
1.  Introduction
Despite the wealth of data returned by the MErcury Surface, Space ENvironment, GEochemistry, and Ranging 
(MESSENGER) spacecraft during its more than 4-year orbital mission, the origin and geological evolution of 
Mercury remain enigmatic (Solomon et al., 2018). Among MESSENGER's instrument payload suite, the X-Ray 
Spectrometer (XRS) and Gamma-Ray and Neutron Spectrometer (GRNS) were used to measure and map the 

Abstract  Mercury, the innermost planet, formed under highly reduced conditions, based mainly on surface 
Fe, S, and Si abundances determined from MESSENGER mission data. The minor element Cr may serve 
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We report Cr/Si abundances across Mercury's surface based on MESSENGER X-Ray Spectrometer data 
throughout the spacecraft's orbital mission. The heterogeneous Cr/Si ratio ranges from 3.6 × 10 −5 in the Caloris 
Basin to 0.0012 within the high-magnesium region, with an average southern hemisphere value of 0.0008 
(corresponding to about 200 ppm Cr). Absolute Cr/Si values have systematic uncertainty of at least 30%, but 
relative variations are more robust. By combining experimental Cr partitioning data along with planetary 
differentiation modeling, we find that if Mercury formed with bulk chondritic Cr/Al, Cr must be present in the 
planet's core and differentiation must have occurred at log fO2 in the range of IW-6.5 to IW-2.5 in the absence 
of sulfides in its interior and a range of IW-5.5 to IW-2 with an FeS layer at the core-mantle boundary. Models 
with large fractions of Mg-Ca-rich sulfides in Mercury's interior are more compatible with moderately reducing 
conditions (IW-5.5 to IW-4) owing to the instability of Mg-Ca-rich sulfides at elevated fO2. These results 
indicate that if Mercury differentiated at a log fO2 lower than IW-5.5, the presence of sulfides whether in the 
form of a FeS layer at the top of the core or Mg-Ca-rich sulfides within the mantle would be unlikely.

Plain Language Summary  Data returned by NASA's MESSENGER mission, which orbited 
Mercury from 2011 to 2015, have shown that the innermost planet formed under highly reducing (relatively 
low-oxygen) conditions, compared to the other terrestrial planets, but estimates of Mercury's oxidation state 
are highly uncertain. Chromium, a minor element in planetary materials, can exist in a wide range of oxidation 
states and its abundance thus can provide information about the chemical conditions under which it was 
incorporated into rocks. We used data from MESSENGER's X-ray Spectrometer instrument to map the Cr/
Si ratio across much of Mercury and found that Cr is heterogeneously distributed. By comparing the average 
measured Cr abundance to the results of planetary differentiation models (informed by experimental data on 
how Cr partitions between different phases under different planetary differentiation conditions), we placed new 
constraints on Mercury's oxidation state and show that further refinement of this quantity could be used to place 
limits on the presence of sulfides in the planet's deep interior.
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surface composition of many geochemically important elements—measurements that reflect both the original 
starting materials that built Mercury as well as the planet's subsequent geological evolution and impact processes. 
Data from these instruments revealed that Mercury's crust is enriched in Mg and depleted in Al, Ca, and Fe, rela-
tive to other terrestrial planets, and that it is surprisingly rich in volatile elements, including S, Na, K, Cl, and C 
(Evans et al., 2012, 2015; Nittler et al., 2011, 2018; Peplowski et al., 2011, 2014; Weider et al., 2014). Moreover, 
maps of elemental abundances and neutron absorption have revealed the presence of several distinct geochemical 
terranes (Peplowski & Stockstill-Cahill, 2019; Peplowski et al., 2015; Weider et al., 2015), spatially contigu-
ous regions that share a chemical composition distinct from their surroundings. The presence of such terranes 
most likely reflects a crustal formation from partial melting of a chemically heterogeneous mantle (Charlier 
et al., 2013; McCoy et al., 2018; Namur, Collinet, et al., 2016).

The MESSENGER XRS detected X-ray fluorescence from the top tens of micrometers of Mercury's surface, 
induced by incident X-rays emitted from the Sun's corona. The XRS was sensitive to elements with X-ray fluo-
rescent lines in the 1–10  keV range, which includes many major and minor rock-forming elements. Global 
maps constructed from XRS data have been reported for Mg/Si, Al/Si, S/Si, Ca/Si, and Fe/Si ratios (Nittler 
et al., 2018, 2020; Weider et al., 2014, 2015). Mg, Al, and Si could be detected under all solar conditions (Weider 
et al., 2015), so the Mg/Si and Al/Si maps have complete coverage. In contrast, the heavier elements (e.g., S, Ca, 
and Fe) could only be detected during solar flares and hence global maps of these elements are incomplete. During 
the largest flares, it was also possible to detect Ti, Cr, and Mn, although analyses of these elements are more diffi-
cult because of their low abundance (<1 wt%), and hence low signal-to-noise ratios. Cartier et al. (2020) recently 
reported analysis of the full-mission XRS Ti data and argued against the presence of a substantial FeS layer at 
the base of Mercury's mantle. Our focus here is on Cr, for which only 11 XRS measurements have been reported 
previously (Weider et al., 2014). As discussed further below, Cr is potentially useful as a probe of redox condi-
tions on Mercury and provides additional information on possible mineral assemblages at the planet's surface.

The high S and low Fe contents observed on Mercury's surface are strong evidence that the planet formed under 
highly reduced conditions, compared with the other terrestrial planets (McCubbin et al., 2012; Namur, Charlier, 
et al., 2016; Nittler et al., 2011; Zolotov et al., 2013). That is, as the availability of O decreases, there is increasing 
partitioning of S and decreasing partitioning of Fe into silicate melts. Estimates of the oxidation state of Mercury's 
interior, expressed in terms of the oxygen fugacity, fO2, however, extend over a wide range—from two to seven 
orders of magnitude below the iron-wüstite (IW) buffer. Additional quantitative constraints on Mercury's oxida-
tion state are therefore greatly needed to better understand the core, mantle, and bulk composition of the planet, 
its origin, and its geological evolution. For example, recently reported partitioning data (Boujibar et al., 2019) 
indicate that relating surface K/Th and K/U ratios to bulk volatile abundances (e.g., Peplowski et  al.,  2011) 
depends critically on fO2 and on the potential presence of an FeS layer (as suggested by Smith et al., 2012) at the 
base of Mercury's mantle. In this regard, Cr can potentially be used as an independent oxybarometer as it can 
occur in a variety of oxidation states and its partitioning behavior depends strongly on the valence. For example, 
during silicate melting Cr 2+ is more incompatible than Cr 3+ and hence concentrates in partial melts that may form 
crustal lava flows (Berry et al., 2006).

We report here a map of Mercury's Cr/Si ratio, with partial coverage across the globe, based on XRS spectra 
acquired during large solar flares throughout MESSENGER's orbital mission. We find that Cr is heterogeneously 
distributed and correlates with other geochemical parameters. We further use the measured surface Cr abundance 
along with a large body of experimental data on Cr partitioning between silicates, sulfides, and metals together 
with planetary differentiation modeling to investigate the conditions under which Mercury differentiated and 
assess the redox conditions under which the innermost planet differentiated. In addition, we tested scenarios 
where sulfides are involved in Mercury's differentiation to further address the distribution of Cr in its interior.

2.  MESSENGER XRS Data Processing
We derived elemental abundances from MESSENGER XRS spectra through an iterative forward 
modeling/non-linear curve-fitting procedure in which the abundances themselves are fit parameters (Nittler 
et al., 2011). An example spectrum acquired during a very large X-class solar flare on 23 October 2012 is shown 
in Figure 1. This spectrum is the sum of spectra from the three individual gas proportional counters that made 
up the planet-facing portion of the XRS, summed over 11 individual 20-s XRS integrations. Fitting of the solar 
spectrum (not shown) simultaneously acquired by the Sun-pointing solar monitor indicated a very high solar 
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coronal  temperature of >30 MK. Unlike Mg, Al, Si, Ca, S, and Fe, all of 
which show peaks in the spectrum (although unresolved from each other in 
many cases), the low abundance of Cr means that its fluorescent photons 
do not form a distinct peak, but rather contribute to the continuum between 
the Ca and Fe Kα lines. Nevertheless, during large flares like that shown in 
Figure 1, the signal-to-noise ratio in the XRS spectra is sufficient that the Cr 
abundance can be constrained well by the fitting procedure. In Figure 1, the 
fitting procedure is indicated by the gray curves, which compare the best-fit 
Cr abundance with spectra corresponding to higher and lower abundances. 
We note that although the summed detector spectra are shown in Figure 1, the 
actual fitting algorithm fits the three individual detector spectra individually.

A total of 2,300 spectral fits to XRS data from MESSENGER's full orbital 
mission, acquired during 291 distinct solar flares, were performed—
including fits to individual integrations during flares and to spectra summed 
over entire flare periods (Nittler et al., 2020). Cr abundance was included as 
a fit parameter for all the data for which Fe fluorescence was clearly observed 
although in many cases, the signal was too low to detect Cr and the fitting 
procedure returned a best-fit abundance of zero. We examined the full data 
set and selected results from 133 flare spectra from which to construct our 

Cr/Si map. Each of the spectra we selected had a derived Cr abundance >0 and did not exhibit anomalously 
high detector backgrounds at high energy. It has previously been shown that such high detector backgrounds 
arose during some flares because of interactions between solar charged particles and the XRS detectors (Weider 
et al., 2014) and that they contaminate XRS measurements in the Cr fluorescence region.

In Weider et al. (2014), the measured Cr/Si and Fe/Si ratios were empirically corrected for an observed depend-
ence on phase (Sun-planet-instrument) angle ϕ; this dependence is thought to be caused by shadowing effects 
on the planet's non-flat surface. Our larger data set confirms this effect for Cr/Si as illustrated in Figure 2. Filled 
circles in Figure 2 indicate the measured Cr/Si ratios as a function of phase angle for 24 flare fits with high 
statistical significance and large footprints (projections of the XRS instrument's field of view onto the planet's 
surface) in the southern hemisphere. Because of the very poor spatial resolution of the XRS over the southern 

hemisphere, these footprints are assumed to all have the same true Cr/Si ratio. 
We therefore removed the phase-angle dependence from all the flare meas-
urements by dividing the measured Cr/Si ratio by the ratio predicted for its 
phase angle from the best-fit line to the southern hemisphere data (solid line 
in Figure 2). This procedure, however, introduces an overall ambiguity in the 
overall normalization.

Several theoretical and experimental studies addressing particle and shad-
owing effects on remote XRF measurements of planetary surfaces have 
been published (e.g., Maruyama et al., 2008; Parviainen et al., 2011; Weider 
et  al., 2011). Although none of these considered phase angles higher than 
80°, that is, as seen for much of the MESSENGER XRS data set, several 
did consider angles in the 70–80° range and can thus be compared with the 
low-angle end of the trend in Figure  2. Based on laboratory experiments, 
Maruyama et  al.  (2008) presented numerical estimates of the phase-angle 
effect on XRF line intensities, with an assumed solar flare incident spectrum, 
lunar soil composition, and 75-μm grain size. At the maximum phase-angle 
they considered, 75°, they found that the measured Ti/Si and Fe/Si ratios 
are higher than those predicted for a flat surface by factors of about 1.4 and 
1.6, respectively (values were estimated from data plotted in their Figure 7). 
Weider et  al.  (2011) reported an effect of very similar magnitude for Fe/
Si ratios that were measured by irradiating simple oxide mixtures with an 
X-ray beam generated from a Cu anode and phase angles of 70–80° (see their 
Figure 12). Parviainen et al.  (2011) used Monte Carlo ray-tracing calcula-
tions to investigate geometric effects on XRF from a basalt composition as a 

Figure 1.  Example MESSENGER X-Ray Spectrometer (XRS) data. Summed 
XRS spectra (sum of three detectors) acquired during a large solar flare on 
23 October 2012. Included spectra span Mission Elapsed Time 259449322 to 
259449622, corresponding to 3:10:56–3:14:16 UTC.

Figure 2.  Phase-angle effect on Cr/Si ratios. Measured Cr/Si ratios (filled 
circles) are plotted as a function of phase angle for 24 X-Ray Spectrometer 
measurements that have footprints in Mercury's southern hemisphere and 
relatively small error bars. A weighted linear fit to the data (solid line) gives 
Cr/Si = 0.000336 ϕ–0.024. Removing this trend and renormalizing the data 
to an average value of 0.0008 (dashed line) yields the corrected Cr/Si values 
(open triangles).
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function of a variety of particle sizes, porosities, and incident spectra. For a polychromatic incident X-ray source, 
they found enhanced Ti/Si fluorescence line ratios ranging from ∼1.1 to 1.5 at a phase angle of 75° (see their 
Figure 6). The Kα XRF line of Cr lies between those of Ti and Fe. We thus adopt an enhancement factor for Cr/
Si at ϕ = 75° of 1.5, in between the Maruyama et al. (2008) values for Ti/Si and Fe/Si since this study is the most 
relevant physical analog to the MESSENGER data (in terms of assumed incident spectrum and composition).

The fit line to the data on Figure 2 provides a measured Cr/Si ratio across the southern hemisphere of Mercury of 
0.00112 at ϕ = 75°. The discussion above indicates that this must be divided by a factor of 1.5 to determine the 
intrinsic average Cr/Si ratio of 8 × 10 −4. We thus renormalized the data set so that the average Cr/Si value in the 
southern hemisphere was equal to this value; the corrected data for the 24 southern hemisphere flares are shown 
as open triangles in Figure 2. This average value is ∼9 times lower than the value of 0.007 adopted by Weider 
et al. (2014). Based on the scatter in experimental/theoretical works discussed above, we estimate that the overall 
relative uncertainty in this average value is about 30%, or 2.4 × 10 −4. Systematic uncertainties may well be larger 
but are difficult to assess. Even if this is the case, relative differences between our mapped Cr/Si values, however, 
are much more certain than the absolute normalization. The relative scatter in the corrected Cr/Si values for the 
southern hemisphere measurements, where the large XRS footprints overlap a great deal, is ∼30% (one standard 
deviation), indicating that the flare-to-flare reproducibility of the Cr/Si measurements is no worse than this (e.g., 
some of this variability may reflect real large-scale heterogeneity across the southern hemisphere).

We used the same procedure we have used in previous work (Nittler et al., 2020; Weider et al., 2014, 2015) to 
generate a Cr/Si map from the 133 flare measurements and corresponding footprints. Briefly, the surface was 
divided into 0.25° × 0.25° pixels in a cylindrical projection. The Cr/Si value of a given pixel in the map is based 
on a weighted average of all measurements that have footprints overlapping that pixel, with a weighting factor 
favoring measurements with smaller footprints and statistical uncertainty. The map was further smoothed follow-
ing the procedure described by Weider et al. (2015) and Nittler et al. (2020).

3.  The Surface Abundance of Cr on Mercury
Our map of Cr/Si across Mercury's surface is shown in Figure 3a. The sparsity of data for the northern hemi-
sphere (where XRS spatial resolution is best) is the result of two factors. First, MESSENGER's highly eccentric 
polar orbit meant that far more time was spent viewing the southern hemisphere than the northern hemisphere 
of the planet. Second, as described above, large flares were required for Cr detection, but such flares occur infre-
quently. Nonetheless, there is clear evidence for heterogeneity in Cr/Si across Mercury's surface. The XRS maps 
of Mg/Si and Al/Si (Nittler et al., 2018) are also shown, for comparison, in Figures 3b and 3c. The white lines 
indicate the locations of the high-magnesium region (HMR) and Caloris basin (CB) geochemical terranes, and 
the northern smooth volcanic plains (NSP). There is too little coverage for Cr/Si in the NSP to make meaningful 
comparisons with other regions, but the map includes multiple flare measurements across the HMR and CB. 
These two terranes represent compositional endmembers on Mercury (Nittler et al., 2018), that is, the HMR has 
the highest Mg/Si, S/Si, Ca/Si, and Fe/Si and lowest Al/Si ratios on Mercury, whereas the opposite trends are 
true of the CB. Figure 3a suggests that, similarly, the HMR and CB have higher and lower average Cr/Si ratios, 
respectively, than the average planetary value.

To investigate the Cr/Si heterogeneities further, we generated histograms (Figure 4a) of Cr/Si map pixel values 
within the HMR (only considering pixels north of 15°N latitude since the spatial resolution rapidly degrades 
southward of this), CB, and the average Mercury composition outside these terranes (intermediate terrane, IT). 
The histograms are weighted to favor pixels with a higher spatial resolution (Nittler et al., 2020). Although we 
find that there is overlap between the IT and HMR histograms, largely due to large errors on individual meas-
urements, there are significant differences in the average composition of each terrane. That is, the HMR has an 
average Cr/Si ratio that is 1.5 ± 0.5 times the IT average, and the CB average is 0.45 ± 0.02 times that of the IT 
(errors are one standard deviation). Thus, like other major and minor elements, the Cr abundance varies across 
Mercury's surface and appears to correlate with the Mg, S, Ca, and Fe abundances, and anti-correlate with that of 
Al, at least in large geochemical terranes (Figure 4b). Unfortunately, there are almost no Cr measurements on the 
northern smooth plains, which have previously been shown to have a range of chemical compositions (Lawrence 
et al., 2017; Weider et al., 2015).
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The major-element heterogeneity on Mercury's surface is generally considered to reflect partial melting of a 
heterogeneous mantle. As discussed in Section 4.2, Cr is incompatible in pyroxene at the reducing conditions (log 
fO2 < IW) inferred for Mercury, but experimental data for olivine-melt partitioning of Cr under such conditions 
have not been reported. The correlation of Cr with compatible elements Mg and Ca and anti-correlation with 
incompatible Al across Mercury's surface suggests that either Cr remains compatible with olivine under low fO2 
conditions or that sulfides fractionate Cr in Mercury's mantle. One explanation of this trend could be the presence 
of more sulfides closer to the surface (e.g., the CB magma's source region), since sulfide solubility in silicate melt 
decreases when decreasing temperature (e.g., Namur, Charlier, et al., 2016). Closer to the surface, Ca-Mg-Fe-rich 

Figure 3.  Maps of (a) Cr/Si, (b) Mg/Si, and (c) Al/Si across Mercury's surface (shown in cylindrical projection). The white 
outlines indicate previously identified features: CB = Caloris Basin, NSP = Northern smooth plains (Head et al., 2011), and 
high-magnesium region = high Mg region (Weider et al., 2015). Smooth plains deposits (Denevi et al., 2013) are outlined in 
black. Global average values are indicated by red lines on color bars.
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sulfides could deplete the silicates in S, Cr, Ca, Fe, and Mg. Additional experimental data are needed to further 
investigate the origin of the observed elemental trends.

The average Cr/Si value of the map is forced by our assumed normalization scheme to be close to 8 × 10 −4. The 
MESSENGER XRS element-to-silicon ratios can be converted into absolute elemental composition by assum-
ing a valence state for the major cations and adding the appropriate amount of oxygen (Lawrence et al., 2013; 
Stockstill-Cahill et al., 2012; Vander Kaaden et al., 2017). Such calculations have resulted in estimated absolute 
Si abundances of ∼24–27 wt%. If we assume a typical Si abundance of 25 wt%, we estimate the average surface 

Figure 4.  (a) Histograms of Cr/Si ratios within Caloris basin (CB), high-magnesium region (HMR), and intermediate terrane 
(IT), the latter defined as the composition of the southern hemisphere. The histograms are individually scaled since they 
contain vastly different numbers of pixels. (b) The average element/silicon ratios plotted versus Cr/Si ratios for Mg, Al, S, Ca, 
and Fe for the CB, HMR, and IT terranes.
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Cr abundance to be 200 ppm. In turn, this implies average Cr abundances of 
300 ± 100 ppm and 90 ± 4 ppm in the HMR and CB, respectively. These 
uncertainties are based on the standard deviations of the image pixels in each 
region. As discussed above, the phase-angle correction introduces additional 
relative systematic uncertainty of at least 30% (e.g., 60 ppm for IT).

4.  Cr Partitioning and Planetary Differentiation Modeling
4.1.  Cr Behavior in Planetary Materials

The geochemical behavior of multivalence elements is dependent on oxygen 
fugacity and the oxidation state of Cr has long been recognized as a potentially 
useful oxybarometer for planetary basalts (e.g.,Irvine, 1975; Papike, 2005). 
Of the three most common valence states for Cr (Cr 0, Cr 2+, and Cr 3+), Cr 2+ 
is the most geochemically incompatible, that is, it is the most easily liber-
ated by minerals into melt during partial melting. Experiments on terrestrial 
(Berry et al., 2006; Righter et al., 2016) and martian (Bell et al., 2014) basal-
tic compositions have shown that as fO2 decreases, the ratio of divalent Cr to 
total Cr (Cr 2+/∑Cr) increases in basaltic liquids from ∼0.3 to 0.5 at oxygen 
fugacity similar to mid-ocean ridge basalts (MORB; log fO2 ∼ IW+3.5) to 
∼0.8–0.9 at lunar-like oxygen fugacity (log fO2 near IW–1). In addition, the 
Cr content of basalts range from typical MORB values of 250 ± 165 ppm 

(Lehnert et al., 2000) to 5,200 ± 700 ppm for lunar basalts (Delano, 1986). Although Cr incompatibility reaches 
a theoretical maximum at Cr 2+/∑Cr = 1, with further drop in fO2, Cr becomes chalcophilic and is more likely to 
occur in sulfides than silicates (Vander Kaaden & McCubbin, 2016). Moreover, the stability of Cr 0 increases as 
the fO2 approaches that of the Cr-Cr2O3 buffer. As a result, although the mantle-melt partition coefficient for Cr 
continues to decrease with decreasing fO2, much of the Cr may go into a metallic phase that could segregate to 
the core and thus reduce the bulk Cr content of surface lavas. The aubrites—highly reduced achondrites, thought 
to have equilibrated at approximately IW-5 (McCoy & Bullock, 2017)—have average Cr abundances of only 
200 ppm (Keil, 2010), consistent with loss of Cr 0 to metallic melts. These changes in Cr behavior with oxygen 
fugacity are illustrated in Figure 5. The measured Mercury surface Cr abundance reported here, 200(±60) ppm is 
very similar to aubrites, suggesting that Mercury has a similar log fO2 close to IW-5 (Figure 5). However, these 
estimates do not take into account the possible presence of an FeS sulfide layer at the core-mantle boundary of 
Mercury (Smith et al., 2012) or the possible presence of Mg-Ca-rich sulfides in the mantle of Mercury (Namur, 
Charlier, et al., 2016), both of which affect the overall bulk distribution coefficient for Cr (see below Sections 4.2 
and 4.3) (Steenstra et al., 2020; Vander Kaaden & McCubbin, 2016).

Mercury's overall bulk composition is known to be strongly non-chondritic, with a substantially higher abun-
dance of iron indicated by its unusually large core (Nittler et al., 2018). Moreover, depending on the amount of Si 
in the core, Mercury's bulk Si may also be enriched relative to chondritic. However, other major elements such as 
Mg, Al, and Ca appear to be in chondritic proportions in Mercury (Nittler et al., 2018). To constrain the planet's 
oxidation state during its differentiation more quantitatively, we thus assume that Mercury's bulk Cr abundance 
is chondritic and use experimental partitioning data and differentiation modeling to investigate conditions under 
which this assumption is valid. We focus on the Cr/Al ratio since Al is a refractory lithophile element and there-
fore is only weakly fractionated in chondrites. Based on an average Al/Si ratio of 0.27 (Nittler et al., 2018), the 
average surface Cr/Al ratio for Mercury is 0.003 ± 0.001, which is considerably lower than that of chondritic 
meteorites (ranging from 0.05 to 0.5; Nittler et al., 2004). We used surface abundances to estimate bulk silicate 
Mercury (BSM) Cr content, which is assumed to represent the magma ocean composition during core–mantle 
differentiation. We then used the partitioning of Cr between metal and silicate to model core composition and 
hence infer bulk Mercury (BM) composition. We further assessed differentiation models by considering the pres-
ence of an additional sulfide phase formed during core formation or magma ocean crystallization, that is, because 
of the immiscibility of Fe-rich metal and Fe-Mg-Ca-rich sulfides, respectively.

Figure 5.  The effect of oxygen fugacity on Cr abundance in planetary 
materials. Filled circles indicate Cr abundances and estimated oxygen 
fugacities for mid-ocean ridge basalts (MORB), lunar basalts, and aubrite 
meteorites (see text for references). Also indicated are estimated ratios of 
divalent Cr to total Cr for MORB and lunar samples (Bell et al., 2014; Berry 
et al., 2006) as well as the range of estimated oxygen fugacity for Mercury (see 
text) and the estimated range of Cr/Si across Mercury's surface from this work.
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4.2.  Experimental Constraints on Cr Partitioning Between Metal, Sulfide, Silicate Melt, and Minerals

Our planetary differentiation models use experimental data on elemental partitioning. The partitioning of Cr 
between minerals and silicate melt can be described by the partition coefficient: 𝐴𝐴 𝐴𝐴

mnl∕melt

Cr
= 𝑋𝑋

mnl
Cr

∕𝑋𝑋melt
Cr

 , where 
𝐴𝐴 𝐴𝐴

mnl

Cr
 and 𝐴𝐴 𝐴𝐴

melt

Cr
 are wt% concentrations of Cr in minerals and silicate melt respectively. Experimental studies 

have shown that under moderately oxidized conditions (IW < log fO2 < IW+9) where Cr 6+ is absent, 𝐴𝐴 𝐴𝐴
ol∕melt

Cr
 

(ol: olivine) has a relatively constant value of 0.9 ± 0.3 (Hanson & Jones, 1998; Mallmann & O'Neill, 2009). 
In contrast, 𝐴𝐴 𝐴𝐴

opx∕melt

Cr
 and 𝐴𝐴 𝐴𝐴

cpx∕melt

Cr
 (opx: orthopyroxene, cpx: clinopyroxene) increase by an order of magnitude 

when oxygen fugacity increases from IW to IW+9, suggesting a preferential incorporation of Cr 3+ over Cr 2+ 
in pyroxenes (Mallmann & O'Neill,  2009). As discussed above in Section  1, Mercury differentiated at very 
low oxygen fugacity with estimates covering a wide range from IW–7 to IW–2.6 (McCubbin et al., 2012, 2017; 
Namur, Charlier, et al., 2016; Zolotov et al., 2013). Previous experimental work showed that in these reduced 
conditions, 𝐴𝐴 𝐴𝐴

opx∕melt

Cr
 ranges from 0.1 to 0.6 (Cartier et al., 2014). However, the partitioning of Cr between olivine/

clinopyroxene and liquid silicate under these specific conditions is unknown and should be investigated in future 
studies. Here, we considered a distribution of Cr between mantle and crust of 0.35 ± 0.25, covering values deter-
mined experimentally for orthopyroxene/melt in Mercury conditions (Cartier et al., 2014).

Next, we modeled the distribution of Cr between Mercury's core and BSM based on experimental data for Cr 
partition coefficient between metal and silicate 𝐴𝐴 𝐴𝐴

met∕sil

Cr
= 𝑋𝑋

met
Cr

∕𝑋𝑋sil
Cr

 , where 𝐴𝐴 𝐴𝐴
met

Cr
 and 𝐴𝐴 𝐴𝐴

sil

Cr
 are concentrations in 

wt% of Cr in the metal and silicate liquids, respectively. 𝐴𝐴 𝐴𝐴
met∕sil

Cr
 can be described by the redox reaction:

CrO𝑛𝑛∕2
sil = Crmet +

𝑛𝑛

4
O2� (1)

This reaction implies that the change in Cr partitioning with oxygen fugacity depends on n, the valence state of 
Cr in silicates. The equilibrium constant of this reaction can be related to its free energy ∆G°:

−∆𝐺𝐺◦∕RT =
𝑛𝑛

4
ln 𝑓𝑓O2 + ln 𝑎𝑎Crmet − ln 𝑎𝑎CrO𝑛𝑛∕2

sil� (2)

Where 𝐴𝐴 𝐴𝐴Crmet and 𝐴𝐴 𝐴𝐴CrOn∕2
sil are the activities of Cr in the metal and CrOn/2 in the silicate, respectively. Using a 

common formalism for the dependencies of activity coefficients with chemical compositions (e.g., Boujibar 
et al., 2019), we derived the following expression to calculate 𝐴𝐴 𝐴𝐴

met∕sil

Cr
 as a function of pressure P, temperature T, 

the logarithm of oxygen fugacity relative to the iron-wüstite buffer (∆IW) and the chemical composition of the 
silicate and metal phases:

log�met∕sil
Cr = log

�met
Cr

�sil
Cr

= � + �
�

+ � ∗ �
�

+ � ∗ ∆IW + e ∗
�0 log

(

1 −�met
Si

)

�

+ � ∗
�0 log

(

1 −�met
�

)

�
+ � ∗

�0 log
(

1 −�met
�

)

�

+ ℎ ∗
�0 log

(

1 −�met
�

)

�
+ � ∗ ���∕�

� (3)

𝐴𝐴 𝐴𝐴
met

𝑀𝑀
 are mass fractions of light elements M (Si, S, O, and C) in the metal alloy, T0 is a reference temperature 

(1873  K), and nbo/t is the ratio of non-bridging O atoms to tetrahedrally coordinated cations, which carries 
effects of the chemical composition of the silicate melt. Experiments using a graphite capsule are known to 
yield contamination of the metal and sulfide by carbon. Therefore, if these experiments were not measured for C 
concentration in the metal and sulfide phases, we computed C abundance by subtracting the sum of all measured 
elemental concentrations from 100% (see Supporting Information S1). We calculated the logarithm of the oxygen 
fugacity relative to IW buffer from the following equation: ∆IW = 2 * log(𝐴𝐴 𝐴𝐴

sil
FeO

∗ 𝑋𝑋
sil
FeO

 )–log(𝐴𝐴 𝐴𝐴
met

Fe
 ) where 𝐴𝐴 𝐴𝐴

sil

FeO
 

and 𝐴𝐴 𝐴𝐴
met

Fe
 are the molar fractions of FeO in the silicate and Fe in the metal, respectively. 𝐴𝐴 𝐴𝐴

sil

FeO
 is the activity coeffi-

cient of FeO in the silicate and is considered equal to 1.7 following previous estimates (O'Neill & Eggins, 2002).

A substantial amount of experimental data exist for the partitioning of Cr between metal and silicate; here we 
used 520 experimental data from 43 peer-reviewed publications whose references are given in the Supporting 
Information S1. These data on 𝐴𝐴 𝐴𝐴

met∕sil

Cr
 at varying experimental conditions were used to derive constants a to i 

in Equation 3 using a linear regression (see results in Table 1). Equation 2 informs that at constant pressure and 
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temperature, 𝐴𝐴 ln
(

𝑎𝑎Crmet ∕𝑎𝑎CrO𝑛𝑛∕2
sil

)

 should be proportional to ln fO2 with the activities (a) 
being the products of the activity coefficients and the molar mass fractions. The effects of 
the activity coefficients of Cr in the silicate and the metal are included in our thermody-
namic model (Equation 3) in the nbo/t term and the 𝐴𝐴 log

(

1 −𝑋𝑋
met
M

)

 terms, respectively. For 
the sake of simplicity in our models of Mercury's differentiation, we used Nernst partition 
coefficients 𝐴𝐴 𝐴𝐴

met∕sil

Cr
 , which are calculated using elemental concentrations in wt%. Since 

𝐴𝐴 𝐴𝐴
met∕sil

Cr
 and 𝐴𝐴 𝐴𝐴

met
Cr

∕𝑋𝑋sil
Cr2O3

 are proportional (see Figure S1 in Supporting Information S1), 
the use of a logarithm expression allows the effect of molar to weight fraction conver-
sion to be included in the constant a of Equation  3. Hence, 𝐴𝐴 𝐴𝐴

met∕sil

Cr
 is expected to be 

correlated with log fO2 with a slope equivalent to n/4, with n being the valence of Cr in 
the silicate melt. Here, we observe a negative correlation with log fO2 with a slope of 
−0.52 ± 0.01, suggesting Cr predominantly has a valence state of 2 + in the silicate melt 
at these conditions (Figure 6b). The pressure term is found to be insignificant (p-value 
higher than 10%). In addition, 𝐴𝐴 𝐴𝐴

met∕sil

Cr
 becomes more siderophile with increasing tempera-

ture (Figure 6b), as previously reported (e.g., Fischer et al., 2015; Righter et al., 2020) and 
with increasing abundances of Si, S, C, and O in the metal. The nbo/t ratio has a negative 
effect on Cr partitioning between metal and silicate (Table 1).

In addition, we explored the possibility of the existence of an immiscible sulfide formed 
during core–mantle differentiation by using the equilibrium:

CrO𝑛𝑛∕2
sil +

𝑛𝑛

2
FeS = CrS𝑛𝑛∕2

sulf +
𝑛𝑛

2
FeO� (4)

Similarly to reaction (1), we related the equilibrium constant of reaction (4) with its free 
energy to construct a thermodynamic model that predicts the partition coefficient of Cr 
between sulfide and silicate 𝐴𝐴 𝐴𝐴

sulf∕sil

Cr
= 𝑋𝑋

sulf
Cr

∕𝑋𝑋sil
Cr

 , where 𝐴𝐴 𝐴𝐴
sulf

Cr
 is the concentration (wt%) 

of Cr in the sulfide in Boujibar et al. (2019):

log�sulf∕sil
Cr = log

�sulf
Cr

�sil
Cr

= �′ + �′

�
+ �′ ∗ �

�
+ �′ ∗ �FeO + e′ ∗

�0 log
(

1 −�sulf
�

)

�

+ � ′ ∗
�0 log

(

1 −�sulf
�

)

�
+ �′ ∗

�0 log
(

1 −�sulf
�

)

�

+ ℎ′ ∗
�0 log

(

1 −�sulf
Mg

)

�
+ �′ ∗ ���∕�

� (5)

𝐴𝐴 𝐴𝐴
sulf

𝑆𝑆
 , 𝐴𝐴 𝐴𝐴

sulf

𝐶𝐶
 , 𝐴𝐴 𝐴𝐴

sulf

𝑂𝑂
 , and 𝐴𝐴 𝐴𝐴

sulf
Mg

 are the concentrations of S, C, O, and Mg in the sulfide, 
respectively. Equation 5 was fit to a total of 253 experimental data from the literature 
(see complete list of references in the Supporting Information S1), in which sulfides have 
varying compositions (from Fe-rich to Ca-Mg-rich compositions). We did not find any 
significant effects from pressure or from the C or Ca contents of the sulfide. In contrast, 
we found that temperature and the abundances of S and O in the sulfide have a positive 
effect on 𝐴𝐴 𝐴𝐴

sulf∕sil

Cr
 and that FeO, nbo/t, and Mg content in the sulfide attenuates the chalco-

philic character of Cr (Figure 7b and Table 1).

4.3.  Modeling Mercury's Differentiation

We used the average XRS-derived Cr concentration of Mercury's surface (Section  3), 
along with chondritic Cr abundances normalized to Al (Cr/Al ranges from 0.0472 to 
0.509 for ordinary, enstatite, carbonaceous and R chondrites; Nittler et  al.,  2004) and 
the thermodynamic model results for Cr partitioning between metal/sulfide and sili-
cate (Section  4.2), to estimate the Cr concentration of Mercury's interior and to infer 
the oxygen fugacity at which Mercury differentiated. First, we assumed that the average 
crustal Cr concentration is close to the average surface concentration, and calculated a M
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BSM composition using the literature data on Cr partitioning between silicate melt and major minerals (mnl 
being olivine, orthopyroxene, or clinopyroxene): 𝐴𝐴 𝐴𝐴

mnl∕melt

Cr
= 𝑋𝑋

mnl
Cr

∕𝑋𝑋melt
Cr

= 0.8  ± 0.3, where 𝐴𝐴 𝐴𝐴
mnl

Cr
 and 𝐴𝐴 𝐴𝐴

melt

Cr
 are 

wt% concentrations of Cr in minerals and silicate melt respectively (see above). Geophysical studies have shown 
that Mercury's crust is 20–50 km thick (e.g., Beuthe et al., 2020), which corresponds to 6%–16% by mass of 
BSM. The abundance of Cr in BSM is calculated as a function of the average surface Cr found in this study (

𝐴𝐴 𝐴𝐴
crust

Cr
  = 200 ± 60 ppm):

Figure 6.  (a) Experimental data on the partition coefficients of Cr between metal and silicate compared with predictions from our thermodynamic model (Equation 3). 
The experimental data are derived from the literature, and the complete list of references is given in the Supporting Information S1. The solid and dashed lines represent 
the 1:1 correspondence and deviation, respectively, where the deviation is based on the RMSE (=0.33) from our regression. (b) Relationship between 𝐴𝐴 𝐴𝐴

met∕sil

Cr
 and (i) the 

oxygen fugacity and (ii) temperature (shown with symbol color) based on the same experimental data presented in (a). The same data for panel b, but with literature 
references indicated, are provided in Figure S2a in Supporting Information S1.
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𝑋𝑋
BSM
Cr

= 𝑋𝑋
crust
Cr

∗ 0.06 +𝐷𝐷
mnl∕melt

Cr
∗ 𝑋𝑋

crust
Cr

∗ 0.94� (6)

Concerning the existence of sulfides in Mercury's interior, two scenarios have been suggested: the formation of 
an FeS melt during core formation due to the immiscibility between sulfides and metals (Malavergne et al., 2010) 
and the precipitation of Mg-Ca-rich sulfides from the crystallizing magma ocean or differentiation of the mantle 

Figure 7.  (a) Comparison between observed experimental data and predicted values for 𝐴𝐴 𝐴𝐴
sulf∕sil

Cr
 , that is, results of our 

thermodynamic model (Equation 5). The solid and dashed lines represent the 1:1 correspondence and deviation, respectively, 
based on the RMSE of our regression (RMSE = 0.46). (b) Relationship between 𝐴𝐴 𝐴𝐴

sulf∕sil

Cr
 and FeO concentration in the 

silicate and S contents of the sulfide phase (indicated by plot symbol color). The same data for panel (b), but with literature 
references indicated, are provided in Figure S2b in Supporting Information S1.
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(Boukaré et  al.,  2019; Malavergne et  al.,  2014). Therefore, here we considered three scenarios (Figure  8): a 
sulfide-free Mercury, a model with FeS formed during core formation, and a model with Mg-Ca-rich sulfides 
formed during magma ocean crystallization. The core mass fraction was fixed to fcore = 68% (Hauck et al., 2013). 
For the second scenario, the mass fraction of possible FeS, fsulf, was varied from 0% to 15% in substitution for the 
mantle, similar to Boujibar et al. (2019). Mass fractions of 1%, 5%, 10%, and 15% FeS would correspond to thick-
nesses of 14, 67, 131, and 191 km, respectively, during core-formation. These values would be overestimated if 
the sulfide layer is currently solid and has undergone significant compaction.

For the first two models (Figures 8a and 8b), BM Cr concentration was calculated by mass balance:

𝑋𝑋
BM
Cr

= 𝑋𝑋
BSM
Cr

∗ (1 − 𝑓𝑓core − 𝑓𝑓sulf ) +𝐷𝐷

met

sil
Cr

∗ 𝑋𝑋
BSM
Cr

∗ 𝑓𝑓core +𝐷𝐷

sulf

sil
Cr

∗ 𝑋𝑋
BSM
Cr

∗ 𝑓𝑓sulf
� (7)

We considered an equilibration between metal, silicate, and sulfide at the liquidus temperature of Mercury's 
mantle (2230 K) (Namur, Charlier, et  al.,  2016). Other variables in the thermodynamic models (Equations 3 
and 5) such as the chemical composition of metal, silicate and sulfide were similar to those used in Boujibar 

Figure 8.  (a) Model of Mercury's differentiation where sulfides are absent and droplets of Fe-rich metal fall in the magma 
ocean and equilibrate at the core-mantle boundary. (b) Differentiation model where iron sulfide phases are formed due to 
Mercury's enrichment in sulfur. Sulfides accumulate at the core-mantle boundary and form a FeS layer. (c) In the third 
model, the core–mantle differentiation happens similarly to the model 1 (step 1). In this case, however, as the magma ocean 
cools down, sulfur saturates in the magma ocean and Ca-Mg-rich sulfides form (step 2). The final distribution of sulfides in 
Mercury's mantle will depend on the density contrast between sulfide and silicate phases.
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et al. (2019). For the first model where sulfides are absent (Figure 8a), these calculations were applied for a range 
of log fO2 from IW-7 to IW-2. In the context of Mercury's core-mantle differentiation, sulfides are known to form 
as immiscible phases when the metal phase is enriched in Si (Morard & Katsura, 2010) or C (Corgne et al., 2008; 
Dasgupta et al., 2009). Indeed, the immiscibility field shrinks at higher pressure (>15 GPa) while pressure at 
Mercury's core-mantle boundary (5.5 GPa) is low enough to allow for a large range of compositions where FeS- 
and FeSi- or FeC- rich liquids are immiscible. In addition, Mercury’s bulk S reaches the upper estimates of S 
abundances in chondrites at IW–7 because of increased S solubility in magmas at low fO2 (Boujibar et al., 2019; 
Namur, Charlier, et al., 2016). The addition of sulfides at IW–7 would yield sulfur abundance higher than that 
in chondrites. Therefore, here we considered the possible presence of sulfides for models where the log fO2 is 
between IW–6 and IW–2 (Figure 8b).

For the third scenario, which considers Ca-Mg-rich sulfides (Figure 8c), we assumed that core formation happens 
as a first step in similar conditions as those described in the first model. We considered that following that step, 
as the magma ocean cools down, it equilibrates with the Ca-Mg-rich sulfides at a slightly lower temperature 
than during core formation (2000 K instead of 2230 K). Since S solubility in silicate melt decreases at lower 
temperatures (Namur, Charlier, et al., 2016) in the context of a reduced magma ocean with negligible Fe, exsolved 
sulfides are expected to be enriched in Ca and Mg. To model this scenario, after using Equation 6 to calculate the 
Cr abundance in BSM, we calculated the Cr concentration in a Mercury magma ocean and in BM from

𝑋𝑋
MMO
Cr

= (𝑋𝑋BSM
Cr

∗ (𝑓𝑓mant + 𝑓𝑓crust ) +𝐷𝐷

sulf

sil
Cr

∗ 𝑋𝑋
BSM
Cr

∗ 𝑓𝑓sulf )∕(𝑓𝑓mant + 𝑓𝑓crust + 𝑓𝑓sulf )
� (8)

𝑋𝑋
BM
Cr

= 𝑋𝑋
MMO
Cr

∗ (1 − 𝑓𝑓core) +𝐷𝐷

met

sil
Cr

∗ 𝑋𝑋
MMO
Cr

∗ 𝑓𝑓core
� (9)

In this case, we consider that the magma ocean becomes sulfide-saturated as soon as it cools down right before 
its crystallization. If sulfide saturation happens at a later stage, only a fraction of the BSM would equilibrate with 
sulfides, and the resulting bulk Cr/Al would be closer to the one calculated in the sulfide-free models (Figure 9a). 
We considered a log fO2 range from IW–6 to IW–4. The lower limit was based on the super-chondritic bulk 
sulfur (similarly to scenario 2, Boujibar et al., 2019) and the upper limit was fixed at IW–4 because of the low 
fO2 required to permit the presence of stable Mg-Ca-rich sulfides (Namur, Charlier, et al., 2016). We fixed the 
temperature at 2000 K (Boukaré et al., 2019) and we assumed that the sulfide phase contained 20 wt% Mg and 
45 wt% S, that is, the average composition of Mg-Ca-rich sulfides in Namur, Charlier, et  al.  (2016). For all 
three scenarios, since there are significant uncertainties related to partition coefficients (𝐴𝐴 𝐴𝐴

mnl∕melt

Cr
 , 𝐴𝐴 𝐴𝐴

met∕sil

Cr
 , and 

𝐴𝐴 𝐴𝐴
sulf∕sil

Cr
 ), surface Cr surface measurements (𝐴𝐴 𝐴𝐴

crust

Cr
 ), and crustal thickness, we conducted Monte Carlo simula-

tions to account for these errors. Random numbers were generated from normal distributions, which yielded 10 7 
models for Mercury differentiation for each of the considered combinations of fO2 and sulfide mass fractions. 
We present in Figure 8, the 68% most likely models (corresponding to one sigma standard deviation for a normal 
distribution) and discuss them in the following sections.

5.  Implications for Oxygen Fugacity and Presence of Sulfides During Mercury 
Differentiation
Our results show that the presence of Cr in Mercury's core explains the sub-chondritic Cr/Al ratio observed on 
the surface. Moreover, we find that the lower the fO2, the higher the bulk Cr/Al that is computed for Mercury 
(Figure 9)—i.e., because more Cr should be segregated into the core at lower fO2 due to the increasingly sidero-
philic behavior of Cr in reduced conditions. We selected the 68% most likely values for BM Cr/Al (equivalent to 
1 sigma error for a normal distribution) for each combination of fO2 and sulfide content in the Monte Carlo mode-
ling. The results show that the BM Cr/Al ratio matches chondritic values (0.0472–0.509) (Nittler et al., 2004) 
if the oxygen fugacity is between IW–6.5 and IW–2.5 in a sulfide-free system (Figure 9a) and between IW–5.5 
and IW–2 if Mercury has an FeS layer at its core-mantle boundary (Figure 9b). If Mg-Ca-rich sulfides were 
present, the fO2 range consistent with chondritic bulk Cr/Al would be narrowed to be between IW–5.5 and IW–4 
(Figure 9c), given the instability of Mg-Ca-rich sulfides at fO2 above IW-4 (Namur, Charlier, et al., 2016). If the 
fO2 was close to the lower end and sulfides existed, they would only represent very small fractions of BM (∼1 
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Figure 9.  (a) Cr/Al ratios for chondrites, Mercury's surface, and three sets of models of bulk Mercury (BM): with no sulfides 
(gray) and either the presence of a FeS layer at the core-mantle boundary (green) or Mg-Ca-rich sulfides in Mercury's mantle 
(yellow). The solid black line shows the most likely Cr/Al for a sulfide-free Mercury. The gray, green, and blue areas indicate 
the ranges of Cr/Al corresponding to 68% of the most likely results for each of the three scenarios. Models with different 
mass fractions, relative to BM, of FeS and Mg-Ca-rich sulfides with associated errors are shown in (b and c), respectively.
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wt% FeS or ∼5 wt% Mg-Ca-S at IW–5), while with the highest fO2 (IW–4), up to 15 wt% sulfide could have been 
present.

Other MESSENGER data have previously been used to constrain Mercury’s oxygen fugacity. First, McCubbin 
et al. (2012) used the measured Mercury surface Fe abundance (Weider et al., 2014) and, by assuming that it is 
entirely present in the form of Fe 2+, these authors estimated the log fO2 to be around IW–3 to IW–2.6. Later, by 
assuming that some Fe is present in a metallic form due to reaction with graphite, McCubbin et al. (2017) found 
lower values of log fO2, ranging from IW–3.2 to IW–4.3. Namur, Charlier, et al. (2016), however, suggested even 
lower fO2 values, averaging IW–5.4. Their result was based on a comparison between the high S concentration of 
Mercury's surface (which is the most elevated among all terrestrial planets of our Solar System) and S solubility 
in magmas. In addition, Cartier et al. (2020) used MESSENGER XRS measurements of Ti on Mercury's surface, 
along with core formation models to show that Mercury could have a bulk chondritic Ti/Al ratio and the observed 
surface Ti/Al ratio if log fO2 = IW–5.4 ± 0.4. However, the XRS-derived Ti abundance was not used to test 
whether other redox conditions would still reconcile surface compositions with chondrites. Boujibar et al. (2019) 
also showed that if Mercury's core was formed at fO2 higher than IW–4, Mercury would not have enough Si in its 
core to yield a chondritic Fe/Si ratio, although this may be reconcilable for a CB-like Mercury bulk composition 
(Vander Kaaden et al., 2020). Finally, Anzures et al. (2020) suggested that Mercury's mantle has log fO2 between 
IW-4 and IW-2, based on the correlation of Ca and S concentrations observed at the surface of the planet and 
on the formation of CaS complexes in silicate melts at this range of fO2 values. Our results, based on the surface 
Cr abundance, suggest a broad range of fO2 conditions (IW–6 to IW–2), which overlap and are consistent with 
previously suggested ranges, including those based on surface Fe, S, and Si abundances.

Another important aspect of Mercury’s differentiation is the possible existence of sulfides and their role in 
elemental fractionation. Figures 9b and 9c show the most likely bulk Cr/Al ratio (with associated errors) for 
different mass fractions (1, 5, 10, 15%) of the FeS layer (Figure 9b) that may have precipitated during Mercury's 
core formation and of Mg-Ca-rich sulfides (Figure 9c) that formed during magma ocean crystallization. Our 
results are similar whether sulfides are in the form of immiscible FeS or precipitated Mg-Ca-rich sulfides. The 
results also show that the presence of sulfides is possible if log fO2 is higher than IW–5 ± 0.5 (Figure 9b). The 
lower the fO2, the thinner the sulfide layer must be (or the smaller the amount of mantle sulfides must be) for bulk 
Cr/Al to be chondritic. Our results indicate that the sulfide layer may range in thickness from 67 km (if Mercury 
differentiated at IW–5) to 191 km (if the fO2 was IW–4 or lower). Cartier et al. (2020) showed that at a log fO2 of 
IW–5.4 ± 0.4, the measured surface Ti/Al ratio would only be compatible with chondrites if sulfides were absent 
or at very low concentrations. We find a very similar result for Cr/Al at log fO2 = IW–5.5, but our results for 
higher fO2 scenarios do not rule out the likelihood of the presence of sulfides in Mercury's interior.

6.  Conclusion
We have reported the first systematic analysis of Cr abundances on Mercury’s surface, based on data from 
MESSENGER's XRS. The data indicate that, on average, Cr is present at a level of ∼200 ± 30 ppm (but with a 
possibly higher systematic uncertainty). The XRS data also indicate that Cr is distributed heterogeneously across 
the planet and that it is correlated with major-element abundances. For example, the HMR geochemical terrane 
has the highest observed Mg/Si, S/Si, Ca/Si, and Fe/Si ratios and also has a Cr/Si ratio 50% higher than Mercury's 
surface average. In contrast, the CB (the largest recognized impact feature on Mercury) is depleted in all of these 
ratios relative to the planetary average (by 50% for Cr/Si). The average surface Cr/Al ratio is 0.003, some 17 to 
170 times lower than that of chondritic meteorites.

We note that Vander Kaaden et al. (2017) used classical CIPW normative mineralogy calculations modified to 
include the sulfides expected under highly reducing conditions to constrain potential mineralogies consistent 
with measured surface elemental compositions across Mercury. Because of the lack of XRS data for Ti, Cr, and 
Mn available at the time that work was conducted, the authors performed two sets of calculations: one utilizing 
only reported values and the other assuming they were present at the XRS detection limits (e.g., 0.8 wt% for 
Ti, 0.5 wt% for Cr and Mn, Nittler et al., 2011) if abundance estimates were not available. The calculations that 
assumed the Ti, Cr, and Mn detection limits indicated that TiS2, CrS, and MnS could make up some 50%–70% 
of the sulfides present in the various regions. However, the significantly lower Ti (∼0.2 wt%; Cartier et al., 2020) 
and Cr (200 ppm; this work) abundances determined since the work of Vander Kaaden et al. (2017) indicate that 
these calculations should be revisited.
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We used a large set of published experimental data to explore the effects of temperature, pressure, oxygen fugac-
ity, and composition on Cr partitioning between liquid silicates, sulfides, and metals. Combining these results 
with a planetary differentiation model, we found that to explain the sub-chondritic surface Cr/Al ratio with bulk 
chondritic Cr abundance, Cr must be present in Mercury's core. Moreover, as seen previously from other oxyba-
rometers, Mercury must have differentiated under highly reducing conditions. Our results indicate a broad range 
of redox conditions (log fO2 =IW–6.5 to IW–2.5) that are consistent with previous estimates based on surface 
Fe, S, and Si abundances. The presence of an FeS layer at the base of the mantle requires slightly less reduced 
conditions (log fO2 = IW–5.5 to −2). The range is narrower — IW–5.5 to IW–4 — if substantial amounts of 
Mg-Ca-rich sulfides are present in the mantle. The existence of such sulfides, however, has been questioned based 
on surface Ti abundances that were derived from XRS data (Cartier et al., 2020). Additional abundance meas-
urements for other elements on the surface, coupled with more precise experimental data and thermodynamic 
models, are necessary to better estimate the oxygen fugacity of Mercury’s interior. In the case of Cr, better knowl-
edge of its distribution between minerals and silicate melt at very low fO2 would improve models of planetary 
differentiation. In addition, geochemistry instruments on the ESA/JAXA BepiColombo mission (e.g., Rothery 
et al., 2020), due to enter Mercury orbit in December 2025, are likely to provide Cr abundance estimates with 
broader spatial coverage, along with higher resolution and higher precision of Cr and thus will also provide better 
constraints on Mercury's oxygen fugacity.
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