-
derived compositions for the geochemical terranes yield O/Si weight ratios ranging from 1.61 to 1.84, which
is substantially higher than the preliminary O/Si weight ratio of 1.40 + 0.03 determined by the MESSENGER
GRS instrument (Evans et al., 2012). Consequently, the aim of the present study is to reevaluate the O/Si ratio
of Mercury’s surface using the entire MESSENGER GRS data set to reassess its implications for the thermo-
chemical evolution of Mercury, including the nature of its surface materials and the geologic processes by
which they formed.

2. O/Si Ratio From MESSENGER GRS

Evans et al. (2012) reported an O/Si weight ratio of 1.40 + 0.03 for the surface of Mercury based on data from
the MESSENGER GRS, and they noted that this value was appreciably lower than both modeled O/Si ratios for
Mercury and O/Si ratios of typical solar system materials (Figure 1), which are typically in the range of 1.7 and
2.3, between the values of pyroxene and olivine (Nittler et al., 2004). Evans et al. (2012) did not use this
measurement to provide an abundance of oxygen for the surface of the planet because, at that time, no prior
Gamma-Ray Spectrometer data set had been used to derive O abundances, and there were no Mercurian
samples that could be used as a point of comparison to validate the measurement. Consequently, the
puzzling result was not widely incorporated into geochemical models for Mercury’s mineralogy or
magmatic evolution.

Following publication of Evans et al. (2012), data acquired by the Dawn Gamma-Ray and Neutron Detector
(GRaND) instrument were used to derive Fe/O (and Si/O) ratios for asteroid 4 Vesta, finding an excellent
match to the howardite-eucrite-diogenite meteorites (Prettyman et al, 2012). Additionally, Peplowski,
Bazell, et al. (2015) reanalyzed the Near Earth Asteroid Rendezvous (NEAR) GRS data and derived O ratios
for asteroid 433 Eros that are consistent with the L and LL chondrites in agreement with conclusions
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Figure 1. Plot of O abundance (wt %) versus Si abundance (wt %) for various chondrite and achondrite meteorites as
well as mafic rocks from Earth, Moon, and Mars. A black line representing the measured O/Si weight ratio from
MESSENGER GRS of 1.2 + 0.1 is also displayed with the error envelope represented by a black dashed line. Data for the
chondrite and achondrite meteorites were compiled from Nittler et al. (2004). Data from lunar samples were compiled from
the Lunar Sample Compendium. Data from Mars were compiled from the Mars Meteorite Compendium as well as data
from Aoudjehane et al. (2012) and Santos et al. (2015). Data from terrestrial rocks were downloaded from the PetDB
(Lehnert et al., 2000) database (www.earthchem.org/petdb) on 8 September, 2017, using the following parameters: Data
availability = major oxides and sample type = igneous:volcanic:mafic. Any terrestrial rocks with SiO, abundances greater
than 60 wt % were excluded from the compilation.

drawn from other NEAR data sets that identified 433 Eros as an ordinary chondrite parent body. In light of
these successful measurements, and following a detailed effort to validate neutron inelastic scattering
cross sections for O to experimental data (Nelson et al,, 2001), we have reevaluated and updated the
MESSENGER-derived O/Si ratio to better understand its implications for the geochemistry, mineralogy, and
petrology of Mercury’s surface.

The analysis of the O/Si ratio determined here leverages the methodology of Evans et al. (2012) as well as

the independent analysis techniques of Peplowski, Bazell, et al. (2015). The major improvement to our

analysis is the recognition and removal of contribution from the 6,111 keV Cl gamma ray (Table 1;

Evans et al,, 2015) to the 6,129 keV O Gamma-Ray Peak analysis, which was not taken into account by

Evans et al. (2012). To maximize the statistical precision of the measurement, all prime (Mercury-pointing,

high quality) low-altitude (<2,000 km) data were used to create a summed spectra from which the 6,111

(Cl), 6,129 (0), and 1,778 (Si) keV Gamma-Ray Peaks were fitted to derive peak counting rates. These peak

areas were compared with our modeled O and Si Gamma-Ray Count rates to yield a revised, northern

hemisphere average O/Si weight ratio of 1.2 + 0.1 (Table 2), which deviates substantially from the O/Si

ratio of typical solar system materials (Figure 1). Direct comparisons of modeled and measured Mercury

Gamma-Ray Spectra confirm that the 6,129 keV Gamma-Ray Flux is significantly (~30%) lower than

expected. The error represents the one standard deviation statistical uncertainties in the measurement,

as well as systematic uncertainties associated with various background corrections. We investigated the

possibility of detecting spatial variations in O/Si ratios by binning GRS data acquired at high northern lati-

tudes (e.g., primarily northern volcanic plains material), midnorthern and equatorial latitudes (primarily

intercrater plains), and specifically within the “high-Mg region” as

Table 1 defined by MESSENGER XRS data (Weider et al., 2015). We observed

Results of Fits to the Oxygen and Silicon Peaks for a Summed Gamma-Ray Spectrum  no differences for any of these spatial regions at the one standard
deviation level (Table 2).

Count rate®

The reevaluation of the O/Si ratio for the surface materials of
Mercury indicates that the O/Si abundance is even lower than that

Element Energy (KeV) Low altitude High altitude

Northern o 6,129 0.300 £0.011 0.065 + 0.003 . . .
! repor in Evan l. (2012), meaning that th letion rela-
hemisphere Si 1778 22000022 019740007 'cPorted in Evans etal. (2012), meaning that the O depletion rela
i tive to stoichiometric calculations of O abundances is even larger.
Count rate and uncertainty in counts per minute. This result indicates that the valence assignments of elements
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Table 2 used in previous models for the composition of the surface have
Oxygen Abundances for Selected Regions on Mercury overestimated the abundance of O on Mercury. Using elemental
Spatial coverage o/si® 0 wt %P compositions of the nine geochemical terranes that have been
Nadien Fents e 12401 205425 reported (Vander Kaaden et al.,, 2017; Weider et al,, 2015), the over-

estimation of O is at a level of approximately 11-16 wt % O. This
mismatch between the modeled and measured abundances of O
on the surface has important implications for the geochemistry,
mineralogy, and petrology of Mercury’s surface. Likewise, if this O
depletion is a primary geochemical feature, it could have important
implications for the thermochemical evolution of Mercury’s interior
and the bulk composition of the planet.

0/Si weight ratio is derived from the count rates of Table 1 following Evans
et al. (2012), including a “background amplification factor” of 1.49.
Specifically, the Mercury originating signal is calculated as the low altitude
count rate minus the high-altitude count rate x the background amplification
factor. The ratio of the Si and O Mercury signals is divided by the ratio of the
GRS efficiency for the two peaks (0.09/0.01) and then converted to an abun-
dance ratio using Figure 2 of Peplowski et al. (2015). ~Assuming a Si abun-
dance of 24.6 wt %.

3. Mechanisms for Balancing the Oxygen Deficit

The mismatch between the modeled and measured abundances of O on the surface of Mercury requires that
the existing models be refined until they are consistent with the measurements. Previous studies that have
aimed to determine the mineralogy and petrology of Mercury used the valence states discussed in
section 1 to report surface and magma compositions in terms of oxides, sulfides, and chlorides (Charlier
et al,, 2013; Namur, Charlier, et al.,, 2016; Namur, Collinet, et al,, 2016; Namur & Charlier, 2017; Stockstill-
Cahill et al, 2012; Vander Kaaden et al, 2017; Vander Kaaden & McCubbin, 2015a; Vander Kaaden &
McCubbin, 2016). Given that these models have overestimated the abundances of O, to make up for the def-
icit requires that some of the elements measured by GRS and XRS are not bonded to 0%, 5>, orCl™.
Consequently, some of these elements are either bonded to different anions and/or some of the elements
are themselves electroneutral and comprise metallic phases. Here we consider these two possibilities
separately and evaluate the efficacy of each based on three criteria: (1) the cosmochemical abundances of
the elements as depicted by their abundances in Cl chondrites, (2) the stability of the resulting phases relative
to the range of physical conditions (i.e., pressure, temperature, composition, and fO,) experienced by
Mercury, and (3) the composition of Mercury’s surface as determined by MESSENGER.

3.1. Balancing the Oxygen Deficit With Anions

The first mechanism we consider for balancing the O deficit is to use O-free anions that were not con-
sidered in previous models. These anions could include C*~, Si*~, N3, P>~, As®7, Se~, Te*~, H™, F,
Br~, or I". This mechanism assumes that the valence assignments for the cations used in the previous
studies were correct and that those cations are bonded to an anion other than oxygen that was not
directly measured by MESSENGER. The exception to this assump-
tion is Si*~, which will be discussed later. Although instruments
on the MESSENGER spacecraft were able to determine the abun-
dances of many elements, they were unable to determine the
ionic state of those elements. Furthermore, of the possible

Table 3
Oxygen Deficit Due to Measured O/Si Ratio and Required Abundances of Other
Anions to Accommodate the O Deficit of 11.5-15.8 wt % O

Required abundance/

Element Anion Anion replacement factor® abundance in CI° anion-forming elements listed, MESSENGER only provided data
— for Si (Evans et al, 2012; Nittler et al, 2011; Weider et al.,, 2015)

H H 0.13 0.72-0.99 . . . .

c - - e and provided robust detection limits for C (Peplowski, Lawrence,

N N3~ 058 21.1-29.1 Evans, et al, 2015), so we must evaluate the plausibility of many

F F~ 238 4,560-6,270 of the listed elements based on the computed elemental abun-

Si Si347 044 0.48-0.65 dances and their typical cosmochemical abundances.

P P 1.29 157-2,15

As A3~ 3.12 194,000-267,000 The required abundance of each anion to balance the O deficit is

Se Se?” 494 27,100-37,200 computed by determining the abundance of that element, relative

Br Bf; 9.99 329,000-452,000 to oxygen, that is needed to satisfy the charge imbalance that is cre-

Te Te™ 7.98 400,000-549,000

ated by the O deficit. Each anion has a unique factor that we term an
anion replacement factor, which is a function of the atomic mass and
charge of the anion that replaces O®". Increasing atomic mass and

| | 15.86 4,250,000-5,840,000

This factor is an intrinsic property of the atomic mass and charge of the anion
that replaces O“ . The factor is computed by dividing the required mass frac-

tion of the element it would take to make up the entire O° " deficit by the mass
fraction of the 0% deficit. °Cl chondrite abundances were taken from
Lodders and Fegley (1998).

decreasing negative charge relative to O>~ both increase the
required abundance of an anion to make up for the O deficit. The
anion replacement factors for all of the anions we considered are
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listed in Table 3, along with the computed anion abundances relative to oxygen. We considered a computed
anion abundance to be reasonable if it was within a factor of 15 of its abundance in Cl chondrites because
the abundances of the incompatible refractory trace elements Th and U are enriched on the surface of
Mercury relative to Cl chondrite by a factor of 7.6 £ 2 and 11.3 £ 2, respectively (Peplowski et al., 2011),
and the moderately volatile incompatible elements Na, K, and Cl are enriched on the surface by a factor
of 58 £ 0.2, 2.1 £ 04, and 2 *+ 0.4 relative to Cl chondrite, respectively (Evans et al.,, 2012; Evans et al.,
2015; Peplowski et al., 2011). The abundances of each element that would be required to make up the O
deficit are listed in Table 3. The abundances of N3, P37, As®~, se®~, Te®~, F~, Br, and | required to make
up the O deficit are exceedingly high relative to their abundances in Cl chondrite (Table 3; Lodders, 2003;
Lodders & Fegley, 1998), so we have dismissed these anions as a plausible means by which to make up
the O deficit. The anions for which the computed elemental abundances in Table 3 were reasonable relative
to their cosmochemical abundances include H™, Si*~, and C*~ (Lodders, 2003; Lodders & Fegley, 1998), so
we will further assess their plausibility for making up the O deficit.

Based on the surface compositions determined by MESSENGER, the only potential cations of sufficient abun-
dance to meaningfully contribute to making up the O deficit include Si**, A**, Mg?*, Fe?*, Ca®*, and Na™.
Consequently, we will only consider the stabilities of hydride, carbide, and silicide phases that contain the
cations listed above. Furthermore, we will consider the stabilities of these phases relative to the equatorial
daytime surface temperature on Mercury of 430°C (Vasavada et al., 1999) because latitudinal variations in
the O/Si ratio were not observed, indicating that the primary phases controlling the O/Si ratio did not vapor-
ize below 430°C. Of the potential hydride phases, iron hydride is not stable, SiH, is a gas above —112°C
(silane), and AlH3, MgH,, and NaH breakdown to metal + H, gas at 150°C, 327°C, and 425°C, respectively
(Lide, 2000). In fact, only CaH,, with a decomposition temperature of 1000°C (Lide, 2000), is potentially stable
under the surface conditions at Mercury. However, even if all Ca on the surface was converted to CaH,, it
would only equate to a total mass of 0.22-0.33 wt % H, but the total mass of hydrogen required to balance
the O deficiency ranges from 1.45 to 2.00 wt % H. Consequently, hydrides are not a plausible anion to make
up the O deficiency.

Carbides are refractory compounds that are stable at high temperatures, well in excess of 430°C (Lide, 2000),
so the thermal stability of carbides will not hinder their ability to make up the O deficiency. In addition, car-
bon has been detected on the surface by the GRS and NS instruments that were on MESSENGER (Peplowski,
Lawrence, Evans, et al,, 2015; Peplowski et al., 2016). In fact, graphitic carbon is reported to be distributed
globally on Mercury, possibly related to a primary graphite flotation crust (Peplowski et al., 2016; Vander
Kaaden & McCubbin, 2015a). Graphite has also been proposed as a darkening agent on the surface of
Mercury (Murchie et al,, 2015) and has been linked to the formation of hollows (Blewett et al., 2016).
Consequently, the inferred presence of carbon on the surface bolsters support for the possibility that carbides
may be present. However, the total abundance of C in carbide phases required to make up the O deficiency is
4.3 to 6.0 wt % C. Data from the MESSENGER GRS instrument indicate that the surface abundance of C is
1.4 £ 0.9 wt % C; consistent with 0-4.1 wt % C at the three standard deviation level (Peplowski, Lawrence,
Evans, et al., 2015). Consequently, carbides are a plausible mineral phase at the surface, but they cannot make
up the entire O deficit.

The silicide anion is unique among the list of anions considered to make up the O deficit because it is also
listed as a cation (Si**) that needs to be charge balanced. Furthermore, it is the only element on the list of
anions for which we have an ample abundance at the surface of Mercury as determined by MESSENGER
GRS and XRS data. However, there are some important limitations to consider, foremost of which is that sili-
con metal (Si°) is not considered to be a silicide. Elemental silicon is a tetravalent metalloid, so it is discussed
in section 3.2, which considers metallic phases for making up the O deficit. Furthermore, metalloids alloy with
metals, so iron silicides are also considered in section 3.2. Therefore, here we only consider silicides of alumi-
num, magnesium, and calcium. Aluminum silicide decomposes above 167°C (Hentzell et al., 1987), so it is not
a viable phase across the surface of Mercury. Although Mg,Si and Ca,Si are both stable above 430°C (Lide,
2000), they are unstable in the presence of SiO, because Mg,Si and Ca,Si both react with SiO, components
to form MgO, Ca0, and metallic Si® (Ehrlich, 1963; Ropp, 2013). Consequently, the surface of Mercury has too
much O to support the stability of Mg and Ca silicides. In summary, the O deficiency on Mercury cannot be
reconciled by previously unaccounted anions, so balancing the O deficit requires that some of the presumed
cations comprise metallic phases.
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3.2. Balancing the Oxygen Deficit With Metallic Phases

The second mechanism we consider for balancing the O deficit is to
assume that certain elements that were assigned as cations in previous
models are present on the surface as metallic phases. As stated in the
previous section, the surface compositions determined by MESSENGER
indicate that the only potential elements of sufficient abundance to
meaningfully contribute to making up the O deficit include Si, Al, Mg,
Fe, Ca, and Na, although we also consider K because the abundances
on the surface have been determined. To differentiate between which
of these elements are most likely to be in metallic phases and which
are most likely to be bonded to oxygen on the surface of Mercury, we
will examine the relative oxygen fugacities of the respective metal-metal

Figure 2. Plot of oxygen fugacity (fO,) versus temperature (T) over the range
of the equatorial daytime temperature on Mercury (430°C) and the estimated
liquidus temperatures of the most refractory lavas on Mercury (1650°C;

400 600

1000 1200 1400 1600 oxide reactions for each of the listed elements over a range of relevant
T(°C) temperatures. The range of temperatures we have chosen is 430-

1650°C. The lower end of this range was chosen because it represents
the equatorial daytime temperature on the surface of Mercury
(Vasavada et al., 1999), and 1650°C was chosen as the upper end of this

Namur, Charlier, et al., 2016). The solid black lines represent the oxygen range because it matches the liquidus temperatures of the most refrac-
fugacities of various metal-metal oxide reactions at 1 bar. The wistite in the tory surface terranes on Mercury (Namur, Collinet, et al,, 2016). The
iron-wiistite reaction represents Fe 9470, and the SiO; in the Si-SiO; reac- results of our calculations are illustrated in Figure 2, and we have

tion represents a metastable SiO, melt. Thermodynamic data for all of the
calculations obtained from JANAF tables (Chase, 1998).

included information for additional common rock-forming elements
(i.e, Mn and Ti) for comparison.

At 430°C, the relative stability of metal phases from most oxidizing to most reducing is Fe » K > Na > Si
> Al > Mg > Ca. At 1650°C, the relative stability of metal phases is K > Na » Fe » Si > Mg > Al > Ca.
Over the entire temperature range that we considered, Fe, K, Na, and Si are the most likely elements to
constitute metallic phases, and of these, Si appears to be the least siderophile (Figure 2). As discussed
previously, there is evidence for Fe comprising metallic phases on the surface; however, there is little-to-
no evidence to suggest Na, K, and Si comprise metallic phases on Mercury. Although the computations
illustrated in Figure 2 indicate that K and Na are stable metallic phases at higher oxygen fugacity than Si
at 1 bar, experimental data indicate that Si is more siderophile than Na and K at low oxygen fugacity at
elevated pressure (Namur, Collinet, et al., 2016; Vander Kaaden & McCubbin, 2016). In addition, Na, K, and
Fe only account for a combined 8-17% of the O deficit, so Si metal must make up the bulk of the deficit
regardless of whether or not the alkalis are hosted by metallic or nonmetallic phases. Nevertheless, the
resulting mineralogy and petrology of the Mercurian surface is greatly affected by the hosting phases of
the alkalis. Therefore, we will consider two end-member models, one that assumes all Na and K occur as
monovalent cations (alkali-bearing bulk silicate) and one that assumes all Na and K are comprised of metallic
phases (alkali-free bulk silicate). We consider both models to evaluate the surface composition and
mineralogy of Mercury in light of the low O/Si ratio. However, we caution the reader that reality likely lies
between the two end-member scenarios, so interpretations of this work resulting directly from the complete
absence of alkalis in silicate phases or that requires the full accompaniment of alkalis in silicate phases
should be avoided.

We assume for both models that all Fe on the surface of Mercury is hosted by metallic phases. The abundance
of Fe metal in the nine terranes ranges from 0.9 to 2.0 wt % Fe, which can only account for 0.25-0.57 wt % O
out of a deficit of 11.5-15.8 wt % O. In the alkali-bearing silicate model, the remainder of the O deficit is
accounted for by 11.1-16.1 wt % metallic Si, which corresponds to 35-55% of the Si measured at the surface
of Mercury being hosted by metallic phases. Given the propensity for alloying in the Fe-Si system (Hansen,
1958), it is likely that the Fe and Si metals occur as Fe-Si alloys. In the alkali-free silicate model, the abundance
of Na metal in the nine terranes ranges from 3.0 to 5.4 wt % Na, and the abundance of K metal in the nine
terranes ranges from 0.09 to 0.23 wt % K. Combined, Na and K only account for a combined 1.1-1.9 wt %
O out of a deficit of 11.5-15.8 wt % O. Si metal is all that remains to make up the remainder of the deficit,
equating to a range of 9.4-15.1 wt % Si metal in the nine geochemical terranes reported by Vander
Kaaden et al. (2017). This range corresponds to 29-51% of the Si measured at the surface of Mercury being
hosted in metallic phases.
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4. Implications for the Mineralogy of the Surface of Mercury

The abundances of metallic phases needed to account for the low O/Si ratio at the surface of Mercury have
important implications for the geochemistry, mineralogy, and petrology of the planet’s surface. In particular,
the oxide compositions of each of the geochemical terranes need to be reassessed and the normative miner-
alogy on the surface needs to be reevaluated. Additionally, the resulting oxide compositions of the terranes
need to be assessed to determine whether or not the O/Si value that has been measured on the surface is a
primary or secondary feature.

Previous studies have used MESSENGER data to predict the mineralogy at the surface of Mercury through
modeling and experimental efforts (Charlier et al., 2013; Murchie et al., 2015; Namur, Charlier, et al., 2016;
Namur, Collinet, et al, 2016; Namur & Charlier, 2017; Peplowski, Lawrence, Evans, et al.,, 2015; Peplowski
et al,, 2016; Stockstill-Cahill et al., 2012; Vander Kaaden et al., 2017; Vander Kaaden & McCubbin, 2015a;
Vander Kaaden & McCubbin, 2016). The phases reported to occur on the surface include albitic plagioclase,
enstatitic orthopyroxene, forsteritic olivine, diopside, silica, graphite, and Fe-, Ti-, Mn-, Ca-, and Mg-bearing
sulfides (Charlier et al., 2013; Murchie et al., 2015; Namur, Charlier, et al.,, 2016; Namur, Collinet, et al., 2016;
Namur & Charlier, 2017; Peplowski et al., 2016; Peplowski, Lawrence, Evans, et al., 2015; Stockstill-Cahill
et al,, 2012; Vander Kaaden et al., 2017; Vander Kaaden & McCubbin, 2015a; Vander Kaaden & McCubbin,
2016). In addition to these phases, alkali halides, orthoclase, kalsilite, and nepheline were also reported as
potential minor components of the surface (Evans et al.,, 2015; Vander Kaaden et al,, 2017). However, these
studies did not take into account the low O/Si ratio on the surface, so we have reassessed the models of
Mercury’s mineralogy in light of the new O/Si data.

In the previous section, we determined the abundances of metallic phases that are required to match the
observed O/Si weight ratio of 1.2 + 0.1 using two end-member models identified as alkali-bearing silicate
and alkali-free silicate. In the present section, we report the residual oxide compositions of the nine geochem-
ical terranes from Vander Kaaden etal. (2017) after the metals are removed from the bulk compositions. We pre-
sent two sets of compositions for each terrane with one representing all alkalis removed as metal (hereafter
alkali-free bulk silicate composition) and another representing all alkalis retained as oxides (hereafter alkali-
bearing bulk silicate compositions). Subsequently, we compute a CIPW norm (Cross et al., 1903) to determine
the normative mineralogy for each composition, which we compare to the previously reported mineralogy.

The nine geochemical terranes identified by Vander Kaaden et al. (2017) include (i) the high-Mg region (HMR);
(ii) a subregion of the HMR with the planet’s highest Ca and S contents (HMR-CaS); (iii) a subset of the north-
ern volcanic plains (NP) with relatively high Mg content (NP-HMg), distinguished by low-fast neutrons
(Lawrence et al, 2017); (iv) a subset of the NP with relatively low Mg content (NP-LMg); (v) the
Rachmaninoff basin (RB); (vi) the planet's largest pyroclastic deposit, located northeast of the
Rachmaninoff basin (PD); (vii) the high-Al regions southwest and southeast of the NP (HAI); (viii) the smooth
plains within the Caloris basin (CB); and (ix) the intermediate terrane (IT), composed of intercrater plains,
highly cratered terrain, and the southern hemisphere. The metal-removed bulk silicate compositions for each
of the nine geochemical terranes from Vander Kaaden et al. (2017) are reported in Tables 4 and 5.

We estimate a total potential range of 33-58 wt % SiO, across the silicate portion of Mercury’s surface
(Tables 4 and 5), which is more than twice as large as the range reported by Vander Kaaden et al. (2017).
MgO abundances range from 16.0 to 37 wt % (Tables 4 and 5), which are enriched by more than a factor
of 2 relative to the silicate compositions reported previously. CaO and Al,0s3 are also enriched by more than
a factor of 2 relative to the silicate compositions reported previously (Tables 4 and 5).

The elevated S abundances at the Mercurian surface coupled with the absence of Fe in the bulk silicate com-
positions require us to determine normative sulfide abundances and remove them from the bulk composi-
tion prior to computing the CIPW norm, similar to the calculations of Vander Kaaden et al. (2017). With the
exception of minor Ti in the Caloris Basin, Mg, and Ca are the most chalcophile elements that remained in
the bulk silicate compositions (Vander Kaaden & McCubbin, 2016). Consequently, MgS and CaS were deter-
mined to be the sulfide phases to remove from the bulk compositions, although we first removed 0.75 wt %
TiS, from the CB composition before removing MgS and CaS. To execute this calculation, we used a sulfide
melt Ca-Mg exchange coefficient of 1.97 (Vander Kaaden & McCubbin, 2016), and we removed the two sul-
fide phases until all the S was consumed. This removal resulted in a modal range of 1.1-5.5 wt % MgS and
0.17-0.84 wt % CaS in the bulk compositions of the nine geochemical terranes (Tables 6 and 7).
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Table 4
Average Compositions (Wt %) for Bulk Silicate Portion of Nine Distinct Geochemical Regions on Mercury Reported by Vander Kaaden et al. (2017) With Appropriate Fe, Na,
K, and Si Metal Components Removed to Account for Measured O/Si Ratio

HMR HMR-Ca$ cB NP-HMg NP-LMg RB HA PD T

Si05 3833 36.30 4933 4349 57.80 3934 4282 3849 4504
TiO, 0.00 0.00 0.64 0.00 0.00 0.00 0.00 0.00 0.00
Al,03 14.54 13.50 2293 18.02 16.39 15.06 23.96 17.43 19.95
MgO 34.94 36.61 18.04 29.07 16.85 3375 23.56 3243 2545
FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca0 10.13 11.30 7.88 8.00 732 9.86 8.18 11.09 8.14
Na,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 3.86 431 2.10 258 253 3.70 268 0.85 257
al 0.17 0.17 0.17 0.17 047 0.17 0.17 0.18 0.17
—0=5 1.97 2.19 1.09 133 137 1.89 1.38 0.46 1.32
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Mg/Si (W) 1.18 1.30 047 0.86 038 1.11 071 1.09 073
Al/Si (Wt) 043 0.42 053 047 032 043 0.63 051 0.50
ATkvika017 (O 173 182 —87 180 —92 180 91 302 74

Difference between the liquidus temperature calculated with MAGPOX (i.e., Davenport et al., 2014 ; Longhi, 1991, 1992) for a given terrane composition in the
present study and the corresponding terrane composition reported in Vander Kaaden et al. (2017).

The results of our alkali-free bulk silicate CIPW norm calculations are provided in Table 6, and the results of
our alkali-bearing bulk silicate CIPW norm calculations are provided in Table 7. Pie charts illustrating the
results from Tables 6 and 7 are presented in Figures 3 and 4, respectively. In order to compute the CIPW
norms for several of the bulk silicate compositions, we needed to include a normative periclase (MgO) com-
ponent because they contained excess MgO. Additionally, five of the geochemical terranes had normative
corundum (Al,O3). In cases where a composition had both normative periclase and normative corundum,
we added a spinel (MgAl,04) component until either periclase or corundum was consumed. Additionally,
we attributed all Cl in the terranes to CaCl,, but it could be hosted by other halides.

The results of the alkali-free bulk silicate CIPW norm indicate that all compositions have either normative peri-
clase or normative corundum. The periclase normative terranes (HMR, HMR-CaS, RB, and PD) are highly silica
undersaturated and have normative larnite (Ca,SiO,). All of the terranes with normative corundum (CB, NVP-
HMg, NVP-LMg, Hal, and IT) are also hypersthene normative (i.e., contains normative enstatite MgSiOs), and
two of those terranes (CB and NVP-LMg) have normative quartz (SiO,). With the exception of CB and

Table 5
Average Compositions (wt %) for Bulk Silicate Portion of Nine Distinct Geochemical Regions on Mercury Reported by Vander Kaaden et al. (2017) With Appropriate Fe and
Si Metal Components Removed to Account for Measured O/Si Ratio

HMR HMR-CaS cB NP-HMg NP-LMg RB HAI PD I

SiO, 34.83 32.83 4575 39.81 51.11 35.82 39.24 34.89 4147
TiO, 0.00 0.00 0.62 0.00 0.00 0.00 0.00 0.00 0.00
Al,O5 14.15 13.13 2236 17.52 15.66 14.66 23.32 16.94 19.43
MgO 33.99 3561 17.59 2827 16.10 32.84 2293 31.53 24.79
FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca0 9.85 10.99 7.68 7.78 6.99 9.59 7.96 10.78 7.93
Na,0 494 497 473 489 833 492 488 5.07 485
K>0 0.23 0.23 0.12 033 0.23 0.22 0.22 0.23 0.15
S 376 419 2,05 2,51 242 3.60 261 0.82 2.50
al 0.17 0.17 0.16 0.17 045 0.17 0.17 0.17 0.17
—0=S+dl 191 2.13 1.06 129 1.31 1.84 134 0.45 129
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Mg/Si (Wt) 126 1.40 0.50 0.92 0.41 1.18 0.75 1.17 0.77
Al/Si (W) 0.46 045 0.55 0.50 035 0.46 067 0.55 0.53
Afaremny CEF 343 401 —29 310 —74 340 212 470 175

aDfference between the liquidus temperature calculated with MAGPOX (i.e., Davenport et al.,, 2014 ; Longhi, 1991, 1992) for a given terrane composition in the
present study and the corresponding terrane composition reported in Vander Kaaden et al. (2017).
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Table 6

CIPW Norm for Each of the Nine Distinct Geochemical Regions on Mercury Reported by Vander Kaaden et al. (2017), Assuming the Presence of Fe, Na, K, and Si Metal to

Account for the Measured O/Si Ratio

Mineral group Phase HMR HMR-Ca$ CB NP-HMg NP-LMg RB HAI PD IT
Silicates Anorthite 32.00 29.47 30.49 30.09 26.25 33.30 30.52 37.81 30.65
Quartz = o 7.75 = 19.42 = = = =
Hypersthene = o 33.92 22.06 29.35 o 31.34 = 33.23
Forsterite 39.08 35.58 - 21.67 - 40.55 747 32.59 9.01
Larnite 1.66 3.63 = = = 0.98 = 1.48 =
Oxides Periclase 246 551 - - - 0.78 - 6.50 -
Corundum = = 7.96 3.64 4.07 = 8.45 = 5.12
Metals Fe 1.81 2.00 0.89 1.83 1.42 1.77 0.88 1.83 1.67
Si 13.88 14.05 12.51 13.40 9.39 13.75 13.92 15.09 13.14
Na 3.05 3.06 3.01 3.04 541 3.05 3.05 3.09 3.03
K 0.16 0.16 0.09 0.23 0.17 0.16 0.16 0.16 0.11
Halides CaCl, 0.22 0.22 0.22 0.22 0.62 0.22 0.22 0.22 0.22
Sulfides MgS 4,97 548 2.01 3.36 3.23 4.77 342 1.06 3.31
CaS 0.71 0.84 0.42 0.45 0.68 0.68 0.58 0.17 0.52
TiS - = 0.75 = = = = = =

Note. Phase abundances expressed in weight percent.

NVP-LMg, all of the terranes have normative forsterite (Mg,SiO,), and all of the terranes have normative
anorthite (CaAl,Si,Og).

The results of the alkali-bearing bulk silicate CIPW norm indicate that all compositions are nepheline
(NaAlSiO4) normative, so they are all silica undersaturated. Moreover, six of the terranes (HMR, HMR-CaS,
NVP-HMg, RB, HAI, and PD) have normative periclase, and with the exception of HAI, all of the periclase-
bearing terranes have normative larnite. All of the terranes have normative forsterite and normative
anorthite. Two of the terranes (NVP-HMg and IT) have normative diopside (CaMgSi,Og), and two of the ter-
ranes (CB and NVP-LMg) have normative albite (NaAlSizOg). The alkali-bearing bulk silicate CIPW norm also
indicates a number of minor phases, including corundum, spinel, orthoclase (KAISizOg), and kalsilite (KAISiO,4).

All of the minerals predicted to occur on the surface of Mercury from previous studies that did not consider
the measured O/Si ratio are represented in the updated normative mineralogy calculations from the present
study. However, the relative abundances of the phases in each terrane have changed substantially from those
reported in previous studies, so any existing mineral maps for the surface that were derived without account-
ing for the measured O/Si ratio likely require substantial modifications and updates. In addition to the miner-
als previously reported to occur on Mercury, we suggest that several additional phases be considered based
on our CIPW norm calculations, including metallic Si, Fe, Na, and K, periclase, anorthitic plagioclase, corun-
dum, spinel, and larnite, although larnite would likely exist as monticellite or a larnite component in forsterite.
Furthermore, the albite and anorthite components likely constitute a single plagioclase phase. In summary,
when the measured O/Si ratio is taken into consideration, the prospects for mineralogical diversity across
the Mercurian surface increases substantially. However, we caution the reader that CIPW norm calculations
(i.e., Tables 6 and 7) are used here as a guide, and we do not intend for it to represent an accurate predictor
of the actual modal mineralogy on the surface of Mercury.

5. Is the O/Si Ratio of Mercury’s Surface a Primary Feature?

Whether the low O/Si ratio of the surface is a primary or secondary feature has profound implications
for the thermochemical evolution of Mercury. However, we must first define what is implied by the
terms primary feature and secondary feature. The O/Si ratio of a surface composition is considered to
be a primary feature if that ratio has either remained unmodified or has only been modified by frac-
tional crystallization processes since the time that the materials left the mantle source region and were
erupted onto the surface. The O/Si ratio of a Mercurian surface composition is considered to be a sec-
ondary feature if that ratio has been modified by secondary processes such as space weathering,
impact processing, magmatic degassing, or crustal assimilation. In this section, we consider only the
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Table 7
CIPW Norm for Each of the Nine Distinct Geochemical Regions on Mercury Reported by Vander Kaaden et al. (2017), Assuming the Presence of Fe and Si Metal to Account
for the Measured O/Si Ratio

Mineral group Phase HMR HMR-Ca$ CB NP-HMg NP-LMg RB HAI PD IT
Silicates Anorthite 12.99 10.48 29.83 20.80 3.89 14.31 30.49 18.59 25.92
Albite - - 17.30 - 26.73 - - - 0.05
Orthoclase - - 0.63 - 1.18 - - - 0.76
Diopside - - - - 17.22 - - - 3.67
Forsterite 29.29 25.88 23.79 35.63 14.97 30.75 27.67 22.84 31.12
Larnite 7.46 941 - 2.85 - 6.80 - 741 -
Nepheline 18.67 18.58 9.54 18.70 19.00 18.66 18.77 18.99 18.69
Kalsilite 0.63 0.63 - 0.93 - 0.62 0.61 0.64 -
Oxides Periclase 8.40 11.46 - 0.86 - 6.72 0.40 12.18 -
Corundum - - 1.18 - - - - - -
Spinel - - 5 - - - 2.08 - -
Metals Fe 1.81 2.00 0.89 1.83 1.42 1.77 0.88 1.83 1.67
Si 14.84 15.01 13.44 14.38 11.08 14.71 14.88 16.06 14.09
Halides CaCly 0.22 0.22 0.22 0.22 0.62 0.22 0.22 0.22 0.22
Sulfides MgS 497 5.48 2.01 3.36 3.22 477 3.42 1.06 3.31
Cas 0.71 0.84 0.42 0.45 0.68 0.68 0.58 017 0.52
TiS, - - 0.75 - - - - - -

Note. Phase abundances expressed in weight percent.

implications of the O/Si ratio being a primary feature, and we consider the possibility that it is a
secondary feature in a subsequent section.

Volcanic processes resurfaced Mercury approximately 4.0-4.1 Ga (Marchi et al., 2013) and volcanic processes
largely ceased by about 3.5 Ga (Byrne et al., 2016), leaving a crust that formed from volcanism exposed at the
surface. If the O/Si weight ratio of 1.2 + 0.1 determined by MESSENGER GRS is a primary feature, it would
imply that the erupted volcanic products also had this ratio. Furthermore, these volcanic products would
have to be a mixture of silicate melt and approximately 12-20 wt % primary metallic components, all of which
have a much greater density than the melts in which they would be entrained Vander Kaaden and McCubbin
(2015a). The silicate compositions are also highly exotic with excessive normative corundum (Table 6) or
extreme silica undersaturation as evidenced by normative nepheline and normative periclase (Tables 6
and 7). Furthermore, if the O/Si ratio represents a primary feature of the planet’'s mantle, it would indicate that
the planet did not fully differentiate given that Mercury would host 12-20% (or more) primary metallic
components in the silicate mantle, which is inconsistent with the past presence of a magma ocean on
Mercury (Brown & Elkins-Tanton, 2009; Riner et al., 2009; Vander Kaaden & McCubbin, 2015a) where silicate
and metal would have been separated into a silicate mantle and a metallic core. Given the improbable
likelihood of meeting the prerequisites required to declare that the O/Si ratio represents a primary feature
of volcanic products erupted onto the surface, we disfavor a primary origin for the low O/Si ratio of
Mercury’s surface and explore the possibility of it being related to a secondary process.

6. Secondary Processes That Could Have Affected the O/Si Ratio of
Mercury’s Surface

By attributing the low O/Si ratio of Mercury’s surface to a secondary process, we are limiting the process to
one that either adds metals to the surface or one that causes the loss of oxygen from the surface. However,
we do not consider processes that add metal/carbides to the surface through exogenic sources because the
chemical variations across the surface do not correlate to variations in the O/Si ratio (Weider et al., 2014),
and there is not a plausible source of material in the solar system that would add substantial amounts of
carbides or Si-rich metals to the surface of Mercury. Consequently, we will consider only O-loss processes.
Of the processes that can cause the loss of O, we consider space weathering and magmatic degassing
(from lavas or impact melts) because both processes can lead to the loss of oxygen species (Fogel &
Rutherford, 1995; Hapke, 2001; Keller & McKay, 1997; Lucey & Riner, 2011; Noble et al.,, 2005; Noble &
Pieters, 2003; Pieters et al., 2000; Rutherford & Papale, 2009; Sharp et al., 2013; Sato, 1979; Zolotov, 2011).
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6.1. Space Weathering as a Mechanism to Lose Oxygen on Mercury

Space weathering is the gradual alteration of surface materials on airless bodies that occurs during exposure to
the space environment. Space weathering is typically grouped into two categories, including (1) micrometeor-
ite impacts and (2) irradiation (from the Sun, high-energy galactic cosmic rays, or the magnetosphere) (Pieters
& Noble, 2016). Much of what is known about space weathering products was realized through the study of
lunar samples. Based on lunar sample studies, one of the primary metallic byproducts of space weathering
is iron metal (Keller & McKay, 1993; Keller & McKay, 1997; Noble et al., 2001; Taylor et al., 2001), although iron
silicides (e.g., hapkeite) and rare metallic Si also make up a minor fraction of metallic space weathering
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Figure 4. Results of the CIPW normative calculations for each of the nine geochemical regions using the alkali-bearing bulk
silicate compositions from Table 5. See Table 7 for the tabulated CIPW norm values depicted in the pie charts above.

products (Anand et al., 2004; Gopon et al., 2017). The iron metal produced through space weathering occurs
along a continuum of nanophase iron particles that coarsen through Ostwald ripening to larger particles
(Lucey & Noble, 2008; Noble et al., 2007; Pieters et al., 2000; Pieters & Noble, 2016). In addition to metal
particles, sulfides and halides have also been reported to form through space weathering processes based
on studies of samples returned from the asteroid Itokawa by the Hayabusa spacecraft (Noguchi et al., 2011;
Noguchi, Kimura, Hashimoto, Konno, Nakamura, Zolensky, Okazaki, & Ishibashiet, 2014a; Noguchi, Kimura,
Hashimoto, Konno, Nakamura, Zolensky, Tsuchiyama, & Okadaet, 2014b).

The space weathering environment at Mercury is expected to be among the most extreme in the solar system
given its proximity to the Sun and its mass relative to other airless bodies, both of which are expected to
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enhance the speed and flux of impactors and the intensity of solar irradiation (Borin et al., 2009; Cintala, 1992;
Domingue et al., 2014; Marchi et al., 2009). In comparison to the lunar regolith, the ratio of larger particles to
smaller nanophase iron particles is expected to be substantially higher on Mercury as a consequence of the
extreme space weathering environment (Lucey & Riner, 2011; Noble & Pieters, 2003), which is supported by
the optical characteristics of Mercury’s surface (Riner & Lucey, 2012). However, the abundance of Fe at
Mercury's surface is insufficient to account for the amount of oxygen that was lost through the production
of Fe metal alone. Even if all the Fe on Mercury was originally FeO that converted to Fe metal through space
weathering, it would only account for 0.25-0.57 wt % O. Although iron silicides and metallic Si make up a
minor volume fraction of space weathering products in lunar samples (Anand et al., 2004; Gopon et al,,
2017), Gopon et al. (2017) report that the presence of trace amounts of reduced carbon in the lunar regolith
may have aided in the production of iron silicides and metallic Si produced by space weathering.
Consequently, the apparently graphite-rich nature of the Mercurian regolith and the extreme space weath-
ering environment on Mercury both support the possibility that space weathering is a viable process by
which oxygen could have been lost from a physicochemical standpoint. However, mass constraints on the
loss of O via space weathering must be considered to fully evaluate the efficacy of this process as an O-loss
mechanism on Mercury.

The MESSENGER GRS data on which our O/Si ratio is based provide chemical information on the upper ten to
several tens of centimeters of the surface of Mercury (Solomon et al.,, 2001). In contrast, metallic space weath-
ering products typically form in the outer hundreds of nanometers of an exposed particle (Keller & McKay,
1993; Keller & McKay, 1997; Noble et al., 2001; Pieters & Noble, 2016; Pieters et al., 2000; Taylor et al., 2001).
The contrast in scales of the space weathering process and the GRS analysis requires that we consider the
volume of material from which O has been lost and how it relates to mass. Consequently, we wish to consider
the total mass of O lost from gardened regolith and compare it to the observed O deficit on Mercury. Because
we do not have samples of Mercury’s regolith, we have chosen to assess the mass fraction of O that is lost in
the gardened lunar regolith as an analog. The lunar regolith is used as an analog for two primary reasons: (1)
The mass fraction of Fe metal in the lunar regolith has been measured, so we can calculate the mass fraction
of O that could have been yielded through the production of metal during space weathering, and (2) the
abundance of FeO in the lunar regolith is not a limiting factor to the production of Fe metal, so it provides
us with the limitations of O loss through regolith gardening. The average abundance of Fe metal in the lunar
regolith that can be attributed to space weathering ranges from 0.7 to 1.0 wt % Fe° (Morris, 1980), which
would only account for 0.20-0.29 wt % O, far less than the required 11.5-15.8 wt % O needed to account
for the measured O/Si ratio on Mercury. Consequently, we infer that the process of regolith gardening is
an important limiting factor in the efficiency of O loss from planetary surfaces by space weathering processes.
Although the lunar analog indicates that space weathering cannot be the primary mechanism responsible for
the low O/Si ratio on Mercury, the space weathering environment on Mercury is more intense than on the
Moon, so the efficiency of O loss may be much greater on Mercury. Additional studies are needed to fully
characterize the intensity of space weathering on Mercury and its implications for the amount of O loss that
could occur through space weathering processes; however, we can conclude that space weathering likely
contributed to the loss of O from Mercury surface materials.

6.2. Magmatic Degassing as an Oxygen-Loss Mechanism on Mercury

The loss of oxygen-bearing vapor species from lavas on Mercury represents another potential mechanism to
lose O from the surface. The loss of vapor species from lavas and magmas is referred to as magmatic degas-
sing, and the degassed constituents can be comprised of any number of magmatic volatile elements (H, C, N,
O, F, S, Cl, noble gases, etc.). Magmatic degassing typically refers to the exsolution of fluid or vapor constitu-
ents that were dissolved in a silicate melt. These volatiles could have been incorporated into a silicate melt as
early as the time of partial melting in the source, or they could have been dissolved into the melt through
assimilation processes at any point along the liquid line of descent. Exsolution of a fluid or vapor phase from
a silicate melt occurs when a volatile constituent exceeds its solubility in the silicate melt, which could occur
at any point along the liquid line of descent, and commonly occurs due to changes in pressure, temperature,
oxygen fugacity, melt composition, or abundance (e.g., crystallization of volatile-free minerals results in ele-
vated abundances of the volatile element in the residual silicate melt) (Burnham, 1994; Carroll & Webster,
1994; Dixon & Stolper, 1995; Dixon et al., 1995; Holloway & Jakobsson, 1986; Jambon, 1994; Ustunisik et al.,
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2015). Alternatively, magmas can undergo solid-liquid or solid-solid reactions that produce vapor phases as a
byproduct with minimal dissolution of volatiles into the silicate melt. We will consider the former process
here and the latter process in the following section.

The primary O-bearing magmatic volatile species on Earth occur in the C-O-H system (O,, H,0, H,, CO,, CO,
and CHj,), which dominates the volatile budget of the silicate Earth (Dasgupta & Hirschmann, 2010; Jambon,
1994; Mysen et al., 2009). Of the gases considered in the C-O-H system, we focus only on the species that con-
tain O, including O,, H,0, CO, and CO,. Furthermore, we evaluate the solubility and speciation of C-O and O-H
species in silicate liquids under the physical conditions afforded by Mercury to understand the plausibility of
magmatic degassing as a mechanism to explain the low O/Si ratio. The highly reducing conditions on
Mercury have important implications for the stable gas species that would evolve from Mercurian lavas.
Under reducing conditions of three to seven log units below the IW buffer, options are limited because
the partial pressure of O, in equilibrium with lavas at Mercurian fO, is exceedingly low (maximum of
10" bar O,; Figure 2). At mantle pressures (>1 GPa), the solubility of H in silicate liquids is not markedly
lower under highly reducing conditions compared to oxidizing conditions: however, the speciation of H is
affected by oxygen fugacity (i.e, the H,/H,O abundance ratio is proportional to the fH,/fH,0 ratio;
Hirschmann et al., 2012). It also follows that H,O would be a very minor vapor species in favor of H, given
the relationship between fH,/fH,0 ratios and oxygen fugacity (Hirschmann et al.,, 2012; Newcombe et al,
2017; Sharp et al,, 2013; Zolotov et al., 2013). In fact, the preferential loss of H, from H-rich reduced magmas
could lead to oxidation of the melt (Sharp et al., 2013), which would work against stabilizing metallic Fe or Si.
Furthermore, carbon solubility in silicate liquids under such reducing conditions is severely limited (<1 ppm
G Eggler et al, 1979; Hirschmann & Withers, 2008; Li et al., 2017; Stanley et al., 2011; Stanley et al., 2012;
Yoshioka et al.,, 2015). In summary, it is highly unlikely that the low O/Si ratio can be explained by magmatic
degassing of C-O-H vapor species that were dissolved within Mercurian magmas. Although the surface is rich
in sulfur, we did not consider degassing of S-O species to account for the loss of O because S-O species can
make up only trace components relative to the dominance of sulfide species under Mercurian oxygen fuga-
cities (Zolotov, 2011), and hence, degassing of S-O species cannot account for the low O/Si ratio.

6.3. Graphite-Induced Smelting as a Mechanism to Lose Oxygen on Mercury

Although solubilities of species in the C-O and O-H systems in silicate liquids is limited under Mercurian fO, (Li
etal, 2017), there is evidence for a primary graphite flotation crust on Mercury (Peplowski et al., 2016; Vander
Kaaden & McCubbin, 2015a), and additional evidence that graphite is present within the regolith (Murchie
et al, 2015; Peplowski, Lawrence, Evans, et al, 2015). Consequently, graphite could be assimilated by
Mercurian magmas during ascent through the primary crust or by lavas as they flowed across the
graphite-bearing surface. The presence of graphite in Mercurian lavas provides a potential mechanism to pro-
duce O-bearing vapor species without the need for those species being dissolved in the silicate melt.
Graphite is commonly used in industry for the formation of metals because it strips oxygen from other com-
pounds (Bafghi et al., 1993; Bafghi et al., 1992; Miller et al., 1979; Sarma et al., 1996). This process of metal for-
mation through the reaction of molten oxides with graphite is known as smelting. Smelting processes are not
limited to anthropogenic influence. In fact, there are several examples of naturally occurring smelting pro-
cesses that have occurred on Earth (Disko Island, Greenland; Northern Siberia, Russia; and Kassel, Germany;
Bird & Weathers, 1977; lacono-Marziano et al., 2012; Melson & Switzer, 1966; Pernet-Fisher et al., 2017;
Ulffmoller, 1990), and smelting has also been invoked to explain the petrologic history of the parent body
of the unusual ureilite meteorites (Goodrich et al.,, 2007; Singletary & Grove, 2003; Walker & Grove, 1993).

To assess the plausibility of smelting on Mercury, we consider the chemical reactions that would need to
occur in order to form Fe, K, Na, and Si metal, which are the four elements that were determined to be the
most susceptible to reduction in high temperature systems on Mercury (Figure 2). At the liquidus tempera-
tures for Mercurian magmas, graphite hosted by lavas would react with melt species to form CO through
the following reactions:

Cgraphite + Feomelt‘__’cogas + FeOmetal (1
Cgraphite + Kzomelt‘__’cogas + 2Kogas ()
Cyraphite + Na2Opmelt«——COgas + 2Naogas (3)
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2Cgraphite + SioZmeIt‘__’ZCOgas + Siometal (4)

In a system with graphite and silicate melt, the degree to which these reac-
tions proceed to the right depends on the partial pressure of CO (fCO) in
equilibrium with graphite, which can be calculated as a function of tem-
perature relative to each of the respective metal oxide reactions.
Importantly, the computed CO pressure using the metal oxide reactions
represents an upper limit because it assumes the activity of the oxide com-
ponent in the silicate melt is unity, which is not directly applicable to sili-
cate melts from Mercury.

logfoO,

Figure 5 illustrates the pressure dependence of CO on the fO, of the
graphite-CO (GCO) buffer relative to the fO, of numerous metal-metal
oxide reactions as a function of temperature. Based on these calculations
and liquidus temperatures for Mercurian lavas of ~1320-1650°C (Namur,
Collinet, et al, 2016; Sehlke & Whittington, 2015; Vander Kaaden &
Figure 5. Plot of oxygen fugacity (fO,) versus temperature (T) over the range McCubbin, 2016), confining pressures in the range of 10 mbar to 1 bar of
of estimated liquidus temperatures of lavas on Mercury. Dashed lines CO are needed to prevent the formation of Si metal in the presence of gra-
represent the fO, of the GCO buffer at specified partial pressures of CO. The phite, and pressures of about 1 to 8 kbar are needed to prevent the forma-
solid.blacklines representth.e o'xygen fugacit.?es.ofvarioys metal-metal oxide tion of Fe metal (Figure 5). When these pressures are adjusted based on
reactions at 1 bar. The wiistite in the iron-wdstite reaction represents L. K K X e X
Feo.0470, and the SiO, in the Si-SiO, reaction represents a metastable SiO, the activities of SiO, and FeO in Mercurian magmas (activities were esti-
melt. Thermodynamic data for all of the calculations obtained from JANAF ~ mated based on the mole fractions of the oxides in each of the nine geo-
tables (Chase, 1998). chemical terranes from Vander Kaaden et al., 2017), confining pressures in
the range of approximately 5 to 700 mbar of CO are needed to prevent the
production of Si® by smelting, and confining pressures of approximately 10 to 400 bars of CO are needed to
prevent the production of Fe® by smelting. These pressures indicate that smelting of Fe can occur in the shal-
low subsurface (up to a maximum depth of approximately 4 km below the surface; Zolotov, 2011) of Mercury
during magma ascent, but smelting of Si would be limited to the surfaces of erupted lava flows provided CO
pressure could not build overtop erupted lava flows. Given that the lavas are erupting, essentially, into a
vacuum on the surface of Mercury (where the surface pressure is on the order of 107'*-107"° bar), buildup
of CO pressure over the lava would be a function of several parameters, including (1) kinetics of reactions
(1)-(4); (2) kinetics of bubble nucleation, growth, and transport; and (3) the efficiency with which the
degassed CO dissipates into the vacuum of the Mercurian surface. Given that there are no obvious obstacles
to dissipation, a significant buildup of pressure over a lava flow is unlikely. If dissipation into space is suffi-
ciently rapid, and transport within the magma is likewise rapid, then reaction (4) should have proceeded
to the right, resulting in loss of CO and Si smelting. However, the reader is cautioned that a concerted mod-
eling and/or experimental effort would be required to evaluate whether there are regions of parameter space
(lava flow thickness, effusion rate, liquidus temperature, and volatile content) for which these suppositions
are not valid. Moreover, the kinetics of reactions (1)-(4) relative to the cooling rates of lavas on the surface
of Mercury need to be assessed to determine the abundances of metallic phases that could reasonably form
as a result of the smelting process. Furthermore, the role of impact melting and remelting processes, which
would provide additional time for reactions (1)-(4) to proceed to the right, also need to be built in to any
quantitative models for estimating the amount of metallic Si and Fe that could be produced by the smelting
process. Nonetheless, smelting likely contributed, at least in part, to the production of Fe and Si metal on
Mercury’s surface.

1300 1400 1500 1600 1700

Making up the entire O deficit from degassing of CO from reactions (1)-(4) would require that 8.7-11.9 wt %
graphite (i.e., 8.7-11.9 wt % of the initial magmas consisted of graphite) was converted to CO through the
smelting process. This abundance of graphite implies that as much as 20.2-27.7 wt % CO was degassed from
Mercurian lavas. Although this volume of CO is notably high, the presence of a globally extensive, graphite-
rich crust on Mercury (Peplowski et al., 2016; Vander Kaaden & McCubbin, 2015a) provides a bountiful source
of graphite to facilitate the concomitantly large loss of O. However, Mercury has a low albedo (consistent with
the presence of graphite; Murchie et al,, 2015) and still has enough O such that 45-71% of the Si is hosted by
silicates, implying that reaction (4) did not proceed completely to the right. One possible explanation of this
observation is that the net CO dissipation and production yielded pressures of CO over the lava flows in the
millibar range (or higher), halting the reaction. However, the apparent incomplete reaction is most easily
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explained by the quenching and cooling of lavas at the surface of Mercury outpacing the kinetics of reactions
(1)-(4) to produce metal by reaction with graphite, which would freeze the process before it could proceed to
completion. Additional support for the latter explanation is provided by the phase equilibria of the evolving
chemical system: conversion of SiO, to Si metal would increase the Mg/Si ratio of the residual silicate melt
(Mg/Si ratio increased by a factor of 1.4-2.2), which in turn, would result in crystallization of mineral phases
and possibly quenching of lavas, even if they were to remain at constant temperature. To illustrate this point
further, we used the program MAGPOX (Longhi, 1991; Longhi, 1992), adapted for use in MATLAB (Davenport
etal,, 2014), to compute volatile-free (S and Cl removed) liquidus temperatures for each of the nine geochem-
ical terranes reported by Vander Kaaden et al. (2017), the alkali-free bulk silicate compositions (Table 4), and
the alkali-bearing bulk silicate compositions (Table 5). Aithough MAGPOX has been successfully applied to
extraterrestrial compositions in previous studies (Brown & Elkins-Tanton, 2009; Elardo et al, 2015;
Goodrich, 1999; Goodrich et al., 2001; Longhi, 1992; Prissel, Parman, & Head, 2016), the compositions in the
present study are exotic, so we use the computed liquidus values for purposes of relative comparison only.
With the exception of CB and NVP-LMg, the liquidus temperatures of the terrane compositions from the pre-
sent study are higher than those of the compositions reported by Vander Kaaden et al. (2017) (Tables 4 and
5). This result is consistent with the idea proposed above that the smelting process could result in isothermal
quenching of surface lavas. This isothermal-quenching process could help explain why reaction (4) did not go
to completion even if CO pressures did not exceed millibar levels. Although the smelting process described
herein represents a plausible mechanism to account for at least some of the anomalously low O/Si ratio, addi-
tional studies are needed to evaluate the extent to which smelting contributed to the low O/Si ratio
on Mercury.

7. Implications of Silicon Smelting on Mercury
7.1. Oxygen Fugacity of the Mercurian Mantle and the Origin of Fe on the Surface

As shown above, the low O/Si ratio on Mercury can be attributed, in part, to a secondary process involving the
loss of oxygen from Mercurian lavas through smelting processes on an airless body facilitated by the pre-
sence of graphite. The smelting process would also have important implications for estimates of the oxygen
fugacity of Mercurian magmas and the origin of S and Fe abundances at the surface. The lower fO, estimates
(i.e., 5.4 to 7.3 log units below IW; Namur, Charlier, et al., 2016; Namur, Collinet, et al., 2016; Zolotov et al., 2013)
are too low to support the 1.0-2.2 wt % FeO calculated for the surface if the Fe is assumed to be Fe**
(McCubbin et al.,, 2012; Zolotov et al., 2013). Furthermore, the absence of a 1 pm absorption feature in all
spectral reflectance data collected from the surface further supports low abundances («1.0 wt %) of FeO in
silicate minerals (Blewett et al.,, 1997; Blewett et al., 2013; Ernst et al.,, 2010; Goudge et al., 2014; Holsclaw
etal,, 2010; Izenberg et al., 2014; Riner et al., 2010; Vilas, 1988; Weider et al., 2016), leading to speculation that
Fe is either hosted in metallic phases or sulfides (Malavergne et al., 2014; Namur, Charlier, et al., 2016; Namur,
Collinet, et al.,, 2016; Namur & Charlier, 2017; Stockstill-Cahill et al., 2012; Vander Kaaden et al., 2017; Vander
Kaaden & McCubbin, 2016; Zolotov et al,, 2013). Although some groups have advocated that the Fe abun-
dances are reasonable if the Fe is hosted by sulfide phases (Malavergne et al., 2014), the sulfide and iron
would both need to be dissolved in the silicate melt to be efficiently transported to the surface through par-
tial melting in the mantle and subsequent volcanism, and under the lower range of fO,s, Fe solubility in sili-
cate melts is «1 wt % Fe (Malavergne et al., 2014; Namur, Charlier, et al., 2016; Vander Kaaden & McCubbin,
2016). Other studies suggested that the Fe may be a metallic phase that was delivered to the surface from
an exogenous source; however, the distribution of Fe and its correlation with surface features indicate that
Fe is likely indigenous to Mercury (Weider et al., 2014; Weider et al.,, 2015). Although the elevated S abun-
dances on the surface are explainable by the exceptionally low oxygen fugacity (Malavergne et al., 2014;
McCubbin et al., 2012; Namur, Charlier, et al., 2016; Zolotov et al., 2013), the abundances of Fe at the surface
remain enigmatic.

The smelting model described in the present study allows for the possibility that Fe was originally dissolved in
the silicate melts as FeO and was reduced to Fe® during ascent or after eruption. This process would imply
that the lower range of magmatic fO, on Mercury may be too low for the mantle source region. McCubbin
et al. (2012) computed an upper limit on the oxygen fugacity of Mercurian lavas by assuming that all of
the Fe was dissolved in parental liquids as Fe** prior to being transported to the surface. Using the same
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methods as McCubbin et al. (2012) and the FeO abundances from the nine geochemical terranes reported by
Vander Kaaden et al. (2017), we compute an updated range in fO, of 3.2 to 4.3 log units below the IW buffer
for the interior of Mercury. Although this fO, is toward the oxidizing end of the estimated range of fO, for
Mercurian magmas, this range in fO, is sufficiently reduced to accommodate the measured surface S abun-
dances in silicate liquids (McCubbin et al.,, 2012; Namur, Charlier, et al., 2016; Vander Kaaden & McCubbin,
2015b), obviating the need for disparate transport mechanisms of Fe and S to the surface. Furthermore,
the smelting process would have actively reduced the surface lavas resulting in the formation of Fe metal
and/or Fe sulfides and preventing Fe?* from entering silicate minerals, which satisfies the constraints from
spectral reflectance observations. Although, Fe** may have been incorporated into minerals that crystallized
at depths near or below the initiation of smelting.

The Si-smelting process would indicate that the surface is within approximately a log unit of the Si-SiO, buf-
fer, which is about 8.7 to 12.1 log units below the IW buffer over the range of estimated liquidus temperatures
for Mercurian lavas of 1360-1650°C (Namur, Collinet, et al., 2016; Sehlke & Whittington, 2015). The surface
estimates for fO, in the present study are several log units more reduced than the lower estimates for
Mercury fO, in previous studies (McCubbin et al., 2012; Namur, Charlier, et al., 2016; Namur, Collinet, et al.,
2016; Zolotov et al.,, 2013). If the smelting process described in the present study has occurred at the surface,
it implies that Mercury is further distinguished from other terrestrial planets, which typically have interiors
that are more reduced than their surfaces (e.g., Sharp et al,, 2013; Trail et al., 2011).

7.2. Magmatic Degassing in Mercurian Lavas and Implications for Explosive Volcanism

There exists a preponderance of geomorphic evidence for explosive volcanism on Mercury (Besse et al., 2015;
Head et al., 2008; Head et al., 2009; Kerber et al., 2011; Kerber et al., 2009; Prockter et al., 2010; Thomas et al.,
2014a; Thomas et al.,, 2014b; Thomas et al., 2015), and there has been some effort to identify the vapor species
responsible for assisting these eruptions (Kerber et al., 2009; Weider et al., 2016; Zolotov, 2011; Zolotov et al.,
2013). Given that numerous vapor species occur as a byproduct of smelting reactions (1)-(4), we consider the
implications for smelting on the production of gas species and whether or not they could play a role in explo-
sive volcanism on Mercury.

Even if Si-smelting (reaction (4)) were the primary process that led to the observed O/Si ratio, it could not
account for explosive volcanism because reaction (4) requires low pressures of CO, in the range of 10-
1000 mbar (Figure 5), to facilitate Si reduction. Therefore, much of the CO production from reaction (4) must
occur on the surface, subsequent to eruption. In contrast, reaction (1) will proceed at higher pressures, in the
range of 10 to 400 bars. Consequently, if graphite is entrained in the lavas at depth, they could begin to pro-
duce CO vapor at depths as great as 4 km below the surface. In fact, the range in Fe abundances of the nine
geochemical terranes implies that 0.38-0.85 wt % CO could have been produced at depth during ascent if all
the FeO was reduced by graphite to Fe®. This mass of CO would translate to an even greater volume fraction
of CO that would have contributed substantially to explosive volcanic processes on Mercury in a process very
similar to that proposed for graphite-induced explosive volcanism on the Moon (Fogel & Rutherford, 1995;
Head & Wilson, 2017; Nicholis & Rutherford, 2009; Rutherford & Papale, 2009; Sato, 1979; Wilson & Head,
2017). In fact, graphite oxidation has been proposed previously as a mechanism for explosive volcanism
on Mercury (Weider et al, 2016; Zolotov, 2011). In particular, a pyroclastic deposit northeast of the
Rachmaninoff basin is depleted in C, exhibits high overall reflectance, and exhibits a spectral absorption fea-
ture consistent with 0.03-0.1 wt % FeO (Weider et al., 2016). This particular deposit could represent a case
where the abundance of graphite was insufficient to reduce all of the Fe, leaving some FeO to be incorpo-
rated into silicate phases. Alternatively, Weider et al. (2016) have suggested that the oxygen-metal charge
transfer band in VIRS spectra are saturated in most terranes and supportive of FeO abundances of up to sev-
eral tenths of a wt % across the surface (Goudge et al., 2014; Weider et al., 2016), which would be consistent
with the presence of minor amounts of mineral phases in erupted lavas that crystallized at depth prior to the
initiation of smelting.

Reactions (2) and (3) have both CO vapor and alkali metal vapor as products of the smelting reaction.
Furthermore, it appears from Figure 5 that substantial pressures of CO are required to prevent reduction of
Na and K oxide components to metal, which initially implies that these reactions could contribute (substan-
tially in the case of Na) to explosive volcanic processes on Mercury. However, there is not sufficient
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experimental data on the stability of alkali metal vapors as a function of pressure in systems relevant to
Mercury, and the limited data that are available suggest that the alkalis retain their lithophile character at
pressure (Namur, Collinet, et al., 2016; Vander Kaaden & McCubbin, 2016). Consequently, we are unable to
determine the degree to which reactions (2) and (3) contributed to explosive volcanic processes on
Mercury; however, we note that this topic could be a fruitful avenue of future research.

In addition to the vapor species that would be involved in the smelting process, there are a number of addi-
tional vapor species that could have or have been purported to assist explosive volcanic processes on
Mercury. The role of sulfur in volcanic degassing is important to consider given the elevated abundances
of S on the surface of Mercury and the fact that SO, is a dominant product of volcanic emissions on Earth
(Allard et al.,, 1994; Halmer et al.,, 2002; Oppenheimer et al,, 2014; Scaillet et al., 1998; Self et al., 2006).
However, with the exception of H,S, many of the volcanic emissions of sulfur are related to oxidized sulfur
species (Behrens & Gaillard, 2006; Metrich & Mandeville, 2010; Scaillet et al., 1998), which should occur in min-
iscule abundances at oxygen fugacities relevant to Mercury'’s surface (Bell et al., 2015; Metrich & Mandeville,
2010; Scaillet et al., 1998; Zolotov, 2011; Zolotov et al.,, 2013). Furthermore, many of the sulfide phases
expected to occur on Mercury are highly refractory (e.g., CaS and MgS both have melting temperatures in
excess of 2000°C; Anthony et al., 2001; Lide, 2000), and they would not be amenable to forming a sulfide
vapor phase. Nonetheless, there is evidence that S has played a role in explosive volcanic processes on
Mercury because the same pyroclastic deposit northeast of the Rachmaninoff basin that is depleted in C is
also depleted in S relative to the rest of the surface (Weider et al., 2016). The implication of S degassing
playing a role in explosive volcanic processes on Mercury also implicates a role for H given that H,S and
mixed Cl-O-H-S vapors are among the only reduced sulfide vapor species that would be stable under
Mercurian conditions (Bell et al., 2015; Scaillet et al., 1998). Furthermore, if H,S was present, it would imply
that some H, may also occur, which is the dominant form of H in the O-H system under Mercurian conditions.
Of the other magmatic volatiles to consider, Cl has been measured as a minor component on the Mercurian
surface. Based on the oxygen fugacity of Mercurian magmas and lavas, Cl could have been a minor contribu-
tor to volcanic emissions in the form of alkali-chlorides (Evans et al., 2015; Zolotov, 2011), HCl, Cl, or CI-S
vapors (Bell et al,, 2015; Fegley & Zolotov, 2000).

In summary, the smelting processes hypothesized in the present study to account, in part, for the low O/Si
ratio would produce volatile species that can contribute to explosive volcanism on Mercury. The primary
vapor constituent that would facilitate these explosive eruptions is CO, with contributions from other vapors
in the CI-O-H-S system. Additionally, alkali metals could have also contributed to the vapor phase, but addi-
tional work is needed to assess the importance of their roles.

7.3. Implications for the Chemistry and Mineralogy of Mercury’s Mantle

The low O/Si weight ratio of 1.2 + 0.1 reported in the present study is best explained by the loss of oxygen
from the regolith by space weathering and from Mercurian lavas through smelting of Fe, Si, and possibly alka-
lis (i.e, Na and K) facilitated by the presence of graphite that was entrained in the ascending magmas and
erupted lavas. Numerous studies have used MESSENGER data to understand the thermochemical evolution
of Mercury, but all of the studies were published prior to the realization that the O/Si ratio is exceptionally
low. Therefore, it is important to assess the implications of the low O/Si ratio on the previous studies and
interpretations of Mercury’s interior.

The loss of oxygen by a secondary process, as favored in the present study to account for the low O/Si ratio,
primarily results in the loss of CO and possibly mobilization of alkalis. Consequently, the ratios of elements
(i.e., Ti, Al, Cr, Fe, Mn, Mg, Ca, S, and Cl) to Si, which were used to derive the terrane compositions and experi-
mental starting compositions in previous studies, should not have changed during either of the proposed
O-loss processes because the systems would have remained closed with respect to these ratios if only CO
was lost. Although the alkali abundances could have been affected by these processes given their volatile
nature at low pressure and high temperature, the abundances of alkalis across the planet are averaged into
two latitudinal bins (Peplowski et al., 2011; Peplowski et al., 2014), so there was already poor resolution on the
alkali abundances in each of the geochemical terranes (Vander Kaaden et al,, 2017; Weider et al., 2015).
Consequently, if secondary O-loss processes are indeed responsible for the low O/Si ratio on Mercury, it
implies that the assumed valences of the elements measured by MESSENGER (i.e., Si**, Ti**, AP*, Cr?*™/3Y,
Fe?*, Mn?*, Mg?*, Ca®*, Na*, K*, 5>, and CI7) were relevant to the compositions of boninitic and
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Degassed vapor species: CO, Na’, K’, alkali chlorides, and gases in the CI-O-H-S system
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Figure 6. Cartoon illustrating the smelting and concomitant degassing model presented in the present study to account
for the low O/Si ratio measured on Mercury. The model shows the stages of partial melting, magma ascent and entrain-

ment of graphite, eruption, and degassing. The mantle as well as the primary and secondary crust are indicated, and we
have depicted the computed values for the oxygen fugacity of the mantle source and the surface. Additionally, we show
that graphite is entrained in magmas both during ascent and as the lavas flow across the surface. We have also indicated
the vapor species at the volcanic vent and those over the lava flow. Finally, we indicated the various zones over which the
Fe, Na, K, and Si will be reduced.

komatiitic parental liquids that formed through partial melting processes in the Mercurian mantle (Namur,
Collinet, et al., 2016; Nittler et al., 2011; Stockstill-Cahill et al., 2012; Vander Kaaden & McCubbin, 2016;
Vander Kaaden et al., 2017). Furthermore, the interpretations regarding the thermochemical evolution of
Mercury’s interior and mantle mineralogy reported in previous studies were, fortuitously, unaffected by the
fact that the low O/Si ratio of the surface was not considered (e.g., Charlier et al., 2013; Namur, Charlier,
et al, 2016; Namur, Collinet, et al.,, 2016; Namur & Charlier, 2017; Nittler et al., 2011; Stockstill-Cahill et al.,
2012; Vander Kaaden & McCubbin, 2015a; Vander Kaaden & McCubbin, 2016; Vander Kaaden et al., 2017;
Weider et al., 2014; Weider et al., 2015). The assumptions made in the previous studies about the valences
of cations were relevant to the pre-smelting and pre-space weathering compositions that they were
intended to represent, and hence, they yielded useful information about the interior of Mercury. However,
previous studies of the mineralogy of the present-day surface likely need to be substantially revised based
on the results reported in the present study through additional experimental campaigns.

8. Summary

The surface of Mercury has an anomalously low O/Si weight ratio of 1.2 = 0.1 (Figure 1), which was
determined by analysis of GRS data from the MESSENGER spacecraft. The low O/Si ratio indicates that
surface materials are composed of 12-20% metallic phases that consist largely of Si-rich, Si-Fe alloys.
The low O/Si ratio is not a primary feature of the silicate portion of Mercury and is likely the result
of secondary processes involving the loss of oxygen by a combination of space weathering and
graphite-induced smelting of Si and Fe from silicate melts. The smelting processes described herein
is depicted by the cartoon in Figure 6. This model indicates that partial melting took place in the
Mercurian mantle under a modestly low oxygen fugacity of 3.2 to 4.3 log units below the IW buffer.
These partial melts ascended through the mantle and came into contact with the graphite-rich crust.
Graphite was then entrained in the magmas as they continued their ascent. Once the confining pres-
sure was less than 400 bars, FeO (and possibly Na,O and K,0) reduced to metals, producing a substan-
tial volume of CO that helped to facilitate eruption, possibly aided by reduced H and S species. Once
the lavas erupted and flowed across the surface, additional graphite was entrained in the lavas from
the surface materials. The confining pressure over the lava flows at the surface would have been
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low, given the efficiency with which degassing vapor would dissipate into a 10~"*-10"> bar atmo-
sphere. In fact, this low confining pressure would facilitate the reduction of SiO, melt components to
Si metal as long as there was less than about 10 mbar of confining pressure of CO over the lava flows.
As SiO, was reduced to Si° it would have raised the Mg/Si ratio of the residual melt, promoting crystal-
lization. The lavas would then quench, and space weathering processes would further work toward
reduction of Fe and Si components of surface materials, aided by the presence of graphite. Impact
melting processes and regolith gardening would initiate further cycles of the same two processes until
we produced the present day surface materials with a low O/Si ratio, which are comprised of silicates,
oxides, sulfides, and Fe-Si alloys.
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