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Abstract 25 

Mercury, the innermost planet, formed under highly reduced conditions, based mainly on 26 

surface Fe, S, and Si abundances determined from MESSENGER mission data. The minor 27 

element Cr may serve as an independent oxybarometer, but only very limited Cr data have been 28 

previously reported for Mercury. We report Cr/Si abundances across Mercury’s surface based on 29 

MESSENGER X-Ray Spectrometer data throughout the spacecraft’s orbital mission. The 30 

heterogeneous Cr/Si ratio ranges from 0.0015 in the Caloris Basin to 0.0054 within the high-31 

magnesium region, with an average southern hemisphere value of 0.0008 (corresponding to 32 

about 200 ppm Cr). Absolute Cr/Si values have systematic uncertainty of at least 30%, but 33 

relative variations are more robust. By combining experimental Cr partitioning data along with 34 

planetary differentiation modeling, we find that if Mercury formed with bulk chondritic Cr/Al, 35 

Cr must be present in the planet’s core and differentiation must have occurred at log fO2 in the 36 

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-37 

2 with an FeS layer at the core-mantle boundary. Models with large fractions of Mg-Ca-rich 38 

sulfides in Mercury’s interior are more compatible with moderately reducing conditions (IW-5.5 39 

to IW-4) owing to the instability of Mg-Ca-rich sulfides at elevated fO2. These results indicate 40 

that if Mercury differentiated at a log fO2 lower than IW-5.5, the presence of sulfides whether in 41 

the form of a FeS layer at the top of the core or Mg-Ca-rich sulfides within the mantle would be 42 

unlikely.  43 

Plain Language Summary 44 

Data returned by NASA's MESSENGER mission, which orbited Mercury from 2011-2015, 45 

have shown that the innermost planet formed under highly reducing (relatively low-oxygen) 46 

conditions, compared to the other terrestrial planets, but estimates of Mercury's oxidation state 47 

are highly uncertain. Chromium, a minor element in planetary materials, can exist in a wide 48 

range of oxidation states and its abundance thus can provide information about the chemical 49 

conditions under which it was incorporated into rocks. We used data from MESSENGER's X-ray 50 

Spectrometer instrument to map the Cr/Si ratio across much of Mercury and found that Cr is 51 

heterogeneously distributed. By comparing the average measured Cr abundance to the results of 52 

planetary differentiation models (informed by experimental data on how Cr partitions between 53 

different phases under different planetary differentiation conditions), we placed new constraints 54 
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on Mercury's oxidation state and show that further refinement of this quantity could be used to 55 

place limits on the presence of sulfides in the planet's deep interior. 56 

1. Introduction 57 

Despite the wealth of data returned by the MErcury Surface, Space ENvironment, 58 

GEochemistry, and Ranging (MESSENGER) spacecraft during its more than four-year orbital 59 

mission, the origin and geological evolution of Mercury remain enigmatic (Solomon et al., 60 

2018). Among MESSENGER’s instrument payload suite, the X-Ray Spectrometer (XRS) and 61 

Gamma-Ray and Neutron Spectrometer (GRNS) were used to measure and map the surface 62 

composition of many geochemically important elements—measurements that reflect both the 63 

original starting materials that built Mercury as well as the planet’s subsequent geological 64 

evolution and impact processes. Data from these instruments revealed that Mercury’s crust is 65 

enriched in Mg and depleted in Al, Ca, and Fe, relative to other terrestrial planets, and that it is 66 

surprisingly rich in volatile elements, including S, Na, K, Cl, and C (Evans et al., 2015; Evans et 67 

al., 2012; Nittler et al., 2018; Nittler et al., 2011; Peplowski et al., 2011; Peplowski et al., 2014; 68 

Weider et al., 2014). Moreover, maps of elemental abundances and neutron absorption have 69 

revealed the presence of several distinct geochemical terranes (Peplowski et al., 2015; Weider et 70 

al., 2015; Peplowski & Stockstill-Cahill, 2019), spatially contiguous regions that share a 71 

chemical composition distinct from their surroundings. The presence of such terranes most likely 72 

reflects crustal formation from partial melting of a chemically heterogeneous mantle (Charlier et 73 

al., 2013; McCoy et al., 2018, Namur et al., 2016b). 74 

The MESSENGER XRS detected X-ray fluorescence from the top tens of micrometers of 75 

Mercury’s surface, induced by incident X-rays emitted from the Sun’s corona. The XRS was 76 

sensitive to elements with X-ray fluorescent lines in the 1 to 10 keV range, which includes many 77 

major and minor rock-forming elements. Global maps constructed from XRS data have been 78 

reported for Mg/Si, Al/Si, S/Si, Ca/Si, and Fe/Si ratios (Nittler et al., 2018; Nittler et al., 2020; 79 

Weider et al., 2015; Weider et al., 2014).  Mg, Al, and Si could be detected under all solar 80 

conditions (Weider, et al., 2015), so the Mg/Si and Al/Si maps have complete coverage. In 81 

contrast, the heavier elements (e.g., S, Ca, and Fe) could only be detected during solar flares and 82 

hence global maps of these elements are incomplete. During the largest flares, it was also 83 

possible to detect Ti, Cr, and Mn, although analyses of these elements are more difficult because 84 



4 
 

of their low abundance (<1 wt%), and hence low signal-to-noise ratios. Cartier et al. (2020) 85 

recently reported analysis of the full-mission XRS Ti data and argued against the presence of a 86 

substantial FeS layer at the base of Mercury’s mantle. Our focus here is on Cr, for which only 11 87 

XRS measurements have been reported previously (Weider et al., 2014). As discussed further 88 

below, Cr is potentially useful as a probe of redox conditions on Mercury and provides additional 89 

information on possible mineral assemblages at the planet’s surface.  90 

The high S and low Fe contents observed on Mercury’s surface are strong evidence that the 91 

planet formed under highly reduced conditions, compared with the other terrestrial planets 92 

(McCubbin et al., 2012; Namur et al., 2016a; Nittler et al., 2011; Zolotov et al., 2013). That is, as 93 

the availability of O decreases, there is increasing partitioning of S and decreasing partitioning of 94 

Fe into silicate melts. Estimates of the oxidation state of Mercury’s interior, expressed in terms 95 

of the oxygen fugacity, fO2, however, extend over a wide range—from two to seven orders of 96 

magnitude below the iron-wüstite (IW) buffer. Additional quantitative constraints on Mercury’s 97 

oxidation state are therefore greatly needed to better understand the core, mantle, and bulk 98 

composition of the planet, its origin, and its geological evolution. For example, recently reported 99 

partitioning data (Boujibar et al., 2019) indicate that relating surface K/Th and K/U ratios to bulk 100 

volatile abundances (e.g., Peplowski et al., 2011) depends critically on fO2 and on the potential 101 

presence of an FeS layer (as suggested by Smith et al., 2012) at the base of Mercury’s mantle. In 102 

this regard, Cr can potentially be used as an independent oxybarometer as it can occur in a 103 

variety of oxidation states and its partitioning behavior depends strongly on valence. For 104 

example, during silicate melting Cr2+ is more incompatible than Cr3+ and hence concentrates in 105 

partial melts that may form crustal lava flows (Berry et al., 2006). 106 

We report here a map of Mercury’s Cr/Si ratio, with partial coverage across the globe, based 107 

on XRS spectra acquired during large solar flares throughout MESSENGER’s orbital mission. 108 

We find that Cr is heterogeneously distributed and correlates with other geochemical parameters. 109 

We further use the measured surface Cr abundance along with a large body of experimental data 110 

on Cr partitioning between silicates, sulfides, and metal together with planetary differentiation 111 

modeling to investigate the conditions under which Mercury differentiated and assess the redox 112 

conditions under which the innermost planet differentiated. In addition, we tested scenarios 113 
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where sulfides are involved in Mercury’s differentiation to further address the distribution of Cr 114 

in its interior. 115 

2. MESSENGER XRS Data Processing 116 

We derived elemental abundances from MESSENGER XRS spectra through an iterative 117 

forward modeling/non-linear curve-fitting procedure in which the abundances themselves are fit 118 

parameters (Nittler et al., 2011). An example spectrum acquired during a very large X-class solar 119 

flare on 23 October 2012 is shown in Figure 1. This spectrum is the sum of spectra from the 120 

three individual gas proportional counters that made up the planet-facing portion of the XRS, 121 

summed over 11 individual 20-s XRS integrations. Fitting of the solar spectrum (not shown) 122 

simultaneously acquired by the Sun-pointing solar monitor indicated a very high solar coronal 123 

temperature of >30 MK. Unlike Mg, Al, Si, Ca, S, and Fe, all of which show peaks in the 124 

spectrum (although unresolved from each other in many cases), the low abundance of Cr means 125 

that its fluorescent photons do not form a distinct peak, but rather contribute to the continuum 126 

between the Ca and Fe Kα lines. Nevertheless, during large flares like that shown in Fig. 1, the 127 

signal-to-noise ratio in the XRS spectra is sufficient that the Cr abundance can be constrained 128 

well by the fitting procedure. In Fig. 1, the fitting procedure is indicated by the grey curves, 129 

which compare the best-fit Cr abundance with spectra corresponding to higher and lower 130 

abundances. We note that although the summed detector spectra are shown in Fig. 1, the actual 131 

fitting algorithm fits the three individual detector spectra individually. 132 

 133 

 134 
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 135 

 136 

Figure 1. Example MESSENGER XRS data. Summed XRS spectra (sum of three detectors) 137 

acquired during a large solar flare on October 23, 2012. Included spectra span Mission Elapsed 138 

Time (MET) 259449322 to 259449622, corresponding to 3:10:56 – 3:14:16 UTC.  139 

 140 

 141 

A total of 2300 spectral fits to XRS data from MESSENGER’s full orbital mission, acquired 142 

during 291 distinct solar flares, were performed—including fits to individual integrations during 143 

flares and to spectra summed over entire flare periods (Nittler et al., 2020). Cr abundance was 144 

included as a fit parameter for all the data for which Fe fluorescence was clearly observed, 145 

although in many cases the signal was too low to detect Cr and the fitting procedure returned a 146 

best-fit abundance of zero. We examined the full dataset and selected results from 133 flare 147 

spectra from which to construct our Cr/Si map. Each of the spectra we selected had a derived Cr 148 

abundance >0 and did not exhibit anomalously high detector backgrounds at high energy. It has 149 
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previously been shown that such high detector backgrounds arose during some flares because of 150 

interactions between solar charged particles and the XRS detectors (Weider et al., 2014) and that 151 

they contaminate XRS measurements in the Cr fluorescence region. 152 

In Weider et al. (2014), the measured Cr/Si and Fe/Si ratios were empirically corrected for an 153 

observed dependence on phase (Sun-planet-instrument) angle ϕ; this dependence is thought to be 154 

caused by shadowing effects on the planet’s non-flat surface. Our larger data set confirms this 155 

effect for Cr/Si, as illustrated in Figure 2. Filled circles in Fig. 2 indicate the measured Cr/Si 156 

ratios as a function of phase angle for 24 flare fits with high statistical significance and large 157 

footprints (projections of the XRS instrument’s field of view onto the planet’s surface) in the 158 

southern hemisphere. Because of the very poor spatial resolution of the XRS over the southern 159 

hemisphere, these footprints are assumed to all have the same true Cr/Si ratio. We therefore 160 

removed the phase-angle dependence from all the flare measurements by dividing the measured 161 

Cr/Si ratio by the ratio predicted for its phase angle from the best-fit line to the southern 162 

hemisphere data (solid line in Fig. 2). This procedure, however, introduces an overall ambiguity 163 

in the overall normalization.  164 

Several theoretical and experimental studies addressing particle and shadowing effects on 165 

remote XRF measurements of planetary surfaces have been published (e.g., Maruyama et al., 166 

2008; Weider et al., 2011; Parviainen et al., 2011). Although none of these considered phase 167 

angles higher than 80°, i.e., as seen for much of the MESSENGER XRS data set, several did 168 

consider angles in the 70-80° range and can thus be compared with the low-angle end of the 169 

trend in Fig. 2. Based on laboratory experiments, Maruyama et al. (2008) presented numerical 170 

estimates of the phase-angle effect on XRF line intensities, with an assumed solar flare incident 171 

spectrum, lunar soil composition, and 75-μm grain size. At the maximum phase-angle they 172 

considered, 75°, they found that the measured Ti/Si and Fe/Si ratios are higher than those 173 

predicted for a flat surface by factors of about 1.4 and 1.6, respectively (values were estimated 174 

from data plotted in their Figure 7). Weider et al. (2011) reported an effect of very similar 175 

magnitude for Fe/Si ratios that were measured by irradiating simple oxide mixtures with an X-176 

ray beam generated from a Cu anode and phase angles of 70-80° (see their Fig. 12). Parviainen et 177 

al. (2011) used Monte Carlo ray-tracing calculations to investigate geometric effects on XRF 178 

from a basalt composition as a function of a variety of particle sizes, porosities, and incident 179 
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spectra. For a polychromatic incident X-ray source, they found enhanced Ti/Si fluorescence line 180 

ratios ranging from ~1.1 to 1.5 at a phase angle of 75° (see their Fig. 6). The Kα XRF line of Cr 181 

lies between those of Ti and Fe. We thus adopt an enhancement factor for Cr/Si at ϕ =75° of 1.5, 182 

in between the Maruyama et al. (2008) values for Ti/Si and Fe/Si since this study is the most 183 

relevant physical analog to the MESSENGER data (in terms of assumed incident spectrum and 184 

composition).  185 

The fit line to the data on Fig. 2 provides a measured Cr/Si ratio across the southern 186 

hemisphere of Mercury of 0.00112 at ϕ =75°. The discussion above indicates that this must be 187 

divided by a factor of 1.5 to determine the intrinsic average Cr/Si ratio of 8×10-4. We thus 188 

renormalized the data set so that the average Cr/Si value in the southern hemisphere was equal to 189 

this value; the corrected data for the 24 southern hemisphere flares are shown as open triangles in 190 

Fig. 2. This average value is ~9 times lower than the value of 0.007 adopted by Weider et al. 191 

(2014). Based on the scatter in experimental/theoretical works discussed above, we estimate that 192 

the overall relative uncertainty in this average value is about 30%, or 2.4×10-4. Systematic 193 

uncertainties may well be larger but are difficult to assess. Even if this is the case, relative 194 

differences between our mapped Cr/Si values, however, are much more certain than the absolute 195 

normalization. The relative scatter in the corrected Cr/Si values for the southern hemisphere 196 

measurements, where the large XRS footprints overlap a great deal, is ~30% (one standard 197 

deviation), indicating that the flare-to-flare reproducibility of the Cr/Si measurements is no 198 

worse than this (e.g., some of this variability may reflect real large-scale heterogeneity across the 199 

southern hemisphere). 200 
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 202 

Figure 2. Phase-angle effect on Cr/Si ratios. Measured Cr/Si ratios (filled circles) are plotted as a 203 

function of phase angle for 24 XRS measurements that have footprints in Mercury’s southern 204 

hemisphere and relatively small error bars. A weighted linear fit to the data (solid line) gives 205 

Cr/Si = 0.000336 ϕ – 0.024. Removing this trend and renormalizing the data to an average value 206 

of 0.0008 (dashed line) yields the corrected Cr/Si values (open triangles). 207 

 208 

We used the same procedure we have used in previous work (Nittler et al., 2020; Weider et 209 

al., 2015; Weider et al., 2014) to generate a Cr/Si map from the 133 flare measurements and 210 

corresponding footprints. Briefly, the surface was divided into 0.25˚×0.25˚ pixels in cylindrical 211 

projection. The Cr/Si value of a given pixel in the map is based on a weighted average of all 212 

measurements that have footprints overlapping that pixel, with a weighting factor favoring 213 
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measurements with smaller footprints and statistical uncertainty. The map was further smoothed 214 

following the procedure described by Weider et al. (2015) and Nittler et al. (2020).  215 

3. The Surface Abundance of Cr on Mercury 216 

Our map of Cr/Si across Mercury’s surface is shown in Figure 3a. The sparsity of data for the 217 

northern hemisphere (where XRS spatial resolution is best) is the result of two factors. First, 218 

MESSENGER’s highly eccentric polar orbit meant that far more time was spent viewing the 219 

southern hemisphere than the northern hemisphere of the planet. Second, as described above, 220 

large flares were required for Cr detection, but such flares occur infrequently. Nonetheless, there 221 

is clear evidence for heterogeneity in Cr/Si across Mercury’s surface. The XRS maps of Mg/Si 222 

and Al/Si (Nittler et al., 2018) are also shown, for comparison, in Figs. 3b and c. The white lines 223 

indicate the locations of the high-magnesium region (HMR) and Caloris basin (CB) geochemical 224 

terranes, and the northern smooth volcanic plains (NSP). There is too little coverage for Cr/Si in 225 

the NSP to make meaningful comparisons with other regions, but the map includes multiple flare 226 

measurements across the HMR and CB. These two terranes represent compositional endmembers 227 

on Mercury (Nittler et al., 2018), i.e., the HMR has the highest Mg/Si, S/Si, Ca/Si, and Fe/Si and 228 

lowest Al/Si ratios on Mercury, whereas the opposite trends are true of the CB. Fig. 3a suggests 229 

that, similarly, the HMR and CB have higher and lower average Cr/Si ratios, respectively, than 230 

the average planetary value. 231 

To investigate the Cr/Si heterogeneities further, we generated histograms (Fig. 4a) of Cr/Si 232 

map pixel values within the HMR (only considering pixels north of 15°N latitude since the 233 

spatial resolution rapidly degrades southward of this), CB, and the average Mercury composition 234 

outside these terranes (intermediate terrane, IT). The histograms are weighted to favor pixels 235 

with higher spatial resolution (Nittler et al., 2020). Although we find that there is overlap 236 

between the IT and HMR histograms, largely due to large errors on individual measurements, 237 

there are significant differences in the average composition of each terrane. That is, the HMR has 238 

an average Cr/Si ratio that is 1.5±0.5 times the IT average, and the CB average is 0.45±0.02 239 

times that of the IT (errors are one standard deviation). Thus, like other major and minor 240 

elements, the Cr abundance varies across Mercury’s surface and appears to correlate with the 241 

Mg, S, Ca, and Fe abundances, and anti-correlate with that of Al, at least in large geochemical 242 

terranes (Fig. 4b). Unfortunately, there are almost no Cr measurements on the northern smooth 243 
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plains, which have previously been shown to have a range of chemical compositions (Lawrence 244 

et al., 2017; Weider et al., 2015).  245 

The major-element heterogeneity on Mercury’s surface is generally considered to reflect 246 

partial melting of a heterogeneous mantle. As discussed in Section 4.2, Cr is incompatible in 247 

pyroxene at the reducing conditions (log fO2 <IW) inferred for Mercury, but experimental data 248 

for olivine-melt partitioning of Cr under such conditions have not been reported. The correlation 249 

of Cr with compatible elements Mg and Ca and anti-correlation with incompatible Al across 250 

Mercury’s surface suggests that either Cr remains compatible with olivine under low fO2 251 

conditions or that sulfides fractionate Cr in Mercury’s mantle. One explanation of this trend 252 

could be the presence of more sulfides closer to the surface (e.g., the Caloris basin magma’s 253 

source region), since sulfide solubility in silicate melt decreases when decreasing temperature 254 

(e.g. Namur et al. 2016a). Closer to the surface, Ca-Mg-Fe-rich sulfides could deplete the 255 

silicates in S, Cr, Ca, Fe and Mg. Additional experimental data are needed to further investigate 256 

the origin of the observed elemental trends. 257 

 258 
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 259 

Figure 3.  Maps of a) Cr/Si, b) Mg/Si, and c) Al/Si across Mercury’s surface (shown in 260 

cylindrical projection). The white outlines indicate previously identified features: CB=Caloris 261 

Basin, NSP=Northern smooth plains (Head et al., 2011), HMR=high Mg region (Weider et al., 262 

2015). Smooth plains deposits (Denevi et al., 2013) are outlined in black. Global average values 263 

are indicated by red lines on color bars.   264 

 265 
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 266 

Figure 4.  a) Histograms of Cr/Si ratios within CB, HMR, and intermediate terrane (IT), the 267 

latter defined as the composition of the southern hemisphere. The histograms are individually 268 

scaled since they contain vastly different numbers of pixels. b) The average element/silicon 269 

ratios plotted versus Cr/Si ratios for Mg, Al, S, Ca, and Fe for the CB, HMR, and IT terranes. 270 

The average Cr/Si value of the map is forced by our assumed normalization scheme to be 271 

close to 8×10-4. The MESSENGER XRS element-to-silicon ratios can be converted into absolute 272 

elemental composition by assuming a valence state for the major cations and adding the 273 

appropriate amount of oxygen (Lawrence et al., 2013; Stockstill-Cahill et al., 2012; Vander 274 

Kaaden et al., 2017). Such calculations have resulted in estimated absolute Si abundances of 275 
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~24–27 wt%. If we assume a typical Si abundance of 25 wt%, we estimate the average surface 276 

Cr abundance to be 200 ppm. In turn, this implies average Cr abundances of 300±100 ppm and 277 

90±4 ppm in the HMR and Caloris basin, respectively. These uncertainties are based on the 278 

standard deviations of the image pixels in each region. As discussed above, the phase-angle 279 

correction introduces an additional relative systematic uncertainty of at least 30% (e.g., 60 ppm 280 

for IT). 281 

4. Cr partitioning and planetary differentiation modeling 282 

4.1. Cr behavior in planetary materials 283 

The geochemical behavior of multivalence elements is dependent on oxygen fugacity and the 284 

oxidation state of Cr has long been recognized as a potentially useful oxybarometer for planetary 285 

basalts (e. g.,Irvine, 1975; Papike, 2005). Of the three most common valence states for Cr (Cr0, 286 

Cr2+, and Cr3+), Cr2+ is the most geochemically incompatible, i.e., it is the most easily liberated 287 

by minerals into melt during partial melting. Experiments on terrestrial (Berry et al., 2006, 288 

Righter et al. 2016) and martian (Bell et al., 2014) basaltic compositions have shown that as fO2 289 

decreases, the ratio of divalent Cr to total Cr (Cr2+/∑Cr) increases in basaltic liquids from ~0.3–290 

0.5 at oxygen fugacity similar to mid-ocean ridge basalts (MORB; log fO2 ~IW+3.5) to ~0.8–0.9 291 

at lunar-like oxygen fugacity (log fO2 near IW–1). In addition, Cr content of basalts range from 292 

typical MORB values of 250 ± 165 ppm (Lehnert et al., 2000) to 5200 ± 700 ppm for lunar 293 

basalts (Delano, 1986). Although Cr incompatibility reaches a theoretical maximum at Cr2+/∑Cr 294 

= 1, with further drop in fO2, Cr becomes chalcophilic and is more likely to occur in sulfides than 295 

silicates (Vander Kaaden & McCubbin, 2016). Moreover, the stability of Cr0 increases as the fO2 296 

approaches that of the Cr-Cr2O3 buffer. As a result, although the mantle-melt partition coefficient 297 

for Cr continues to decrease with decreasing fO2, much of the Cr may go into a metallic phase 298 

that could segregate to the core and thus reduce the bulk Cr content of surface lavas. The 299 

aubrites—highly reduced achondrites, thought to have equilibrated at approximately IW-5 300 

(McCoy & Bullock, 2017) —have average Cr abundances of only 200 ppm (Keil, 2010), 301 

consistent with loss of Cr0 to metallic melts. These changes in Cr behavior with oxygen fugacity 302 

are illustrated in Figure 5. The measured Mercury surface Cr abundance reported here, 200(±60) 303 

ppm is very similar to aubrites, suggesting that Mercury has a similar log fO2 close to IW-5 (Fig. 304 

5). However, these estimates do not take into account the possible presence of an FeS sulfide 305 
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layer at the core-mantle boundary of Mercury (Smith et al., 2012) or the possible presence of 306 

Mg-Ca-rich sulfides in the mantle of Mercury (Namur et al., 2016a), both of which affect the 307 

overall bulk distribution coefficient for Cr (see below sections 4.2-4.3) (Steenstra et al., 2020; 308 

Vander Kaaden & McCubbin, 2016).  309 

 310 

 311 

 312 

Figure 5. Effect of oxygen fugacity on Cr abundance in planetary materials. Filled circles 313 

indicate Cr abundances and estimated oxygen fugacities for mid-ocean ridge basalts (MORB), 314 

lunar basalts, and aubrite meteorites (see text for references). Also indicated are estimated ratios 315 

of divalent Cr to total Cr for MORB and lunar samples (Berry et al. 2006; Bell et al. 2014) as 316 

well as the range of estimated oxygen fugacity for Mercury (see text) and estimated range of 317 

Cr/Si across Mercury’s surface from this work. 318 

Mercury’s overall bulk composition is known to be strongly non-chondritic, with a 319 

substantially higher abundance of iron indicated by its unusually large core (Nittler et al., 2018). 320 
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Moreover, depending on the amount of Si in the core, Mercury’s bulk Si may also be enriched 321 

relative to chondritic. However, other major elements like Mg, Al, and Ca do appear to be in 322 

chondritic proportions in Mercury (Nittler et al., 2018).  To constrain the planet’s oxidation state 323 

during its differentiation more quantitatively, we thus assume Mercury’s bulk Cr abundance is 324 

chondritic and use experimental partitioning data and differentiation modeling to investigate 325 

conditions under which this assumption is valid. We focus on the Cr/Al ratio, since Al is a 326 

refractory lithophile element and therefore is only weakly fractionated in chondrites. Based on an 327 

average Al/Si ratio of 0.27 (Nittler et al., 2018), the average surface Cr/Al ratio for Mercury is 328 

0.003± 0.001, which is considerably lower than that of chondritic meteorites (ranging from 0.05 329 

to 0.5; Nittler et al., 2004).  We used surface abundances to estimate bulk silicate Mercury 330 

(BSM) Cr content, which is assumed to represent the magma ocean composition during core–331 

mantle differentiation. We then used the partitioning  of Cr between metal and silicate to model 332 

core composition and hence infer bulk Mercury composition. We further assessed differentiation 333 

models by considering the presence of an additional sulfide phase formed during core formation 334 

or magma ocean crystallization, i.e., because of the immiscibility of Fe-rich metal and Fe-Mg-335 

Ca-rich sulfides, respectively.  336 

 337 

4.2. Experimental constraints on Cr partitioning between metal, sulfide, silicate melt, and 338 

minerals 339 

Our planetary differentiation models use experimental data on elemental partitioning. The 340 

partitioning of Cr between minerals and silicate melt can be described by the partition 341 

coefficient:  𝐷஼௥௠௡௟/௠௘௟௧ = 𝑋஼௥௠௡௟ 𝑋஼௥௠௘௟௧⁄ , where 𝑋஼௥௠௡௟ and 𝑋஼௥௠௘௟௧ are wt% concentrations of Cr in 342 

minerals and silicate melt respectively. Experimental studies have shown that under moderately 343 

oxidized conditions (IW <log fO2< IW+9) where Cr6+ is absent, 𝐷஼௥௢௟/௠௘௟௧ (ol: olivine) has a 344 

relatively constant value of 0.9 ± 0.3   (Hanson & Jones, 1998; Mallmann & O'Neill, 2009). In 345 

contrast, 𝐷஼௥௢௣௫/௠௘௟௧ and 𝐷஼௥௖௣௫/௠௘௟௧ (opx: orthopyroxene, cpx: clinopyroxene) increase by an order 346 

of magnitude when oxygen fugacity increases from IW to IW+9, suggesting a preferential 347 

incorporation of Cr3+ over Cr2+ in pyroxenes (Mallmann & O'Neill, 2009). As discussed above in 348 

Section 1, Mercury differentiated at very low oxygen fugacity with estimates covering a wide 349 
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range from IW–7 to IW–2.6 (McCubbin et al. 2012, McCubbin et al. 2017, Namur et al. 2016a, 350 

Zolotov et al. 2013). Previous experimental work showed that in these reduced conditions, 351 𝐷஼௥௢௣௫/௠௘௟௧ ranges from 0.1 to 0.6 (Cartier et al. 2014). The partitioning of Cr between 352 

olivine/clinopyroxene and liquid silicate in these specific conditions, however, is unknown and 353 

should be investigated in future studies. Here, we considered a distribution of Cr between mantle 354 

and crust of 0.35 ± 0.25, covering values determined experimentally for orthopyroxene/melt in 355 

Mercury conditions (Cartier et al. 2014). 356 

Next, we modeled the distribution of Cr between Mercury’s core and BSM based on 357 

experimental data for Cr partition coefficient between metal and silicate 𝐷஼௥௠௘௧/௦௜௟ = 𝑋஼௥௠௘௧ 𝑋஼௥௦௜௟⁄ , 358 

where 𝑋஼௥௠௘௧ and 𝑋஼௥௦௜௟ are concentrations in wt% of Cr in the metal and silicate liquids, 359 

respectively. 𝐷஼௥௠௘௧/௦௜௟ can be described by the redox reaction: 360 

 𝐶𝑟𝑂௡/ଶ௦௜௟ = 𝐶𝑟௠௘௧ + ௡ସ 𝑂ଶ (1) 361 

This reaction implies that the change of Cr partitioning with oxygen fugacity depends on n, the 362 

valence state of Cr in silicates. The equilibrium constant of this reaction can be related to its free 363 

energy ∆𝐺°: 364 

 −∆𝐺° 𝑅𝑇⁄ = ௡ସ ln 𝑓𝑂ଶ + ln 𝑎஼௥೘೐೟ − ln 𝑎஼௥ை೙/మೞ೔೗ (2) 365 

Where 𝑎஼௥೘೐೟ and 𝑎஼௥ை೙/మೞ೔೗ are the activities of Cr in the metal and CrOn/2 in the silicate, 366 

respectively. Using a common formalism for the dependencies of activity coefficients with 367 

chemical compositions (e.g., Boujibar et al., 2019), we derived the following expression to 368 

calculate 𝐷஼௥௠௘௧/௦௜௟ as a function of pressure P, temperature T, the logarithm of oxygen fugacity 369 

relative to the iron-wüstite buffer (∆IW) and the chemical composition of the silicate and metal 370 

phases: 371 

 log 𝐷஼௥௠௘௧/௦௜௟ = log ௑಴ೝ೘೐೟௑಴ೝೞ೔೗ = 𝑎 + ௕் + ௖∗௉் + 𝑑 ∗ ∆IW + e ∗ బ் ୪୭୥൫ଵି௑ೄ೔೘೐೟൯் + 𝑓 ∗ బ் ୪୭୥൫ଵି௑ೄ೘೐೟൯் + 𝑔 ∗372 

బ் ୪୭୥൫ଵି௑಴೘೐೟൯் + ℎ ∗ బ் ୪୭୥൫ଵି௑ೀ೘೐೟൯் + 𝑖 ∗ 𝑛𝑏𝑜/𝑡  (3) 373 𝑋ெ௠௘௧ are mass fractions of light elements M (Si, S, O, and C) in the metal alloy, T0 is a reference 374 

temperature (1873 K), and nbo/t is the ratio of non-bridging O atoms to tetrahedrally coordinated 375 
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cations, which carries effects of the chemical composition of the silicate melt. Experiments using 376 

a graphite capsule are known to yield contamination of the metal and sulfide by carbon. 377 

Therefore, if these experiments were not measured for C concentration in the metal and sulfide 378 

phases, we computed C abundance by subtracting the sum of all measured elemental 379 

concentrations from 100% (see supplementary material.) We calculated the logarithm of the 380 

oxygen fugacity relative to IW buffer from the following equation: ∆IW = 2 * log(𝛾ி௘ை௦௜௟ ∗ 𝑋ி௘ை௦௜௟ ) - 381 

log(𝑋ி௘௠௘௧) where 𝑋ி௘ை௦௜௟  and 𝑋ி௘௠௘௧ are the molar fractions of FeO in the silicate and Fe in the 382 

metal, respectively. 𝛾ி௘ை௦௜௟  is the activity coefficient of FeO in the silicate and is considered equal 383 

to 1.7 following previous estimates (O’Neill & Eggins, 2002).  384 

A substantial amount of experimental data exist for the partitioning of Cr between metal and 385 

silicate; here we used 520 experimental data from 43 peer-reviewed publications whose 386 

references are given in the supplementary material. These data on 𝐷஼௥௠௘௧/௦௜௟ at varying 387 

experimental conditions were used to derive constants a to i in Eq. (3) using a linear regression 388 

(see results in Table 1). Equation (2) informs that at constant pressure and temperature, 389 ln(𝑎஼௥೘೐೟/𝑎஼௥ை೙/మೞ೔೗) should be proportional to ln fO2 with the activities (a) being the products of 390 

the activity coefficients and the molar mass fractions. The effects of the activity coefficients of 391 

Cr in the silicate and the metal are included in our thermodynamic model (Eq. 3) in the nbo/t 392 

term and the log(1 − 𝑋ெ௠௘௧) terms, respectively. For the sake of simplicity in our models of 393 

Mercury’s differentiation, we used Nernst partition coefficients 𝐷஼௥௠௘௧/௦௜௟, which are calculated 394 

using elemental concentrations in wt%. Since 𝐷஼௥௠௘௧/௦௜௟ and 𝑋஼௥௠௘௧/𝑋஼௥మைయ௦௜௟ are proportional (see 395 

Supplementary Fig. S1), the use of a logarithm expression allows the effect of molar to weight 396 

fraction conversion to be included in the constant a of equation (3). Hence, 𝐷஼௥௠௘௧/௦௜௟ is expected 397 

to be correlated with log fO2 with a slope equivalent to n/4, with n being the valence of Cr in the 398 

silicate melt. Here, we observe a negative correlation with log fO2, with a slope of -0.52 ± 0.01, 399 

suggesting Cr predominantly has a valence state of 2+ in the silicate melt at these conditions (Fig. 400 

6b). The pressure term is found to be insignificant (p-value higher than 10%). In addition, 401 𝐷஼௥௠௘௧/௦௜௟ becomes more siderophile with increasing temperature (Fig. 6b), as previously reported 402 

(e.g., Fischer et al., 2015; Righter et al., 2020) and with increasing abundances of Si, S, C and O 403 
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in the metal. The nbo/t ratio has a negative effect on Cr partitioning between metal and silicate 404 

(Table 1). 405 

Table 1. Fitted parameters for linear regressions predicting the partition coefficient of Cr 406 

between metal and silicate (a to i) (Eq. 3), and between sulfide and silicate (a’ to i’) (Eq.5). 407 

 408 

Metal-
silicate 

a 
[intercept] 

b [1/T] d [∆IW] e [log(1-XSi)/T] f [log(1-
XS)/T] 

g [log(1-XC)/T] h[log(1-XO)/T] i 
[nob/t] 

Coef -0.15 -2870 -0.52 -1.61 -4.96 -12.9 -34.8 -0.041 
σ 0.16 290 0.01 0.36 1.24 1.4 6.58 0.017 
P-value 0.4 <2e-16 <2e-16 1E-5 8E-5 <2e-16 2E-7 2E-2 
N 520 RMSE 0.33 R2 0.84 F 386  

P-value <2e-16        

Sulfide-
silicate 

a’ 
[intercept] 

b’ [1/T] d’ [XFeO] e’ [log(1-
XS)/T] 

f’ [log(1-
XC)/T] 

g’ [log(1-
XO)/T] 

h’ [log(1-
XMg)/T] 

i’ 
[nob/t] 

Coef 3.9 -8370 -0.89 -11.9  -27.9 11.6 -0.37 

σ 0.46 950 0.05 1.6  6.1 1.6 0.06 

P-value 2e-15 <2e-16 <2e-16 5E-12  9e-6 2E-12 8E-9 

N 253 RMSE 0.46 R2 0.76 F 127  

P-value <2e-16        

 409 

 410 
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 411 

 412 

Figure 6. (a) Experimental data on the partition coefficients of Cr between metal and silicate 413 

compared with predictions from our thermodynamic model (Eq. 3). The experimental data are 414 

derived from the literature, and the complete list of references is given in the supplementary 415 
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material. The solid and dashed lines represent the 1:1 correspondence and deviation, 416 

respectively, where the deviation is based on the RMSE (=0.33) from our regression.  (b) 417 

Relationship between 𝐷஼௥௠௘௧/௦௜௟ and (i) the oxygen fugacity and (ii) temperature (shown with 418 

symbol color) based on the same experimental data presented in (a). The same data for panel b, 419 

but with literature references indicated, is provided in Supplementary Fig. 2a.  420 

In addition, we explored the possibility of the existence of an immiscible sulfide formed 421 

during core-mantle differentiation by using the equilibrium: 422 

 𝐶𝑟𝑂௡/ଶ௦௜௟ + ௡ଶ 𝐹𝑒𝑆 = 𝐶𝑟𝑆௡/ଶ௦௨௟௙ + ௡ଶ 𝐹𝑒𝑂  (4) 423 

Similarly to reaction (1), we related the equilibrium constant of reaction (4) with its free energy 424 

to construct a thermodynamic model that predicts the partition coefficient of Cr between sulfide 425 

and silicate 𝐷஼௥௦௨௟௙/௦௜௟ = 𝑋஼௥௦௨௟௙ 𝑋஼௥௦௜௟ൗ , where 𝑋஼௥௦௨௟௙ is the concentration (wt%) of Cr in the sulfide 426 

in (Boujibar et al. 2019): 427 

 log 𝐷஼௥௦௨௟௙/௦௜௟ = log ௑಴ೝೞೠ೗೑௑಴ೝೞ೔೗ = 𝑎′ + ௕ᇲ் + ௖ᇲ∗௉் + 𝑑′ ∗ 𝑋ி௘ை + e′ ∗ బ் ୪୭୥ቀଵି௑ೄೞೠ೗೑ቁ் + 𝑓′ ∗ బ் ୪୭୥ቀଵି௑಴ೞೠ೗೑ቁ் +428 

𝑔′ ∗ బ் ୪୭୥ቀଵି௑ೀೞೠ೗೑ቁ் + ℎ′ ∗ బ் ୪୭୥ቀଵି௑ಾ೒ೞೠ೗೑ቁ் + 𝑖′ ∗ 𝑛𝑏𝑜/𝑡 429 

 (5) 430 𝑋ௌ௦௨௟௙, 𝑋஼௦௨௟௙, 𝑋ை௦௨௟௙and 𝑋ெ௚௦௨௟௙ are the concentrations of S, C, O and Mg in the sulfide, 431 

respectively. Equation 5 was fit to a total of 253 experimental data from the literature (see 432 

complete list of reference in the supplementary material), in which sulfides have varying 433 

compositions (from Fe-rich to Ca-Mg-rich compositions). We did not find any significant effects 434 

from pressure, or from the C or Ca contents of the sulfide. In contrast, we found that temperature 435 

and the abundances of S and O in the sulfide have a positive effect on 𝐷஼௥௦௨௟௙/௦௜௟ and that FeO, 436 

nbo/t, and Mg content in the sulfide attenuates the chalcophilic character of Cr (Fig. 7b & Table 437 

1).  438 

 439 
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Figure 7. (a) Comparison between observed experimental data and predicted values for 441 𝐷஼௥௦௨௟௙/௦௜௟, i.e., results of our thermodynamic model (Eq. 5). The solid and dashed lines represent 442 

the 1:1 correspondence and deviation, respectively, based on the RMSE of our regression 443 

(RMSE = 0.46). (b) Relationship between 𝐷஼௥௦௨௟௙/௦௜௟ and FeO concentration in the silicate and S 444 

contents of the sulfide phase (indicated by plot symbol color). The same data for panel b, but 445 

with literature references indicated, is provided in Supplementary Fig. 2b.  446 

 447 

 448 

4.3. Modeling Mercury’s differentiation:  449 

We used the average XRS-derived Cr concentration of Mercury’s surface (Section 3), along 450 

with chondritic Cr abundances normalized to Al (Cr/Al ranges from 0.0472 to 0.509 for 451 

ordinary, enstatite, carbonaceous and R chondrites; Nittler et al. 2004) and the thermodynamic 452 

model results for Cr partitioning between metal/sulfide and silicate (Section 4.2), to estimate the 453 

Cr concentration of Mercury’s interior and to infer the oxygen fugacity at which Mercury 454 

differentiated. First, we assumed that the average crustal Cr concentration is close to the average 455 

surface concentration, and calculated a bulk silicate Mercury (BSM) composition using the 456 

literature data on Cr partitioning between silicate melt and major minerals (mnl being olivine, 457 

orthopyroxene, or clinopyroxene): 𝐷஼௥௠௡௟/௠௘௟௧ = 𝑋஼௥௠௡௟ 𝑋஼௥௠௘௟௧⁄ = 0.8 ± 0.3, where 𝑋஼௥௠௡௟ and 458 𝑋஼௥௠௘௟௧ are wt% concentrations of Cr in minerals and silicate melt respectively (see above). 459 

Geophysical studies have shown that Mercury’s crust is 20 to 50 km thick (e.g. Beuthe et al. 460 

2020), which corresponds to 6% to 16% by mass of BSM. The abundance of Cr in BSM is 461 

calculated as a function of the average surface Cr found in this study (𝑋஼௥௖௥௨௦௧ = 200 ± 60 ppm): 462 

 𝑋஼௥஻ௌெ = 𝑋஼௥௖௥௨௦௧ ∗ 0.06 + 𝐷஼௥௠௡௟/௠௘௟௧ ∗ 𝑋஼௥௖௥௨௦௧ ∗ 0.94 (6) 463 

Concerning the existence of sulfides in Mercury’s interior, two scenarios have been 464 

suggested: the formation of an FeS melt during core formation due to the immiscibility between 465 

sulfides and metals (Malavergne et al., 2010) and the precipitation of Mg-Ca-rich sulfides from 466 

the crystallizing magma ocean or differentiation of the mantle (Malavergne et al. 2014, Boukaré 467 

et al., 2019). Therefore, here we considered three scenarios (Fig. 8): a sulfide-free Mercury, a 468 
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model with FeS formed during core formation, and a model with Mg-Ca-rich sulfides formed 469 

during magma ocean crystallization. The core mass fraction was fixed to fcore = 68 % (Hauck et 470 

al., 2013). For the second scenario, the mass fraction of possible FeS, fsulf, was varied from 0 to 471 

15% in substitution for the mantle, similarly to Boujibar et al. (2019). Mass fractions of 1, 5, 10 472 

and 15% FeS would correspond to thicknesses of 14, 67, 131, and 191 km, respectively, during 473 

core-formation. These values would be overestimated if the sulfide layer is currently solid and 474 

has undergone significant compaction.  475 

For the first two models (Fig. 8a-b), bulk Mercury (BM) Cr concentration was calculated by 476 

mass balance: 477 

𝑋஼௥஻ெ = 𝑋஼௥஻ௌெ ∗ ൫1 − 𝑓௖௢௥௘ − 𝑓௦௨௟௙൯ + 𝐷஼௥೘೐೟ೞ೔೗ ∗ 𝑋஼௥஻ௌெ ∗ 𝑓௖௢௥௘ + 𝐷஼௥ೞೠ೗೑ೞ೔೗ ∗ 𝑋஼௥஻ௌெ ∗ 𝑓௦௨௟௙   (7) 478 

We considered an equilibration between metal, silicate, and sulfide at the liquidus temperature of 479 

Mercury’s mantle (2230 K) (Namur et al. 2016a). Other variables in the thermodynamic models 480 

(Eq. 3 & 5) such as the chemical composition of metal, silicate and sulfide were like those used 481 

in Boujibar et al. (2019). For the first model where sulfides are absent (Fig. 8a), these 482 

calculations were applied for a range of log fO2 from IW-7 to IW-2. In the context of Mercury’s 483 

core-mantle differentiation, sulfides are known to form as immiscible phases when the metal 484 

phase is enriched in Si (Morard & Katsura, 2010) or C (Corgne et al., 2008; Dasgupta et al., 485 

2009). Indeed, the immiscibility field shrinks at higher pressure (> 15 GPa) while pressure at 486 

Mercury’s core-mantle boundary (5.5 GPa) is low enough to allow for a large range of 487 

compositions where FeS- and FeSi- or FeC- rich liquids are immiscible. In addition, Mercury’s 488 

bulk S reaches the upper estimates of S abundances in chondrites at IW–7, because of increased 489 

S solubility in magmas at low fO2 (Namur et al. 2016a, Boujibar et al. 2019). The addition of 490 

sulfides at IW–7 would yield a sulfur abundance higher than in chondrites. Therefore, here we 491 

considered the possible presence of sulfides for models where the log fO2 is between IW–6 and 492 

IW–2 (Fig. 8b).  493 

For the third scenario which considers Ca-Mg-rich sulfides (Fig. 8c), we assumed that core 494 

formation happens as a first step in similar conditions as those described in the first model. We 495 

considered that following that step, as the magma ocean cools down, it equilibrates with the Ca-496 

Mg-rich sulfides at a slightly lower temperature than during core formation (2000 K instead of 497 
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2230 K). Since S solubility in silicate melt decreases at lower temperature (Namur et al. 2016a), 498 

in the context of a reduced magma ocean with negligible Fe, exsolved sulfides are expected to be 499 

enriched in Ca and Mg. To model this scenario, after using Eq. 6 to calculate the Cr abundance 500 

in BSM, we calculated the Cr concentration in a Mercury magma ocean (MMO), and in bulk 501 

Mercury from: 502 

𝑋஼௥ெெை = (𝑋஼௥஻ௌெ ∗ (𝑓௠௔௡௧ + 𝑓௖௥௨௦௧) + 𝐷஼௥ೞೠ೗೑ೞ೔೗ ∗ 𝑋஼௥஻ௌெ ∗ 𝑓௦௨௟௙)/(𝑓௠௔௡௧ + 𝑓௖௥௨௦௧ + 𝑓௦௨௟௙) (8) 503 

 𝑋஼௥஻ெ = 𝑋஼௥ெெை ∗ (1 − 𝑓௖௢௥௘) + 𝐷஼௥೘೐೟ೞ೔೗ ∗ 𝑋஼௥ெெை ∗ 𝑓௖௢௥௘   (9) 504 

In this case, we consider that the magma ocean becomes sulfide-saturated as soon as it cools 505 

down right before its crystallization. If sulfide saturation happens at a later stage, only a fraction 506 

of the BSM would equilibrate with sulfides, and resulting bulk Cr/Al would be closer to the one 507 

calculated in the sulfide-free models (Fig. 9a). We considered a log fO2 range from IW–6 to IW–508 

4. The lower limit was based on the super-chondritic bulk sulfur (similarly to scenario 2, 509 

Boujibar et al. 2019) and the upper limit was fixed at IW–4 because of the low fO2 required to 510 

permit the presence of stable Mg-Ca-rich sulfides (Namur et al., 2016a). We fixed the 511 

temperature at 2000 K (Boukaré et al., 2019) and we assumed that the sulfide phase contained 20 512 

wt% Mg and 45 wt% S, i.e., the average composition of Mg-Ca-rich sulfides in Namur et al. 513 

(2016a). For all three scenarios, since there are significant uncertainties related to partition 514 

coefficients (𝐷஼௥௠௡௟/௠௘௟௧, 𝐷஼௥௠௘௧/௦௜௟, and 𝐷஼௥௦௨௟௙/௦௜௟), surface Cr surface measurements (𝑋஼௥௖௥௨௦௧), and 515 

crustal thickness, we conducted Monte Carlo simulations to account for these errors. Random 516 

numbers were generated from normal distributions, which yielded 107 models for Mercury 517 

differentiation for each of the considered combinations of fO2 and sulfide mass fraction. We 518 

present in Fig. 8 the 68% most likely models (corresponding to one sigma standard deviation for 519 

a normal distribution) and discuss them in the following sections. 520 
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 521 

Fig. 8 (a) Model of Mercury’s differentiation where sulfides are absent and droplets of Fe-rich 522 

metal fall in the magma ocean and equilibrate at the core-mantle boundary. (b) Differentiation 523 

model where iron sulfide phases are formed due to Mercury’s enrichment in sulfur. Sulfides 524 

accumulate at the core-mantle boundary and form a FeS layer. (c) In the third model, core-525 

mantle differentiation happens similarly to the model 1 (step 1). In this case however, as the 526 

magma ocean cools down, sulfur saturates in the magma ocean and Ca-Mg-rich sulfides form 527 

(step 2). The final distribution of sulfides in Mercury’s mantle will depend on the density 528 

contrast between sulfide and silicate phases. 529 

 530 
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5. Implications for the oxygen fugacity and presence of sulfides during Mercury 531 

differentiation. 532 

Our results show that the presence of Cr in Mercury’s core explains the sub-chondritic Cr/Al 533 

ratio observed on the surface. Moreover, we find that the lower the fO2, the higher the bulk Cr/Al 534 

that is computed for Mercury (Fig. 9)—i.e., because more Cr should be segregated into the core 535 

at lower fO2 due to the increasingly siderophilic behavior of Cr in reduced conditions. We 536 

selected the 68% most likely values for bulk Mercury Cr/Al (equivalent to 1 sigma error for a 537 

normal distribution) for each combination of fO2 and sulfide content in the Monte Carlo 538 

modeling. The results show that the bulk Mercury Cr/Al ratio matches chondritic values (0.0472 539 

to 0.509) (Nittler et al., 2004) if the oxygen fugacity is between IW–6.5 and IW–2.5 in a sulfide-540 

free system (Fig. 9a) and between IW–5.5 and IW–2 if Mercury has an FeS layer at its core-541 

mantle boundary (Fig. 9b). If Mg-Ca-rich sulfides were present, the fO2 range consistent with 542 

chondritic bulk Cr/Al would be narrowed to be between IW–5.5 and IW–4 (Fig. 9c) given the 543 

instability of Mg-Ca-rich sulfides at fO2 above IW-4 (Namur et al., 2016a). If the fO2 was close 544 

to the lower end and sulfides existed, they would only represent very small fractions of bulk 545 

Mercury (~1 wt% FeS or ~5 wt% Mg-Ca-S at IW–5), while with the highest fO2 (IW–4), up to 546 

15 wt% sulfide could have been present. 547 

Other MESSENGER data have previously been used to constrain Mercury’s oxygen 548 

fugacity. First, McCubbin et al. (2012) used the measured Mercury surface Fe abundance 549 

(Weider et al., 2014) and, by assuming that it is entirely present in the form of Fe2+, these authors 550 

estimated the log fO2 to be around IW–3 to IW–2.6. Later, by assuming that some Fe is present 551 

in a metallic form due to reaction with graphite, McCubbin et al. (2017) found lower values of 552 

log fO2, ranging from IW–3.2 to IW–4.3. Namur et al. (2016a), however, suggested even lower 553 

fO2 values, averaging IW–5.4. Their result was based on a comparison between the high S 554 

concentration of Mercury’s surface (which is the most elevated among all terrestrial planets of 555 

our Solar System) and S solubility in magmas. In addition, Cartier et al. (2020) used 556 

MESSENGER XRS measurements of Ti on Mercury’s surface, along with core formation 557 

models to show that Mercury could have a bulk chondritic Ti/Al ratio and the observed surface 558 

Ti/Al ratio if log fO2 = IW–5.4 ± 0.4. However, the XRS-derived Ti abundance was not used to 559 

test whether other redox conditions would still reconcile surface compositions with chondrites. 560 

Boujibar et al. (2019) also showed that if Mercury’s core was formed at fO2 higher than IW–4, 561 
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Mercury would not have enough Si in its core to yield a chondritic Fe/Si ratio, although this may 562 

be reconcilable for a CB-like Mercury bulk composition (Vander Kaaden et al., 2020). Finally, 563 

Anzures et al. (2020) suggested Mercury’s mantle has log fO2 between IW-4 to IW-2, based on 564 

the correlation of Ca and S concentrations observed at the surface of the planet and on the 565 

formation of CaS complexes in silicate melts at this range of fO2 values. Our results, based on the 566 

surface Cr abundance, suggest a broad range of fO2 conditions (IW–6 to IW–2), which overlap 567 

and are consistent with previously suggested ranges, including those based on surface Fe, S, and 568 

Si abundances.  569 

Another important aspect of Mercury’s differentiation is the possible existence of sulfides 570 

and their role in elemental fractionation. Figures 9b and 9c show the most likely bulk Cr/Al ratio 571 

(with associated errors) for different mass fractions (1, 5, 10, 15%) of the FeS layer (Fig. 9b) that 572 

may have precipitated during Mercury’s core formation and of Mg-Ca-rich sulfides (Fig. 9c) that 573 

formed during magma ocean crystallization. Our results are similar whether sulfides are in the 574 

form of immiscible FeS or precipitated Mg-Ca-rich sulfides. The results also show that the 575 

presence of sulfides is possible if log fO2 is higher than IW–5 ±0.5 (Fig. 9b). The lower the fO2, 576 

the thinner the sulfide layer must be (or the smaller the amount of mantle sulfides must be) for 577 

bulk Cr/Al to be chondritic. Our results indicate that the sulfide layer may range in thickness 578 

from 67 km (if Mercury differentiated at IW–5) to 191 km (if the fO2 was IW–4 or lower). 579 

Cartier et al. (2020) showed that at a log fO2 of IW–5.4 ±0.4, the measured surface Ti/Al ratio 580 

would only be compatible with chondrites if sulfides were absent or at very low concentrations. 581 

We find a very similar result for Cr/Al at log fO2=IW–5.5, but our results for higher fO2 582 

scenarios do not rule out the likelihood of the presence of sulfides in Mercury’s interior. 583 
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Figure 9. (a) Cr/Al ratios for chondrites, Mercury’s surface, and three sets of models of bulk 585 

Mercury: with no sulfides (grey) and either the presence of a FeS layer at the core-mantle 586 

boundary (green) or Mg-Ca-rich sulfides in Mercury’s mantle (yellow). The solid black line 587 

shows the most likely Cr/Al for a sulfide-free Mercury. The grey, green, and blue areas indicate 588 

the ranges of Cr/Al corresponding to 68% of the most likely results for each of the three 589 

scenarios. Models with different mass fractions, relative to bulk Mercury, of FeS and Mg-Ca-rich 590 

sulfides with associated errors are shown in (b) and (c), respectively. 591 

 592 

5. Conclusion 593 

We have reported the first systematic analysis of Cr abundances on Mercury’s surface, based 594 

on data from MESSENGER’s X-ray Spectrometer (XRS). The data indicate that, on average, Cr 595 

is present at a level of ~200±30 ppm (but with a possibly higher systematic uncertainty). The 596 

XRS data also indicate that Cr distributed heterogeneously across the planet and that it is 597 

correlated with major-element abundances. For example, the high-magnesium region (HMR) 598 

geochemical terrane has the highest observed Mg/Si, S/Si, Ca/Si, and Fe/Si ratios and also has a 599 

Cr/Si ratio 50% higher than Mercury’s surface average. In contrast, the Caloris Basin (the largest 600 

recognized impact feature on Mercury) is depleted in all of these ratios relative to the planetary 601 

average (by 50% for Cr/Si). The average surface Cr/Al ratio is 0.003, some 17 to 170 times 602 

lower than that of chondritic meteorites.  603 

We note that Vander Kaaden et al. (2017) used classical CIPW normative mineralogy 604 

calculations, modified to include the sulfides expected under highly reducing conditions, to 605 

constrain potential mineralogies consistent with measured surface elemental compositions across 606 

Mercury. Because of the lack of XRS data for Ti, Cr, and Mn available at the time that work was 607 

conducted, the authors performed two sets of calculations: one utilizing only reported values and 608 

the other assuming they were present at the XRS detection limits (e.g., 0.8 wt% for Ti, 0.5 wt% 609 

for Cr and Mn, Nittler et al., 2011) if abundance estimates were not available. The calculations 610 

that assumed the Ti, Cr, and Mn detection limits indicated that TiS2, CrS, and MnS could make 611 

up some 50–70% of the sulfides present in the various regions. However, the significantly lower 612 

Ti (~0.2 wt%; Cartier et al., 2020) and Cr (200 ppm; this work) abundances determined since the 613 

work of Vander Kaaden et al. (2017) indicate that these calculations should be revisited.  614 
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We used a large set of published experimental data to explore the effects of temperature, 615 

pressure, oxygen fugacity, and composition on Cr partitioning between liquid silicates, sulfides, 616 

and metals. Combining these results with a planetary differentiation model, we found that to 617 

explain the sub-chondritic surface Cr/Al ratio with a bulk chondritic Cr abundance, Cr must be 618 

present in Mercury’s core. Moreover, as seen previously from other oxybarometers, Mercury 619 

must have differentiated under highly reducing conditions. Our results indicate a broad range of 620 

redox conditions (log fO2 =IW–6.5 to IW–2.5) that are consistent with previous estimates based 621 

on surface Fe, S, and Si abundances. The presence of an FeS layer at the base of the mantle 622 

requires slightly less reduced conditions (log fO2 =IW–5.5 to –2). The range is narrower — IW–623 

5.5 to IW–4 — if substantial amounts of Mg-Ca-rich sulfides are present in the mantle. The 624 

existence of such sulfides, however, has been questioned based on surface Ti abundances that 625 

were derived from XRS data (Cartier et al., 2020). Additional abundance measurements for other 626 

elements on the surface, coupled with more precise experimental data and thermodynamic 627 

models are necessary to better estimate the oxygen fugacity of Mercury’s interior. In the case of 628 

Cr, a better knowledge of its distribution between minerals and silicate melt at very low fO2 629 

would improve models of planetary differentiation. In addition, geochemistry instruments on the 630 

ESA/JAXA BepiColombo mission (e.g., Rothery et al., 2020), due to enter Mercury orbit in 631 

December 2025, are likely to provide Cr abundance estimates with broader spatial coverage, 632 

along with higher resolution and higher precision of Cr and thus will also provide better 633 

constraints on Mercury’s oxygen fugacity. 634 
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Figure 7.
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