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Abstract 

Data from the Mercury Surface, Space Environment, Geochemistry and Ranging (MESSENGER) 

spacecraft, the Mariner 10 spacecraft, and decades of ground-based observations have revealed a 

wealth of information about the geochemistry of Mercury, the inner most planet in our Solar 

system. These data indicate that Mercury is an endmember among the terrestrial planets with a 

core mass fraction of ~71–78% of the planet’s mass, a surface that is low in Fe and rich in S, and 

a surface that is darkened by 1–4% graphitic carbon that may have been sourced from an ancient 

primary flotation crust. Mercury has an interior oxygen fugacity (fO2) that is more reduced than 

the other terrestrial planets. In fact, the interior of Mercury is so reduced, the geochemical behavior 

of the elements on Mercury deviates from the expected behavior based on studies of Earth, Moon, 

and Mars. Moreover, Mercury is a volatile-rich planet with moderately volatile element 

abundances similar to Mars and possibly enriched relative to Earth. The origin of Mercury’s 

endmember status is still an open question, but there are two broad classes of hypotheses for the 

origin of Mercury, including 1) impact erosion models consisting of either a single giant mantle-

stripping impact or series of smaller impacts that preferentially removed silicate material from 

Mercury without re-accretion; and 2) formation of Mercury from highly reduced and broadly 

chondritic metal-rich precursor materials that are not well represented by chondritic meteorites. 

Both of these formation models have highly contrasting implications for the thermochemical 

evolution of Mercury and its bulk composition. However, from the data available, both models 

remain viable. Many open questions about Mercury’s geochemistry remain unanswered. These 

questions require additional experimental and modeling work that can be completed today, but 

they also require the continued exploration of planet Mercury. The European Space Agency’s 

BepiColombo spacecraft will reach orbital insertion around Mercury in late 2025, and it has a suite 

of geochemical instruments that will gather data from across the surface of Mercury. Looking 

beyond BepiColombo, a Mercury lander could provide detailed insights into the surface of 

Mercury that are not possible from orbit, and studies of samples, either through the identification 

of a meteorite from Mercury or from a Mercury sample return mission would revolutionize our 

understanding of Mercury’s geochemistry. 

 

 

 



Introduction 

Mercury is the closest planet to the Sun, and the earliest known reference to this planet by 

human beings dates back to Mesopotamia in the 7th century BCE (Prockter and Bedini, 2010). The 

English name Mercury is derived from the Roman messenger god Mercurius, which is the Roman 

equivalent of the Greek god Hermes (Prockter and Bedini, 2010). Consequently, references to 

something from Mercury are often expressed as hermean or mercurian, and we have adopted the 

former throughout this text. The planet Mercury was first observed through a telescope, 

contemporaneously, in the 17th century by Galileo Galilei and Thomas Harriott. That event marked 

a key advancement in our ability to study Mercury as an object of scientific interest, and that 

interest persists to this day. Centuries of study have led to Mercury being dubbed the “enigmatic 

innermost planet” in our solar system (Solomon, 2003). In fact, Mercury has perplexed scientists 

at least as early as the 19th Century when it was discovered that the rate of Mercury’s precession 

of the perihelion deviated from that predicted by Newton’s law of universal gravitation. It was not 

until the early 20th Century, with the formulation of Einstein’s general theory of relativity 

(Einstein, 1915), that Mercury’s rate of precession of the perihelion could be explained 

quantitatively. In the 20th and 21st Centuries, the study of Mercury continued with both telescopic 

and spacecraft observations, and from those observations, the portrait of a planetary endmember 

in our solar system emerged (Ebel and Stewart, 2018; McCoy et al., 2018; Nittler et al., 2018; 

Solomon, 2003; Taylor and Scott, 2003). The observed characteristics of Mercury have expanded 

the parameters of what we know to be possible for the physicochemical nature of terrestrial planets 

in our solar system, and it serves as an important test for both dynamical and chemical models of 

terrestrial planet formation (e.g., Asphaug and Reufer, 2014; Benz et al., 2007; Ebel and Stewart, 

2018; Vander Kaaden et al., 2019). Furthermore, Mercury represents an important analog for 

exoplanetary systems as some exoplanets have characteristics that are more similar to Mercury 

than other terrestrial planets in our solar system (e.g., Lam et al., 2021; Santerne et al., 2018). In 

this contribution, we summarize what is known about hermean geochemistry, and we highlight 

some of the important questions that can only be answered through continued investigation and 

exploration of Mercury. 

Much of our knowledge about Solar System geochemistry comes from the study of 

astromaterials, either collected and brought to Earth during sample return missions or delivered 

naturally to Earth as meteorites or cosmic dust. We have yet to identify a piece of Mercury amongst 



the world’s meteorite collections, so everything we know about hermean geochemistry has come 

from remote sensing data, either telescopic observations or data collected from spacecraft. Ground-

based telescopic observations of Mercury have occurred since the invention of the telescope, but 

such observations are often challenging given the proximity of Mercury to the Sun. The primary 

types of ground-based telescopic observations that have informed our knowledge of hermean 

geochemistry include radar measurements of Mercury (Ash et al., 1967; Ash et al., 1971), 

measurements of the spectral reflectance of Mercury’s surface in the ultraviolet, visible, and near 

infrared (UV-VIS-NIR) (e.g., Blewett et al., 1997; McCord and Adams, 1972; McCord and Clark, 

1979; Vilas, 1988; Vilas and McCord, 1976), and measurements of thermal emission in the mid-

IR (Sprague et al., 2009; Sprague et al., 1994; Sprague and Roush, 1998; Vilas, 1988). These 

ground-based observations provide key insights into Mercury’s density, as well as some 

constraints on the surface composition and mineralogy.  

The first spacecraft to explore Mercury was Mariner 10, which made three flybys of 

Mercury in 1974–1975. The Mariner 10 spacecraft was equipped with a suite of instruments, 

including a magnetometer that detected a weak global magnetic field on Mercury (Ness et al., 

1974). The instruments on Mariner 10 measured Mercury’s gravitational field and determined that 

the density of Mercury matched the density determined by earlier ground-based observations 

(Howard et al., 1974). Mariner 10 was also equipped with two cameras that captured color images 

of the surface of Mercury and revealed a heavily cratered terrain on the portion of the surface (i.e., 

~45%) that could be imaged by Mariner 10 (Murray et al., 1974). Mariner 10 had a UV airglow 

spectrometer and UV occultation spectrometer that discovered a very thin atmosphere on Mercury 

with a total surface pressure of less than 2 × 10-9 mbar (Broadfoot et al., 1974). Despite the 

advancement of Mariner 10 data over telescopic observations, a large majority of the planet 

remained unexamined. 

It was another 33 years before Mercury was visited by another spacecraft. In 2008, the 

MErcury Surface, Space ENvironment, GEochemistry and Ranging (MESSENGER) spacecraft 

completed its first of three flybys of Mercury before orbital insertion in 2011. The MESSENGER 

spacecraft was equipped with a suite of instruments that could be used to understand hermean 

geochemistry, including an X-Ray spectrometer (XRS) and combined gamma-ray and neutron 

spectrometers (GRNS) that were capable of chemical mapping on the surface, a combined UV-

VIS-NIR spectrometer to analyze both surface mineralogy and exospheric species, a dual imaging 



system for monochrome, color, and stereo imaging for both wide and narrow fields of view, an 

energetic particle and plasma spectrometer to analyze charged species in the magnetosphere, a 

magnetometer, and a laser altimeter (Solomon et al., 2001). The data from these instruments 

revolutionized our understanding of hermean geochemistry and Mercury as a whole. The 

MESSENGER mission collected data until its propellants were depleted and the spacecraft made 

a planned descent into the surface of Mercury in 2015 (Solomon and Byrne, 2019). In this work 

we synthesize our knowledge of hermean geochemistry from decades of observations, and we look 

with anticipation of forthcoming results from BepiColombo as it enters orbital insertion around 

Mercury in late 2025, as well as future endeavors to study and explore Mercury. 

 

Hermean Geochemistry from Observations 

The primary basis of modern geochemistry is built on an understanding of several key 

intrinsic properties of the elements within natural systems, namely volatility, compatibility, and 

affinity. Element volatility describes the relationship between temperature and the physical state 

(solid, liquid, gas) of a particular element, and volatility is most commonly expressed through an 

element’s condensation temperature (i.e., the temperature at which 50% of an element would 

condense from a vapor of solar composition at nebular pressure; Lodders, 2003), although other 

measures of volatility are also used (e.g., Albarède et al., 2015; Wood et al., 2019). Geochemical 

compatibility describes whether a particular element is more likely to partition into a silicate melt 

or remain in a solid residue during partial melting (e.g., Hofmann, 1988). Geochemical affinity 

defines the natural tendencies of element bonding within natural systems (Goldschmidt, 1937). 

For example, most elements are characterized as lithophile (rock-loving; tendency to bond with 

O2-), siderophile (iron-loving; tendency to bond within metallic phases), chalcophile (sulfur-

loving; tendency to bond with S2-), or atmophile (gas-loving; tendency to exist in a gas phase). All 

of these properties are used to build a geochemical intuition of how elements are distributed within 

a planetary body during its thermochemical evolution, including processes such as planetary 

differentiation and secondary crust production. However, it is important to acknowledge that much 

of this intuition is built from studying the Earth and meteorites, and the physicochemical conditions 

under which Mercury operates may not be encompassed by the conditions from which our baseline 

geochemical intuition has developed. 

Mercury’s core fraction 



With a radius of ~2440 km, Mercury is the smallest of the terrestrial planets, yet it has an 

anomalously high density for its size (mean density of ~5.4 g/cm3; Howard et al., 1974). This high 

density is the result of its large core that makes up ~71–78% of the planet’s mass (computed from 

data in Margot et al., 2019), which is a larger core fraction than any of the other terrestrial planets 

in our Solar System, the Moon, or even 4-Vesta (Figure 1). Data returned from the Mariner 10 and 

MESSENGER missions indicate that Mercury has a weak magnetic field (Hauck and Johnson, 

2019; Ness et al., 1974), which has been used to infer that Mercury’s metallic core may be partially 

molten (Hauck II et al., 2013; Margot et al., 2007). The origin of Mercury’s high metal/silicate 

ratio is thought to be key to understanding the planet’s origin (e.g., Siegfried and Solomon, 1974), 

and it is one of the primary features that define Mercury as an endmember terrestrial planet. 

Mercury’s surface composition 

Before the arrival of MESSENGER at Mercury, orbital and telescopic observations 

indicated that Mercury iss distinct from the other terrestrial planets. The surface lacked spectral 

absorption features in the UV-VIS region, so direct constraints on surface mineralogy were not 

possible. However, a similar lack of spectral absorption features in the NIR at 1 µm (i.e., diagnostic 

of FeO (Fe2+) in silicate mineral phases) led to predictions that Mercury’s surface has ≤2–3 wt.% 

FeO in silicates (Blewett et al., 1997; Izenberg et al., 2014; McCord and Clark, 1979; Riner et al., 

2010; Robinson and Lucey, 1997; Robinson and Taylor, 2001; Vilas, 1988). Mercury also has a 

low albedo that is consistent with a prevalent opaque component on the surface (Denevi and 

Robinson, 2008; Robinson et al., 2008). The identity of the opaque component was hypothesized 

to be Fe-Ti oxides since they could darken the surface without exhibiting a 1 µm absorption feature 

(Denevi and Robinson, 2008; Robinson et al., 2008), but exotic mechanisms were needed for 

abundant Fe-rich Fe-Ti oxide phases to coexist with silicate phases that do not exhibit a 1 µm 

absorption feature (Denevi et al., 2009; Riner et al., 2010). With the arrival of MESSENGER at 

Mercury, quantitative constraints could be established on the surface composition, and better 

inferences about surface mineralogy were subsequently possible. 

The composition of Mercury’s surface was determined by MESSENGER using X-ray and 

gamma ray spectroscopy, yielding estimates for the abundance of Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, 

Na, K, S, Cl, C, O, U, and Th (Cartier et al., 2020; Evans et al., 2015; Evans et al., 2012; Frank et 

al., 2017; Klima et al., 2018; McCubbin et al., 2017; Nittler et al., 2023; Nittler et al., 2018; Nittler 



et al., 2011; Peplowski et al., 2011; Peplowski et al., 2014; Peplowski et al., 2016; Peplowski et 

al., 2015a; Peplowski et al., 2012; Weider et al., 2015; Weider et al., 2014; Weider et al., 2012). 

The global coverage and analysis footprint for each element at each location on Mercury is 

different and dependent upon several factors including detection sensitivity and resolution of the 

instrument and global latitude (due to highly elliptical orbit of the MESSENGER spacecraft around 

Mercury). Additionally, for XRS data in particular, data collection was dependent on energy 

required to produce X-rays (i.e., quiet Sun conditions could produce X-rays for Al, Mg, and Si, 

but solar flares were needed to generate X-rays of high mass elements like S, Ca, Cr, Ti, Fe, and 

Mn), among other factors (Evans et al., 2012; Nittler et al., 2020; Nittler et al., 2011; Peplowski et 

al., 2011). The details of these analyses are covered at depth in other reviews (e.g., Evans et al., 

2012; Nittler et al., 2018; Nittler et al., 2020), so we focus here on a summary of the geochemical 

data that were obtained from MESSENGER. The global average surface composition of Mercury 

from MESSENGER data is provided in Table 1. 

The orbital path of MESSENGER was highly elliptical, with a closest pass at the north 

pole and furthest pass at the south pole (Solomon et al., 2001). This orbit allowed for higher spatial 

resolution measurements of surface elemental abundances in the northern hemisphere, with the 

highest resolution at the north pole. In contrast, surface measurements of the southern hemisphere 

yield a hemispheric average composition. The higher resolution northern hemisphere 

measurements exhibit spatial heterogeneities in the distribution of elements across the surface of 

Mercury (Evans et al., 2012; Nittler et al., 2020; Nittler et al., 2011; Weider et al., 2015; Weider 

et al., 2012). These heterogeneities were coupled, in some cases, with morphological surface 

features and/or variations in neutron absorption properties of the surface (using data from the 

neutron spectrometer portion of the MESSENGER GRNS instrument) to establish distinct 

geochemical terranes or deposits on Mercury (Lawrence et al., 2017; Peplowski et al., 2015b; 

Peplowski and Stockstill-Cahill, 2019; Vander Kaaden et al., 2017; Weider et al., 2015; Figure 2). 

These terranes and deposits have distinct geochemistry, inferred mineralogy, and inferred geologic 

origins (McCoy et al., 2018; Namur and Charlier, 2017; Peplowski and Stockstill-Cahill, 2019; 

Vander Kaaden et al., 2017). Peplowski et al. (2015b) identified three terranes based on neutron 

spectroscopy (NS) and Mg/Si values; Weider et al. (2015) defined six terranes on the basis of 

Mg/Si versus Al/Si; Vander Kaaden et al. (2017) identified nine geochemical regions consisting 

of deposits and terranes on the basis of GRS and XRS data, and Lawrence et al. (2017) identified 



an additional terrane by NS added onto the three identified by Peplowski et al. (2015b). McCoy et 

al. (2018) consider five geochemical terranes on the basis of a terrane being 1) spatially continuous, 

2) geochemically distinct from the crustal average, and 3) spatially extensive with at least 1000 

km width. Smaller distinct geochemical units are thus classified as deposits. For example, a large 

pyroclastic feature that is Northeast of Rachmaninoff basin is an example of a distinct deposit 

(Vander Kaaden et al., 2017; Weider et al., 2016). The distribution and locations of eight terranes 

and deposits are provided in Figure 2. The intercrater plains and highly cratered terrain (IcP-HCT) 

represents the space that is not occupied by other geochemical terranes and deposits that reside 

primarily in the northern hemisphere (Peplowski and Stockstill-Cahill, 2019; Vander Kaaden et 

al., 2017; Weider et al., 2015; Figure 2). The IcP-HCT Terrane is combined with the southern 

hemisphere to represent an intermediate terrane after Vander Kaaden et al (2017). Compositions 

for eight different terranes and deposits are summarized in Table 2. 

Volatile elements in the hermean interior 

Of the elements measured on the surface of Mercury by MESSENGER, Na, K, Cl, C, and 

S are considered volatile elements and can be used to constrain the degree of volatile depletion in 

the hermean interior. In particular, planetary surface measurements of K/U and K/Th ratios provide 

a rough estimate on the magnitude of volatile depletion in the bulk silicate portion of a planet. The 

magnitude of volatile depletion within a planetary body is considered to be a key observation in 

determining a planet’s origin because it can provide clues to the thermal history of the parent body 

and/or the thermal history of its building blocks (e.g., Halliday 2013; Braukmüller et al., 2018; 

Boyce et al., 2024). Potassium, thorium, and uranium are all large-ion lithophile elements (LILE), 

which are known to be highly incompatible in the solid residue during partial melting of silicates 

(Jochum et al., 1983; McLennan, 2003). Consequently, the ratios of these elements are not likely 

to change during melting processes, and the surface ratios can be presumed to represent the bulk 

silicate portion of the planet (McCubbin et al., 2012; Peplowski et al., 2011; Taylor et al., 2006; 

Taylor and McLennan, 2008). Furthermore, U and Th are both refractory elements (i.e., 50% 

condensation temperatures of 1610 K and 1659 K, respectively; Lodders, 2003) and K is a 

moderately volatile element (K has a 50% condensation temperatures of 1006 K; Lodders, 2003), 

so comparison of K/Th and K/U ratios with chondritic K/Th and K/U ratios allows one to 

determine volatile depletion of a planetary surface relative to chondrite. There are many possible 



combinations of incompatible refractory-volatile element ratios that could serve this same purpose, 

but K/U and K/Th are primarily used because these three elements are radioactive and naturally 

emit gamma rays that can be detected by orbital gamma ray spectrometers, making this a high-

fidelity measurement that is accessible to a wide array of spacecraft missions (e.g., Boynton et al., 

2007; Jolliff et al., 2000; Peplowski, 2016; Peplowski et al., 2011; Prettyman et al., 2006).  

Mercury has an average surface K/Th ratio of 5700 ± 2600 (Peplowski et al., 2012) and 

surface K/U ratio of 12800 ± 3700 (Peplowski et al., 2011), which are lower than CI chondrite by 

a factor of ~3 and ~5, respectively (Lodders and Fegley, 1998). The depletions relative to CI 

chondrite are similar to the other terrestrial planets, with the magnitude of Mercury’s volatile 

depletion being between that of Earth and Mars (Figure 3). Furthermore, the northern hemisphere 

K/Cl ratio of Mercury’s surface is 1.22 (Evans et al., 2015), which is similar to the CI chondrite 

K/Cl ratio of 1.3 (Lodders and Fegley, 1998). Although both K and Cl are moderately volatile 

incompatible elements, Cl is more susceptible to loss during planetary accretion compared with S, 

K, and Na (Sharp and Draper, 2013). Consequently, the K/Cl ratio can provide additional 

constraints on the volatile inventory of a planetary body. The chondritic K/Cl ratio on Mercury 

indicates that moderately volatile elements do not show evidence of differential volatile depletion 

at Mercury’s surface and further supports evidence that Mercury has a volatile inventory 

comparable to the other terrestrial planets. The global average Na abundance on the surface of 

Mercury is 3 ± 0.25 wt.%, which results in a global Na/K ratio of 23.3 ± 4.7. This value is K-

depleted relative to CI chondrite (Na/K = 9 for CI chondrite; Lodders and Fegley, 1998); moreover, 

Na is more compatible than K, so Na is likely retained to a greater extent than K within the mantle 

(Hofmann, 1988). 

Two of the most striking geochemical discoveries about the surface of Mercury during the 

MESSENGER mission were the elevated abundance of S and C. The average S/Si ratio determined 

by MESSENGER for the hermean surface ranges from 0.076 (XRS; Nittler et al., 2018) to 0.092 

(GRS; Evans et al., 2012), with a full range in S/Si of 0.02–0.16 (Nittler et al., 2020). The average 

S/Si ratio corresponds to an average of 1.9–2.3 wt.% S for the hermean surface on the basis of an 

average surface Si abundance of 25 wt.% (Evans et al., 2012). The full range of S/Si ratios 

corresponds to a range in surface S of 0.5–4.0 wt.%. As discussed in the following section, the 

elevated S abundance on Mercury’s surface has important implications for the oxygen fugacity of 



the hermean interior, but it also further supports other observations that moderately volatile 

elements are retained at the surface of Mercury.  

On the basis of MESSENGER GRS, the surface of Mercury has a global average of 1.4 ± 

0.9 wt.% C (Peplowski et al., 2015a), with local enrichments of 2.5 wt.% above the global average 

within low-reflectance material (LRM) and up to 4 wt% above the global average in some places 

(Klima et al., 2018; Peplowski et al., 2016). The correlation between C and low-reflectance 

material is consistent with graphitic carbon being the primary darkening agent (i.e., opaque 

component) on the surface of Mercury, as proposed by Murchie et al. (2015). In fact, graphite 

became the leading hypothesis as the primary opaque phase responsible for Mercury’s low surface 

albedo after XRS measurements of the surface indicated low abundances of Fe and Ti, ruling out 

an earlier hypothesis that Fe-Ti oxides were the primary darkening agent (Murchie et al., 2015; 

Nittler et al., 2011; Weider et al., 2014). The origin of the graphitic carbon is hypothesized to be 

the remnants of an ancient primary flotation crust that formed on a hermean magma ocean and that 

lies at the base of the younger secondary volcanic crust (Vander Kaaden and McCubbin, 2015). 

This hypothesis is supported by MESSENGER NS data that show global-scale C-enrichments 

within the LRM-rich rims of craters that are likely sourced from depth (Peplowski et al., 2016). 

The abundance of C and its potential source as a primary crust may be unique among the terrestrial 

planets and could have important implications for the thermochemical evolution of Mercury and 

its bulk composition (e.g., Lark et al., 2023; Vander Kaaden et al., 2020). 

Oxygen fugacity of the hermean interior 

In addition to K/U and K/Th ratios, one of the key observations for understanding the 

geochemistry of a planetary surface is the abundance of Fe (Dreibus et al., 1977; McDonough and 

Sun, 1995; Morgan and Anders, 1980; Taylor, 2013; Taylor and Wieczorek, 2014). The abundance 

of Fe at the surface of a planet can provide constraints on the oxygen fugacity (fO2) of the silicate 

portion of that planet, particularly when this information is coupled with knowledge that the 

planetary body is differentiated and has a metallic core. Although oxygen fugacity defines the 

partial pressure of O2 in a system, in a more practical sense, it affects the valence states of the 

elements in that system, which in turn can change their volatility and compatibility (e.g., Cartier 

and Wood, 2019; Malavergne et al., 2007a; Malavergne et al., 2007b; McCubbin et al., 2012; 

McCubbin et al., 2017; Papike et al., 2005; Steenstra et al., 2019; Steenstra et al., 2016; Zolotov, 



2011; Zolotov et al., 2013). Information about fO2 can be gleaned from surface Fe abundances for 

several reasons 1) Fe is the ninth most abundant element in the Solar System (Lodders, 2003; 

Palme et al., 2014), making its abundance detectable without high-precision measurements; 2) The 

oxidation state of Fe changes from Fe3+ to Fe2+ to metallic Fe (Fe0) over a range of fO2 that is 

intrinsic to many planetary bodies (Ehlmann et al., 2016; Herd, 2008; Kelley and Cottrell, 2009; 

McCubbin et al., 2012; Wadhwa, 2008);  3) Fe is inferred to be the primary constituent in planetary 

metallic cores (McDonough, 2003; Righter and Drake, 1996); 4) metallic Fe and FeO are 

efficiently separated during partial melting, given the immiscibility between silicate and metallic 

melts and the large density contrast between metallic phases and silicate melt (e.g., McCubbin et 

al., 2017; Taylor and McLennan, 2008); and 5) Fe has a solid-melt partition coefficient of 

approximately one (Hofmann, 1988; Taylor and McLennan, 1985), so the surface Fe abundance is 

expected to be broadly reflective of its silicate source at depth (McCubbin et al., 2012; Robinson 

and Taylor, 2001). The latter point assumes that the surface of the planet is comprised of a volcanic 

secondary crust because partial melting of a mantle source would fractionate FeO from Fe-rich 

metal that was not efficiently separated during planetary differentiation. Importantly, the latter 

point is true for Mercury (Byrne et al., 2016; Byrne et al., 2018; Head et al., 2009; Robinson and 

Lucey, 1997; Thomas et al., 2014b). 

The surface of Mercury has an average Fe/Si ratio of 0.06 (XRS; Nittler et al., 2020) to 

0.077 (GRS; Evans et al., 2012), with a full range in Fe/Si of 0.02–0.10 (Nittler et al., 2020). The 

average Fe/Si ratio corresponds to an average of 1.5–2 wt.% Fe (or 2-2.5 wt.% FeO) for the 

hermean surface on the basis of an average surface Si abundance of 25 wt.% (Evans et al., 2012). 

This Fe abundance is consistent with many of the pre-MESSENGER predictions of surface FeO 

abundance (Blewett et al., 1997; McCord and Clark, 1979; Riner et al., 2010; Robinson and Lucey, 

1997; Robinson and Taylor, 2001; Vilas, 1988). The full range of Fe/Si ratios corresponds to a 

range in surface Fe of 0.5–2.5 wt.%. Assuming that all Fe was once Fe2+ (i.e., FeO) dissolved in a 

silicate melt, this range in average FeO (0.64–3.2 wt.% FeO) implies that the maximum fO2 for 

Mercury’s interior is at a value of 3.1 log units below the fO2 of the Iron-Wüstite (IW) reaction 

(i.e., Fe0 + ½O2 → FeO), using the methods reported by McCubbin et al. (2012). This value is 

considered an upper limit based on the endmember activity coefficients used for FeO (1.3; from 

O'Neill and Eggins, 2002) and Fe metal (0.85 computed from Wade et al., 2012) and the 



assumption that all surface Fe was once bonded to oxygen. The full range of fO2 implied by the 

range in FeO abundances on the hermean surface is 4.9 to 2.9 log units below IW.  

Another observation in support of Mercury being highly reduced is the elevated abundance 

of S on the hermean surface. Although sulfide solubility in silicate melts is limited to a few 

thousand parts per million (ppm) in typical planetary basalts (Mavrogenes and O'Neill, 1999; 

Wallace and Carmichael, 1992) over the fO2 range of IW–2 to that defined by the fayalite-

magnetite-quartz (FMQ) reaction (i.e., 3Fe2SiO4 + O2 → 3SiO2 + 2Fe3O4), the solubility of 

sulfide in silicate melts reaches values approaching 10 wt. % at fO2 values below about IW–3 

(Malavergen et al., 2014; Anzures et al., 2020; McCubbin et al., 2012; Namur et al., 2016a). On 

the basis of the sulfide capacity at sulfide saturation (SCSS) of silicate melts, Namur et al. (2016a) 

estimated the fO2 of hermean lavas, and hence the interior of Mercury, to be at IW–5.4 ± 0.4. This 

SCSS-based fO2 is even lower than estimates on the basis of Fe at the surface of Mercury and 

further reinforces the case that Mercury is a highly reduced terrestrial planet. The abundances of 

Cr on the surface of Mercury have also been used to constrain the fO2 of Mercury’s interior, and 

those efforts resulted in values that are broadly consistent with the range in possible fO2 yielded 

by the abundances of Fe and S on the surface (Nittler et al., 2023). 

MESSENGER GRS measurements of the surface O/Si ratio (estimated to be 1.2 ± 0.1) 

indicate that O is depleted on the surface of Mercury relative to the surfaces of other planetary 

bodies and of meteorites (McCubbin et al., 2017). Although this O/Si ratio cannot be used as a 

direct estimate of fO2, mass balance calculations indicate that the surface O/Si (estimated to be 1.2 

± 0.1) is insufficient for all the other measured elements to be accounted for as oxides and sulfides, 

implying that the surface of Mercury may be comprised of 12–20% Si-rich Fe-bearing alloys 

(McCubbin et al., 2017). The formation of such alloys through magmatic processes would imply 

an fO2 of lavas from IW–8.7 to IW–12.1 (McCubbin et al., 2017). However, this low O/Si ratio 

can be explained through secondary processes at the surface involving graphite-melt smelting 

reactions on the airless surface where O is lost by the oxidation of graphite to make C-O gas 

species, resulting in reduction of the residual melt and formation of metals (Iacovino et al., 2023; 

McCubbin et al., 2017) as the fO2 of the graphite-CO (GCO) reaction (i.e., C + ½O2  → CO) is 

highly dependent on pressure (French and Eugster, 1965; Hirschmann and Withers, 2008; Li et al., 

2017; McCubbin et al., 2017; Saxena and Fei, 1987). This process is made possible by the 



ubiquitous presence of graphite in Mercury’s crust, which is hypothesized to be the globally 

distributed opaque component on the hermean surface (Klima et al., 2018; Murchie et al., 2015; 

Peplowski et al., 2016; Peplowski et al., 2015a; Vander Kaaden and McCubbin, 2015). Thus, the 

low O/Si ratio on the surface of Mercury likely represents a secondary process and does not reflect 

the fO2 of Mercury’s interior.  

A preponderance of evidence points to Mercury having a highly reduced interior in the 

range of 3 to 6 log units below the IW buffer. In fact, the upper limit fO2 is about two orders of 

magnitude more reducing than the crusts and upper mantles of any other terrestrial planets (Cartier 

and Wood, 2019; Ehlmann et al., 2016; McCubbin et al., 2017; Figure 4), and the lower end 

overlaps with some highly reduced meteorites, including the aubrites and enstatite chondrites 

(Casanova et al., 1993; Fogel et al., 1989; Keil, 2010; Udry et al., 2019; Wilbur et al., 2022; Figure 

4). Oxygen is the primary element that defines a lithophile affinity, so the geochemical affinities 

of elements on Mercury could deviate from those expected on the basis of terrestrial systems. 

Furthermore, such shifts in geochemical affinity have been demonstrated in numerous 

experimental and natural systems at low fO2 (Boujibar et al., 2019; Ebel and Sack, 2013; Keil, 

2010; McCoy et al., 1999; Steenstra et al., 2020a; Steenstra et al., 2020b; Steenstra and van 

Westrenen, 2020; Udry et al., 2019; Vander Kaaden and McCubbin, 2016; Wilbur et al., 2022; 

Wohlers and Wood, 2015, 2017; Wood and Kiseeva, 2015).  

Portrait of a geochemical endmember emerges 

The measurements of Fe abundances, K/Th, and K/U ratios, coupled with decades of 

observations from ground-based telescopes and orbital observations, all indicate that Mercury is 

geochemically enigmatic and a geochemical endmember among the terrestrial planets in our Solar 

System. Mercury has the largest core mass fraction (Figure 1) and is the most reduced of the 

terrestrial planets (Figure 4). However, it has an inventory of volatile elements that is similar to 

other terrestrial planets (Figure 3) and may even be enriched in volatiles relative to Earth. Models 

for the origin and evolution of Mercury need to account for all of these observations.  

Some Mercury formation models have been described at length in earlier volumes of this 

chapter (McCoy and Nittler, 2014; Taylor and Scott, 2003) and in more recent reviews (Ebel and 

Stewart, 2018), but the remaining plausible hypotheses are summarized here for reference. Two 

broad classes of hypotheses for the origin of Mercury’s high metal-silicate ratio include: 1) impact 



erosion models consisting of either a single giant mantle-stripping impact or series of smaller 

impacts that preferentially removed silicate material from Mercury without re-accretion (Asphaug 

and Reufer, 2014; Benz et al., 2007; Benz et al., 1988; Cameron et al., 1988; Ebel and Stewart, 

2018; Helffrich et al., 2019; Smith, 1979; Wetherill, 1988); and 2) formation of Mercury from 

highly reduced and broadly chondritic metal-rich precursor materials that are not well represented 

by chondritic meteorites (Cartier and Wood, 2019; Ebel and Stewart, 2018; McCoy and Nittler, 

2014). Both of these formation models have highly contrasting implications for the 

thermochemical evolution of Mercury and its bulk composition. In the next sections, we will 

explore several models of the bulk composition of Mercury considering the observational 

constraints on hermean geochemistry. Mercury is different enough from the other terrestrial 

planets that elemental behavior under Mercury conditions must first be reappraised before such 

models can be developed and/or evaluated. 

Elemental Behavior Under Highly Reducing Conditions 

       Mercury formed under at least 2–3 orders of magnitude lower oxygen fugacity (fO2) 

compared to the Earth, Moon, and Mars, thus affecting the valence state and bonding behavior of 

many elements. This significant difference has a fundamental effect on almost all aspects of the 

physicochemical properties of minerals and melts because O2- is the dominant rock-forming anion 

and is a defining characteristic of lithophile behavior. Volatility and geochemical compatibility are 

also affected by oxygen fugacity. Differences in fO2 are important because they exert a first order 

effect on the petrogenetic evolution of planetary bodies, including the initial distribution of 

elements in the interior, crystallization paths of magmas, stability of phases, and mineral 

chemistry. Here, we explore what is known from experimental data and natural observations of 

highly reduced meteorites to build a geochemical framework for element behavior under highly 

reducing conditions relevant to Mercury. 

Geochemical affinity from reduced meteorite mineralogy 

Although we have not yet identified any samples of Mercury amongst the world’s meteorite 

collections, the aubrites and enstatite chondrites have been suggested as possible geochemical 

analogs of Mercury based on similarities in spectral properties, as well as their low intrinsic fO2 

that overlaps with estimates of Mercury fO2 (Burbine et al., 2002; Fogel et al., 1989; Keil, 2010; 



Udry et al., 2019; Weisberg and Kimura, 2012; Wilbur et al., 2022). Enstatite chondrites and 

aubrites are primarily composed of major orthopyroxene (Mg-endmember enstatite rather than 

ferrosilite) and minor olivine (Mg-endmember forsterite rather than fayalite) as well as minor Na-

rich plagioclase (albite as opposed to Ca-endmember anorthite). Aubrites also contain rare 

diopside (rather than hedenbergite), which is uncommon in thermally metamorphosed enstatite 

chondrites (Fogel, 1997). Aubrites and enstatite chondrites also contain numerous metallic and 

sulfide phases that make up trace to major components of the modal mineralogy of these samples. 

In particular, they have Si-bearing Fe-rich metal (kamacite), Fe3P (schreibersite), TiN (osbornite), 

and (Ni,Fe)5(Si,P)2 (perryite), indicating that Si, P, and N may exhibit siderophile behavior in 

highly reduced systems as they are hosted in silicide, phosphide, and nitride metallic phases, 

respectively (Keil, 2010; Mittlefehldt et al., 1998; Weisberg and Kimura, 2012). In contrast, P is 

hosted primarily by phosphate phases like apatite and merrillite in terrestrial, martian, and lunar 

systems (McCubbin and Jones, 2015), and N is typically an atmophile in these same systems (Füri 

and Marty, 2015; Mikhail and Sverjensky, 2014).  

Sulfides in aubrites and enstatite chondrites include titanium-bearing FeS (troilite), CaS 

(oldhamite), (Fe,Mg)S (keilite), (Mg,Fe)S (niningerite), (Mn,Fe)S (alabandite), FeCr2S4 

(daubréelite), and rarely TiS (wassonite), NaCrS2 (caswellsilverite), K6Na(Fe2+,Cu,Ni)25S26Cl 

(djerfisherite), and (Fe,Cr)(Ti,Fe)2S4 (heideite) (Casanova et al., 1993; Fuchs, 1966; Keil, 2010; 

Keil and Brett, 1974; Keil et al., 2011; McCoy, 1998; Mittlefehldt et al., 1998; Nakamura-

Messenger et al., 2012; Okada and Keil, 1982; Shimizu et al., 2002; Udry et al., 2019; Weisberg 

and Kimura, 2012; Wheelock et al., 1994; Wilbur et al., 2022). These sulfide phases are stable at 

fO2 below IW–3, but they rapidly oxidize to sulfate and/or produce sulfurous gases under oxidizing 

terrestrial conditions (Keil, 2010; Vander Kaaden et al., 2019; Weisberg and Kimura, 2012). The 

sulfide mineralogy of reduced meteorites indicate that Mn, Ti, Ca, Mg, Na, Cr, K, and Cl have the 

potential to exhibit chalcophile behavior in highly reduced systems. Moreover, oldhamite is the 

primary host of rare earth elements (REE) in some aubrites (Dickinson and McCoy, 1997; Floss 

and Crozaz, 1993; Floss et al., 1990), indicating that REE may also exhibit chalcophile behavior 

under highly reducing conditions. A more complete listing of minerals in reduced meteorites can 

be found in review papers on enstatite chondrites (Weisberg and Kimura, 2012) and aubrites (Keil, 

2010), but the mineralogy of these highly reduced meteorites indicates that the affinity of elements 

on Mercury may differ from those of terrestrial, lunar, and martian systems. 



Geochemical affinity from experimental studies and bulk distribution coefficients 

       Numerous experimental studies have evaluated the geochemical affinities of elements 

under highly reducing conditions, and many of these studies were motivated, at least in part, by 

the discovery of highly reducing conditions on Mercury (e.g., Anzures et al., 2020; Boujibar et al., 

2019; Chabot et al., 2014b; Dasgupta et al., 2022; Iacovino et al., 2023; Malavergne et al., 2014; 

Malavergne et al., 2010; Mouser et al., 2021; Namur et al., 2016a; Namur et al., 2016b; Pirotte et 

al., 2023; Pommier et al., 2023; Renggli et al., 2022; Steenstra et al., 2020a; Steenstra et al., 2020b; 

Steenstra and van Westrenen, 2020; Vander Kaaden and McCubbin, 2016; Vander Kaaden et al., 

2020; Wohlers and Wood, 2017). However, a limited number of experimental studies under highly 

reduced conditions were conducted prior to, or not otherwise motivated by, discoveries about 

Mercury to better understand aubrites and enstatite chondrites (e.g., Dickinson and McCoy, 1997; 

Fogel, 2005; McCoy et al., 1999) or core formation on Earth and other terrestrial planets (e.g., 

Berthet et al., 2009; Bouhifd et al., 2007; Boujibar et al., 2014; Gessmann et al., 2001; Malavergne 

et al., 2007b; Righter et al., 2019; Rose-Weston et al., 2009; Wade and Wood, 2005; Wade et al., 

2012; Wood et al., 2006). Quantitatively, lithophile – chalcophile – siderophile element behavior 

in highly reduced systems can be explored through an assessment of sulfide-silicate and metal-

silicate partition coefficients. Element behavior can be visualized by plotting Dsulfide-silicate vs. Dmetal-

silicate (Figure 5), where elemental affinities are depicted by the region in which the data plot: 

siderophile > lithophile > chalcophile (Dmetal-silicate >1 and a Dsulfide-silicate <1), chalcophile > 

lithophile > siderophile ( Dmetal-silicate <1 and a Dsulfide-silicate >1), as well as lithophile (Dmetal-silicate 

and Dsulfide-silicate <1) and not lithophile (Dmetal-silicate and Dsulfide-silicate >1) where siderophile > 

chalcophile and chalcophile > siderophile behavior are above and below the 1:1 line of Dsulfide-

silicate vs. Dmetal-silicate, respectively (Vander Kaaden & McCubbin, 2016). The geochemical behavior 

of elements can be gleaned from highly reduced experiments containing sulfide, silicate, and 

metallic phases (e.g., Boujibar et al., 2019; Pirotte et al., 2023; Steenstra et al., 2022; Steenstra et 

al., 2020a,b,c; Vander Kaaden and McCubbin, 2016) or using the modal mineralogy and phase 

compositions of highly reduced meteorites (e.g., Wilbur et al., 2022).  

On the basis of experimental and empirical data, most nominally lithophile elements (Mg, 

Ca, K, Na, Sr, Sc, Zr, Cl, Br, I, Mn, Y, Zr, Zn, Hf, Th, U, and REEs) become more chalcophile 

than siderophile at reducing conditions (Boujibar et al., 2019; Crozaz and Lundberg 1995; Floss 



and Crozaz, 1993; McCubbin et al., 2012; Pirotte et al., 2023; Steenstra et al., 2020b,c; Vander 

Kaaden and McCubbin, 2016; Wilbur et al., 2022; Wohlers and Wood, 2017). However, a subset 

of nominally lithophile elements develop dual chalcophile and siderophile affinities at low fO2, 

including Ti, V, Cr, Nb, Ta, and P (Pirotte et al., 2023; Steenstra et al., 2020a,b; Vander Kaaden 

and McCubbin, 2016; Wilbur et al., 2022). One complication to assigning a geochemical affinity 

at reducing conditions, however, is multiple sulfides are stable in the same equilibrium 

assemblage, and the partitioning behavior of elements varies as a function of sulfide composition 

(Pirotte et al., 2023). For example, Mg, Ca, Sr, Sc, Y, Zr, Hf, and REE preferentially partition into 

Mg- and/or Ca-dominant sulfides over Fe-dominant sulfides (Pirotte et al., 2023; Crozaz and 

Lundberg 1995; Floss and Crozaz, 1993; Wilbur et al., 2022; Figures 5–6), and Na, K, and Cl 

exhibit chalcophile behavior when hosted by the sulfide mineral djerfisherite (Ebel and Sack, 

2013; Wilbur et al., 2022). In fact, some reduced meteorite assemblages include Ti-bearing troilite, 

oldhamite (CaS with minor Mg and Mn), djerfisherite, and either a Mg-rich niningerite 

(Mg,Fe,Ca)S or Mn-rich alabandite (Mn,Fe,Ca)S, respectively (Skinner and Luce, 1971; Wilbur 

et al., 2022). Furthermore, oldhamite concentrates REEs, with REEs naturally following Ca where 

CaS is the most REE-rich phase in enstatite chondrites and aubrites (Crozaz and Lundberg, 1995; 

Dickinson and McCoy, 1997; Floss and Crozaz, 1993; Floss et al., 1990; Gannoun et al., 2011; 

Hammouda et al., 2022). Although REE exhibit strong chalcophile behavior in Ca-rich sulfides at 

low fO2, experimental data on sulfide-silicate systems indicate partitioning of REE’s into FeS also 

increases at reducing conditions (Pirotte et al., 2023; Wohlers and Wood, 2017; Wood and 

Kiseeva, 2015).  

The dominantly lithophile elements Si, P, Ti and Cr all become more siderophile under 

highly reducing conditions (McCubbin et al., 2017; Pasek, 2019; Steenstra et al., 2020b; Vander 

Kaaden and McCubbin, 2016; Wilbur et al., 2022). In addition, P, Ti, V, Cr, Fe, Ni, Ga, Ge, Nb, 

Ta, and Co lose their lithophile affinity altogether under highly reducing conditions (McCubbin et 

al., 2017; Pasek, 2019; Pirotte et al., 2023; Steenstra et al., 2020b; Vander Kaaden and McCubbin, 

2016; Wilbur et al., 2022). Some elements that exhibit some degree of chalcophile affinity based 

on the Goldschmidt classification (Goldschmidt, 1937; Lee, 2018; Figure 6) also become more 

siderophile under highly reducing conditions, including Ge, Mo, Ag, Re, Ir, Bi, Sn, Sb, and In 

(Steenstra et al., 2022; Steenstra et al., 2020b; Figure 6). In contrast, the nominally siderophile 

elements Au, W, Ni, Co, and Pd demonstrate an increase in chalcophile behavior under highly 



reducing conditions compared to typical fO2 exhibited by Earth, Moon, and Mars (Steenstra et al., 

2022; Steenstra et al., 2020b; Figure 6). Experimental studies at highly reducing conditions and 

bulk distribution coefficients from highly reduced meteorites demonstrate that the geochemical 

affinities of elements on Mercury deviate from those in terrestrial, lunar, and martian systems 

(Figure 5), consistent with the observations from the mineralogy of reduced aubrite and enstatite 

chondrite meteorites. 

Goldschmidt’s affinity classification for highly reduced systems 

       The Goldschmidt classification of element affinity is a powerful tool that groups elements 

within the Earth according to their preferred host phases (e.g., lithophile, chalcophile, siderophile, 

and atmophile ; Goldschmidt, 1937). This Goldschmidt classification shown in periodic table form 

in Figure 6 is useful to determine the initial distribution of elements into the mantle (lithophile), 

core (siderophile), and atmosphere (atmophile) of a planetary body, as well as glean how elements 

may partition during crystallization, decompression, oxidation, and other magmatic processes. 

However, at reducing conditions, nominally lithophile elements become more chalcophile and/or 

siderophile as summarized in the previous section. We have developed a modified Goldschmidt 

classification that is applicable to highly reducing systems and was established on the basis of both 

experimental and empirical observations of element distribution amongst silicate/oxide, metallic, 

and sulfide phases (Figure 6). This Mercury-relevant depiction of geochemical affinity, along with 

information about geochemical compatibility and volatility in the subsequent two sections, allows 

one to use the observations of Mercury surface compositions to make inferences about the bulk 

composition of the mantle and core, as well as infer the mineralogy of Mercury.  

Valence of ions in geochemical systems and geochemical compatibility 

       The valence state of an element affects its geochemical compatibility because its ionic 

radius changes as it goes from a ground state to a +1, +2, +3, etc, cation (or conversely, negatively 

charged anion) state (Shannon, 1976). Its compatibility in various mineral and melt phases, 

therefore, are affected by the fO2 of the system. Elements that change their valence state in 

geochemical systems as a function of oxygen fugacity are considered to be multivalent elements. 

At typical terrestrial, martian, and lunar fO2, these multivalent elements include S, Fe, Cr, V, and 

Eu.  At terrestrial and martian conditions near FMQ, S is present as 6+ and 2–, Fe exists as  3+ and 



2+, V exists as 4+ and 3+, Eu as 3+ and 2+, while at lunar conditions near IW–1, Fe exists at 2+ 

and 0, Cr as 3+ and 2+, and V as 3+ and 2+ (Brounce et al., 2022; Cottrell et al., 2009; Hanson 

and Jones, 1998; Herd et al., 2002; Karner et al., 2007; Karner et al., 2010; Kelley and Cottrell, 

2009; Kress and Carmichael, 1991; Papike et al., 2004; Papike et al., 2016; Wadhwa, 2001, 2008; 

Wallace and Carmichael, 1992). If we consider the reduced fO2 in hermean systems, an even larger 

array of elements are considered to be multivalent, including H, Ti, Mn, P, and Si.  Under the 

hermean fO2 conditions discussed above (≤IW–3), S is 2–, Fe is 0 (except for 2+ in sulfides), Cr 

is 2+ or 0, P is either 5+ or 0, V is 2+, Eu is 2+, Si exists as both 4+ and 0, Mn as 2+ and 0, H is 

primarily 0 instead of 1+, and Ti exists as both 4+ and 3+ (McCubbin and Barnes, 2019; McCubbin 

et al., 2017; Papike et al., 2016; Pasek, 2015, 2019). For those elements that exhibit different 

valence states under hermean conditions than they do under terrestrial, martian, and lunar 

conditions, it is reasonable to hypothesize that these elements may also have differing geochemical 

compatibilities under these low fO2 conditions. This potentially different geochemical behavior is 

particularly important for computing a planet’s bulk silicate composition or core composition on 

the basis of elemental abundances at the surface because mantle-crust compatibility is the primary 

basis for inferring mantle geochemistry from crustal geochemistry (Hofmann, 1988). 

Element volatility under highly reducing conditions 

 The oxidation state and geochemical affinity of an element has important implications for 

the volatility of that element because the physical properties vary across many substances with 

similar composition. For example, sodium oxide (Na2O), which has 2Na+ bonded to O2-, has a 

melting point of 1132 °C and a boiling point of 1950 °C (Chase, 1998). In contrast, sodium metal 

(Na0) has a melting point of 98 °C and a boiling point of 898 °C (Chase, 1998). This example 

shows an extreme, but relevant, case in which the volatility of an element can be affected greatly 

by its oxidation state. Specific to Mercury, Na, K, and P are likely to be more volatile under 

hermean fO2 compared to terrestrial, lunar, or martian conditions (McCubbin et al., 2017; Pasek, 

2015). However, not all elements become more volatile as a function of decreasing fO2. The sulfide 

phases oldhamite and niningerite are both stable under highly reducing conditions, but their 

melting temperatures are much higher than Fe, Ni, or Mn-sulfide phases (Lodders, 1996; Skinner 

and Luce, 1971), making S refractory when hosted by oldhamite and niningerite. In addition, N in 

terrestrial, lunar, and martian systems is considered a volatile and resides primarily in the 



atmosphere, within volatile organic compounds, as ammonium in minerals, and/or as salts like 

nitrates (Marty, 2012; Mathew and Marti, 2001a, b, 2002; McCubbin et al., 2015; Mikhail and 

Sverjensky, 2014; Mortimer et al., 2016; Mysen, 2019). At hermean fO2, nitrogen can be hosted 

in nitride minerals, many of which have very high melting points (Ettmayer et al., 1974), making 

nitrogen stored as nitrides a refractory form of N on Mercury and in aubrite and enstatite chondrite 

meteorites (Mittlefehldt et al., 1998). In addition, N solubility in silicate melts increases under 

highly reducing conditions (Dasgupta et al., 2022; Libourel et al., 2003), which will impact its 

overall compatibility. Carbon is hosted by graphite and carbides on Mercury and in reduced 

meteorites (Keil, 2010; Klima et al., 2018; McCubbin et al., 2017; Murchie et al., 2015; Vander 

Kaaden and McCubbin, 2015; Weisberg and Kimura, 2012), which are far more refractory than 

carbonates, organics, and fluid/gas phases that represent the primary hosts for C in terrestrial and 

martian systems (Ehlmann et al., 2008; Kelemen and Manning, 2015; Marty, 2012; Scheller et al., 

2022; Steele et al., 2022; Steele et al., 2016; Taylor and McLennan, 1985). For every element that 

has a change in its oxidation state or geochemical affinity under highly reducing conditions, its 

volatility must be reassessed on the basis of those changes. Importantly, the presence of a 

refractory host for a nominally volatile element on Mercury does not imply the element cannot be 

volatile on Mercury. An example of this point is the graphite-melt smelting process discussed 

above that has been proposed as a mechanism to explain the low O/Si ratio on the surface of 

Mercury. In that process, refractory graphite reacts with components in its host silicate melt to 

produce volatile CO-gas species, which could account for over 75% of pyroclastic deposits on 

Mercury (Iacovino et al., 2023). 

Mercury Bulk Composition 

 Several models of Mercury’s bulk composition have been developed using telescopic and 

orbital observations of Mercury. These models include estimates for the bulk composition of the 

core as well as the composition of the bulk silicate portion of Mercury (i.e., primitive mantle). In 

this section, we synthesize the compositions reported in previous studies as well as develop our 

own models on the basis of hermean geochemical observations and the insights gained from our 

reappraisal of the geochemical behavior of the elements under highly reducing conditions. 

Crust composition 



The bulk silicate portion of every terrestrial planet is comprised of a mantle and a crust. 

The mantle makes up a much larger fraction of the bulk silicate, but the crust is exposed at the 

surface, making it the most accessible portion for direct measurement of its chemical composition 

(Taylor and McLennan, 2008). Much like the Moon, Mercury is reported to have a primary crust 

and a secondary crust. The global distribution of an opaque phase on Mercury (Murchie et al., 

2015), the enrichment of that opaque phase in the LRM sourced from depth (Klima et al., 2018), 

the neutron absorption properties associated with the LRM (Peplowski et al., 2016), and the 

detection of carbon across the hermean surface by GRS (Peplowski et al., 2015a) all support the 

hypothesis that Mercury had a graphitic primary crust (Vander Kaaden and McCubbin, 2015). The 

thickness of the primary crust is unknown, but if the average C abundance of 1.4 wt% for the 

average surface composition is considered to be representative of the bulk crust, it would 

correspond to a thickness of approximately 1 km at the base of the 35–53 km crust (Margot et al., 

2019; Vander Kaaden and McCubbin, 2015). This primary crust thickness estimate is likely to 

represent a lower bound because the LRM sourced from depth shows even larger enrichments in 

C compared to the bulk crust (Klima et al., 2018), indicating that the primary and secondary crusts 

are poorly mixed and that the primary crust is likely underrepresented in the bulk crust composition 

reported here (Table 1). The remainder of the crust is comprised of secondary crust produced 

through volcanism on Mercury (Byrne et al., 2016; Byrne et al., 2018; Denevi et al., 2013; Denevi 

et al., 2009; Head et al., 2011; Head et al., 2008; Head et al., 2009; Marchi et al., 2013; Robinson 

and Lucey, 1997; Thomas et al., 2014b; Thomas et al., 2014c). In fact, Mercury has been 

completely resurfaced by volcanic activity, with a surface age that spans 4.1 to 3.5 Ga (Byrne et 

al., 2016; Marchi et al., 2013). In addition to volcanism, the surface of Mercury has been reworked 

by impact processes (Blewett et al., 2016; Cintala, 1992; Domingue et al., 2014; Frank et al., 2017; 

Marchi et al., 2013; Mojzsis et al., 2018). Although the surface exhibits lateral heterogeneities 

(Denevi et al., 2009; Lawrence et al., 2017; Peplowski et al., 2015b; Peplowski and Stockstill-

Cahill, 2019; Vander Kaaden et al., 2017; Weider et al., 2015), the average surface composition 

of Mercury represents our best estimate, at this time, of the bulk composition of Mercury’s crust 

(Table 1). 

Core composition 



 Mercury’s high density and weak magnetic field indicates the presence of a large solid 

inner and liquid metallic outer core that makes up a majority of the planet. Mercury’s core makes 

up a larger fraction of its mass, at ~71–78% (Hauck II et al., 2013; Margot et al., 2019), than any 

of the other terrestrial planets at 30-40% mass fraction (Anderson et al., 1987). Planetary cores are 

composed mostly of Fe (the most abundant heavy element in the Solar System), Ni as a minor 

element (nickel present in iron meteorites as likely samples of differentiated meteorite cores), and 

a combination of light elements like H, C, O, Si, and S (Nittler et al., 2018). The highly reducing 

conditions on Mercury indicate that Ti, Cr, Mn, and P may also reside in the core (Figure 6). 

Mercury exhibits evidence of a molten outer core (Margot et al., 2007), which implies that 

Mercury’s core is not pure Fe-Ni, otherwise it would have fully solidified by present time 

(Schubert et al., 1988). The specific identity and combination of light elements in Mercury’s core 

has proven difficult to constrain from bulk geophysical parameters such as radius, bulk density, 

and moment of inertia (Hauck II et al., 2013; Margot et al., 2019). Prior to MESSENGER, S was 

proposed as the main light element (Chabot et al., 2014b; Chen et al., 2008; Malavergne et al., 

2010; Riner et al., 2008), however the highly reduced nature of Mercury, as exposed by 

MESSENGER results, prompted renewed questions about the contributions from other light 

elements, like Si, O, H, and C, to Mercury’s highly reduced core (Berrada et al., 2022; Chabot et 

al., 2014b; Deng et al., 2013; Edmund et al., 2022; Knibbe et al., 2021; Knibbe and van Westrenen, 

2018; Malavergne et al., 2014; Margot et al., 2019; Nittler et al., 2018; Steenstra et al., 2020b; 

Steenstra and van Westrenen, 2020; Vander Kaaden et al., 2020). 

Mercury’s core composition likely lies between an Fe-Ni-Si endmember and a mixture of 

Fe, Ni, Si, C, and S (Chabot et al., 2014b; Knibbe et al., 2021; Margot et al., 2019; Nittler et al., 

2018; Vander Kaaden et al., 2020), with minor and trace contributions from many other elements. 

Chabot et al. (2014b) showed that a core with up to 5 wt.% S and 8 wt.% Si may be in equilibrium 

with an S-rich hermean silicate mantle. Vander Kaaden et al. (2020) focused on Si and C at the 

reduced conditions relevant to Mercury and found an anti-correlation between Si and C solubility 

in Fe-rich metal. They reported that an Fe-rich hermean core at carbon-saturation has 0.5–6.4 wt.% 

C, where 0.5 wt.% C corresponds to 25 wt.% Si and 6.4 wt.% C corresponds to an Si-free core. 

Experiments in Fe-Ni systems have demonstrated, however, that Ni can also affect C, S, O, and Si 

solubility in Fe-rich metallic melts (Chabot et al., 2015; Dasgupta et al., 2013; Kim et al., 2014; 

Malavergne et al., 2014; Zhang and Fei, 2008; Zhang et al., 2018). Vander Kaaden et al. (2020) 



used their results and those from previous studies to estimate that Mercury has an Fe-rich core 

with a chondritic Fe/Ni ratio, up to 5% each of C and S, and 0.3–25 wt% Si (Table 3). Models of 

Mercury’s interior structure that are consistent with core dynamo simulations (i.e., with an inner 

core radius below 1200 km; Christensen and Wicht, 2008; Takahashi et al., 2019)indicate <7.5 

wt.% Si in the core (Knibbe et al., 2021). A compilation of proposed Mercury core compositions 

(major and minor elements only) is provided in Table 3. On the basis of mantle fO2, elemental 

behavior under hermean conditions, and experimental studies of core formation on Mercury, our 

preferred model for the composition of the hermean core is composed of Fe and Ni in chondritic 

proportions with some combination of Si, S, C, Cr, P, Ti, and Mn in lower abundances (≤5 wt.% 

S and C, up to 7 wt.% Si, and ≤1% each of P, Ti, Cr, and Mn; Table 3). Additional experimental 

studies are needed to assess the potential contributions of H and O to the light-element-component 

of Mercury’s core. 

All of the core compositions in Table 3, with relatively low Si, imply that bulk Mercury 

has a superchondritic Fe/Si ratio regardless of its bulk silicate composition, unless bulk Mercury 

has a composition similar to the most metal-rich CB meteorites (Brown and Elkins-Tanton, 2009; 

Cartier and Wood, 2019; Vander Kaaden et al., 2020). Mercury’s core would need ≥27 wt% Si to 

have a bulk Fe/Si ratio that matches enstatite chondrites (Vander Kaaden et al., 2020). A process 

that enriches Fe-rich metal relative to silicate is likely required to explain the Fe/Si ratio of bulk 

Mercury, and this observation is a key factor in unraveling the origin of Mercury. Although the 

impact origin models are designed to explain the anomalous metal:silicate ratio of Mercury 

(Asphaug and Reufer, 2014; Benz et al., 2007; Benz et al., 1988; Cameron et al., 1988; Ebel and 

Stewart, 2018; Helffrich et al., 2019; Smith, 1979; Wetherill, 1988), formation from highly 

reduced precursor materials that are not well represented in chondrite meteorites remains a 

plausible explanation (Cartier and Wood, 2019; Ebel and Stewart, 2018; McCoy and Nittler, 2014), 

particularly given the highly reduced nature of Mercury (Malavergne et al., 2010; McCubbin et 

al., 2012; McCubbin et al., 2017; Namur et al., 2016a; Zolotov et al., 2013). 

Bulk silicate composition 

The bulk silicate composition of a terrestrial planet is inescapably linked to its origin and 

subsequent thermochemical evolution. Much of the bulk silicate portion of a planet is comprised 



of its mantle, which is typically concealed by its crust. Although direct measurement of the entire 

mantle is not possible, constraints can be placed on mantle composition using the composition of 

the crust (i.e., surface lavas), upper mantle (e.g., mantle xenoliths), the core (when possible), 

meteorites thought to represent the building blocks of planets, and/or mass balance constraints 

derived from geophysical data (Dreibus et al., 1977; Dreibus and Wänke, 1985; Hofmann, 1988; 

McDonough and Sun, 1995; Morgan and Anders, 1980; Righter et al., 2006; Taylor, 2013; Taylor 

and Wieczorek, 2014). Compositional and geophysical data obtained from MESSENGER have 

been used in combination with chondrite meteorite compositions and/or phase equilibrium studies 

to develop compositional models for the bulk silicate portion of Mercury. It is important to note, 

however, that there is a dearth of geochemical data for Mercury relative to Earth, Moon, and Mars 

because we have no samples of Mercury, and all data are from orbital and ground-based remote 

sensing instruments. Consequently, the compositional models of bulk silicate Mercury are poorly 

constrained. 

A central tenet to models of the bulk silicate portions of planets is that their bulk silicate 

compositions exhibit chondritic abundance ratios for refractory lithophile elements. Furthermore, 

for refractory elements that exhibit both lithophile and siderophile tendencies, their bulk planet 

ratios (core + bulk silicate) are presumed to be chondritic. In contrast, models assuming initially 

chondritic refractory ratios for the bulk silicate compositions of planets has been challenged on the 

basis of ε142Nd measurements that imply superchondritic Sm/Nd ratios (e.g., Boyet and Carlson, 

2006; Caro et al., 2008), so Mercury may also exhibit non-chondritic ratios for some refractory 

elements. In fact, the presumption of chondritic abundance ratios for refractory lithophile elements 

is already problematic for Mercury because its large core that is mostly Fe with some Si 

necessitates either a superchondritic Fe/Si ratio for bulk Mercury or chondritic Fe/Si and 

superchondritic abundances of Si in bulk Mercury (Righter et al., 2006; Vander Kaaden et al., 

2020). A superchondritic Fe/Si for bulk Mercury can be explained through either giant impact 

models (Benz et al., 2007) or metal-enrichment models (Cartier and Wood, 2019; Ebel and 

Stewart, 2018; McCoy and Nittler, 2014), but plausible models for Si-enrichment in bulk Mercury 

have not been put forward. There is evidence from metal-rich primitive meteorites that metal-

enrichment processes operated early in Solar System history (Weisberg et al., 1988), although the 

metal is typically Si-poor and many of the metal-enrichment processes likely involved impacts 

(Lauretta et al., 2009; Weisberg et al., 2001). Nonetheless, it is presumed in models of Mercury’s 



bulk composition that it hosts chondritic abundance ratios of refractory major and minor elements, 

exclusive of Fe/Si and X/Si where X is represented by other dominantly siderophile elements.  

The abundances of refractory major elements determined by MESSENGER include Si, 

Mg, Al, and Ca. All four of these elements are dominantly lithophile (Figure 5-6), but Si exhibits 

slight siderophile behavior and Mg and Ca exhibit slight chalcophile behavior in highly reduced 

systems. Given that Si, Mg, Al, and Ca remain largely lithophile under hermean fO2, the bulk 

silicate portion of Mercury can be estimated by examining key compositional relationships 

between terrestrial planets and meteorites for major refractory lithophile elements, including 

Mg/Si, Al/Si, and Ca/Si ratios (Righter et al., 2006). In particular, a plot of Mg/Si vs. Al/Si can be 

used to interrogate magmatic fractionation processes where the partial melting of major mantle 

minerals (e.g. olivine, orthopyroxene, clinopyroxene, and garnet) result in lower Mg/Si and higher 

Al/Si in a partial melt relative to its source. On the other hand, chondritic meteorites display a 

linear trend of increasing Mg/Si with increasing Al/Si referred to as the “cosmochemical 

fractionation” line (Jagoutz et al., 1979). The intersection of the “cosmochemical fractionation” 

line with a magmatic fractionation line derived from primitive ultramafic lava compositions can 

thus be used as an estimate of the bulk silicate Mg/Si and Al/Si of a planet as shown in Figure 7. 

In particular, this diagram can help distinguish a pyroxene-dominated from an olivine-dominated 

mantle source for these lavas. The broad range of surface compositions exhibited by Mercury could 

be consistent with either model (i.e., pyroxene- or olivine-dominant); however, given the large 

mass fraction of Mercury’s core and the possibility that Si may be a minor or major light element 

in the core, the abundance of SiO2 in the bulk silicate portion of Mercury (i.e., pyroxene dominant 

vs olivine dominant) will be highly influenced by the core Si abundance. 

Numerous primitive mantle compositions of Mercury (i.e., prior to any melting and 

representative of bulk silicate portion of Mercury) have been estimated, including several that were 

developed prior to MESSENGER arriving at Mercury (Lodders and Fegley, 1998 and references 

therein). The first of the MESSENGER-era estimates were based on phase equilibrium 

experiments on two endmember surface lavas (northern smooth plains and IcP-HCT) coupled with 

a batch adiabatic decompression melting model (Namur et al., 2016b; Nittler et al., 2018). These 

results were combined with mass balance calculations to estimate two model compositions for 

Mercury’s primitive mantle. Both compositions yielded similar mantle compositions, with small 



differences in CaO and Na2O (Nittler et al., 2018).  The average of the two mantle compositions 

is listed in Table 4 as PMM-MB. The PMM-MB model is a pyroxene-dominant model (Figure 7) 

and implies a core with about 1.5–3.5 wt% Si on the basis of bulk Mercury having a chondritic 

Mg/Si ratio. The lower bound of core Si abundances corresponds to Mercury’s large core (mass 

fraction of 0.74) being a primordial feature of Mercury, and the higher bound presumes that proto-

Mercury had a core mass fraction of 0.4, closer to other terrestrial planets in our solar system 

(Anderson et al., 1987). All other ranges in core Si abundance discussed below represent the same 

two upper and lower boundary conditions. 

Numerous researchers have drawn comparisons between Mercury and some metal-rich 

and/or highly reduced meteorites, including enstatite chondrites, bencubbinites, CH chondrites, 

and aubrites (Anzures et al., 2020; Brown and Elkins-Tanton, 2009; Cartier and Wood, 2019; 

Malavergne et al., 2010; McCoy et al., 1999; Nittler et al., 2018; Taylor and Scott, 2003; Udry et 

al., 2019; Wasson, 1988; Wilbur et al., 2022). In fact, several MESSENGER-era estimates of 

Mercury’s bulk silicate composition are derived from chondrite compositions. Nittler et al. (2018) 

demonstrated that EH, EL, and CB chondrite compositions with 20% of their SiO2 reduced and 

sequestered into the core would yield bulk silicate compositions that are very similar to the PMM-

MB composition in Table 4. The model bulk silicate composition of Mercury based on average 

enstatite chondrite with 20% of the total SiO2 removed is reported in Table 4 as EC-Si80%. Similar 

to the PMM-MB composition, the EC-Si80% composition results in a pyroxene-dominant mantle 

(Figure 7). Furthermore, the reduction of 20% of the total SiO2 from an EC into the core results in 

about 1.5–3.5 wt% Si in the core given the large core mass fraction of Mercury (Table 4). 

In addition to E chondrite-based models, the bulk silicate composition of Mercury has also 

been estimated from the CH chondrite ALH 85085 (Anzures et al., 2020). ALH 85085 has Al/Si 

and Mg/Si ratios similar to those of other models of bulk silicate Mercury, but it also has one of 

the highest chondrite metal abundances at 40 wt.% Si-bearing Fe-rich metal (with an average Si 

content in metal of 0.38% with analyses ranging from below detection to 7.5 wt% Si; Weisberg et 

al., 1988). This higher metal content is consistent with Mercury’s internal structure with a large 

core, and is much closer to expected Fe/Si and Ni/Si ratios of Mercury compared to other 

chondrite-based compositional models; however, the CH composition is still Fe-depleted 

compared to bulk Mercury. Unlike other metal-rich chondrites, which tend to be more oxidized 



than Mercury (i.e., CB chondrites), ALH85085 formed under highly reducing conditions within 

the range of fO2 estimates of Mercury (fO2 at IW–5 from Petaev et al., 2003). The model bulk 

silicate composition of Mercury based on CH chondrite ALH 85085 is reported in Table 4 as CH. 

The CH composition has a pyroxene:olivine ratio near unity (Figure 7), but the estimated Si content 

of the core is <1 wt% (Table 4). 

Most of the model bulk compositions yield pyroxene-rich mantles with low Si abundances 

in the core. To explore whether any olivine-dominant models could be plausible for the bulk 

silicate composition of Mercury, we estimate a model bulk silicate Mercury assuming that the core 

has 5 wt% Si (Table 3). The bulk silicate portion is computed based on geophysical data that 

suggests the crust makes up about 8% (mass) of the bulk silicate portion of Mercury and the mantle 

is ~92% (mass) (computed from Margot et al., 2019). Furthermore, our mantle model considers 

the hypothesis that the HMR terrane is representative of a high-degree partial melt of Mercury’s 

mantle that was induced by a large impact (as suggested by Weider et al., 2015). Consequently, 

we start with an HMR composition and add forsteritic olivine, enstatitic pyroxene, and diopsidic 

pyroxene until we yield enstatite chondrite ratios for Mg/Si, Al/Si, and Ca/Si for bulk Mercury. 

With 5 wt% Si in the core, we reach enstatite chondrite ratios for Mg/Si, Al/Si, and Ca/Si for bulk 

Mercury with a mantle comprised of 30% HMR, 67.5% Fo99, and 2.5% Di99. The addition of any 

enstatitic pyroxene to HMR-based compositions could not yield chondritic Mg/Si, Al/Si, and Ca/Si 

ratios, simultaneously. In the simplest sense, this model implies that the HMR was derived by high 

degrees of partial melting such that only olivine was left in the source after melting, which has 

also been proposed as one possible interpretation of the phase diagram for the BP-HMg lavas 

(Vander Kaaden and McCubbin, 2016). In other words, the average depth of melting may not 

correspond to a multiple saturation point on an HMR phase diagram. The model bulk silicate 

composition of Mercury based on this approach is reported in Table 4 as HMR+Fo99-MB, and the 

corresponding core composition has the same name and is reported in Table 3. Following the 

approach of Nittler et al., (2018), we computed an additional model bulk silicate composition of 

Mercury on the basis of enstatite chondrites by determining what percentage of SiO2 would need 

to be sequestered in the core before the bulk composition would be similar to our HMR+Fo99-MB 

model. We determined that reduction of 40% of the total SiO2 in EC yields a bulk composition 

that is strikingly similar to the HMR+Fo99-MB model (Figure 7; Table 4). Our EC model 

composition is reported in Table 4 as EC-Si60%. Similar to the HMR+Fo99-MB model, the EC-



Si60% yields an olivine-dominant hermean mantle with a core Si abundance in the range of 2.8–

6.6 wt%. 

In summary, we have insufficient information at this time to determine whether Mercury 

has an olivine- or pyroxene-dominant mantle composition because both are consistent with the 

data. Although the compositions of several of the surface terranes lie along a fractionation line 

consistent with a pyroxene-dominated mantle (Figure 7), two of our best candidates for primitive 

melt compositions from Mercury (i.e., HMR and IT terranes) lie on a fractionation line that is 

consistent with an olivine-dominated mantle (Figure 7). Furthermore, these models highlight how 

small changes in core Si abundance from 1.5 to 5 wt% can shift Mercury from a pyroxene-rich to 

an olivine-rich mantle if bulk Mercury has chondritic Mg/Si, Al/Si, and Ca/Si ratios. In fact, the 

Si abundance of the core cannot exceed about 7 wt% Si for any chondritic model without the need 

for highly silica-undersaturated hermean mantle mineralogy (e.g., periclase, melilite, hibonite). 

Future exploration of Mercury, and analysis of samples from Mercury in particular, will provide 

invaluable constraints on the bulk composition of Mercury that are not possible with the data 

available at this time (Ernst et al., 2022; Rothery et al., 2020; Vander Kaaden et al., 2019). 

However, the compositional differences among these models offer important testable hypotheses 

that can be interrogated with new datasets. 

Thermochemical Evolution From Geochemistry 

MESSENGER revealed that Mercury’s surface is compositionally heterogeneous, 

including multiple geochemical terranes distinguished by their chemical and morphological 

differences (Lawrence et al., 2017; Peplowski et al., 2015b; Peplowski and Stockstill-Cahill, 2019; 

Vander Kaaden et al., 2017; Weider et al., 2015; Figure 2). The largest volcanic units, Borealis 

Planitia (BP) and the Intercratered Plains and Heavily Cratered Terrain (IcP-HCT), have been 

dated to between 4.1 and 3.5 Ga (Byrne et al., 2016; Denevi et al., 2009; Head et al., 2011; Marchi 

et al., 2013), which are thought to form from harzburgitic and lherzolitic mantle sources, 

respectively (Charlier et al., 2013). Experiments have shown that these different surface volcanic 

units cannot be directly related by different degrees of fractional crystallization, implying multiple-

stage differentiation or re-melting processes (Charlier et al., 2013; Namur et al., 2016b; Vander 

Kaaden and McCubbin, 2016). These distinct mantle sources hint at a heterogenous mantle 



preserved through Mercury’s early history, which can be a remnant of the initial layering and/or 

subsequent mixing of cumulates that crystallized from a hermean magma ocean (Brown and 

Elkins-Tanton, 2009; Mouser et al., 2021; Riner et al., 2009). This section walks through our 

current understanding of the thermochemical evolution of Mercury’s interior in chronological 

order. 

Magma ocean 

 It is generally assumed that at the end stages of planetary accretion, the terrestrial planets 

were partially or entirely molten, primarily due to the large amount of accretionary heat and heat 

released during core formation (e.g., Canup and Asphaug, 2001; Elkins-Tanton, 2012; Elkins-

Tanton et al., 2003; Solomon and Longhi, 1977). For the Earth-Moon system and Mercury, magma 

oceans could have been produced by giant impacts as well (Lock et al., 2018; Tonks and Melosh, 

1993; Wetherill, 1980). A magma ocean allows for efficient separation of metal and silicate melt 

given the large density differences between the two phases, where the metal accumulates at the 

center of mass of the body to form a metallic core. As core formation proceeds, bulk silicate 

Mercury crystallizes into a cumulate mantle and primary crust, the latter of which could be a 

flotation crust if any of the minerals that crystallize from the magma ocean are buoyant. Depending 

on the composition of the bulk silicate and style of crystallization (e.g., fractional vs equilibrium 

crystallization), the resulting mantle could exhibit lateral and spatial heterogeneities that could be 

further complicated by density-driven cumulate overturn (e.g., Charlier et al., 2018; Elardo et al., 

2011; Elardo et al., 2015; Elkins-Tanton, 2012; Elkins-Tanton and Grove, 2011; Elkins-Tanton et 

al., 2005a; Elkins-Tanton et al., 2003; Elkins-Tanton et al., 2002; Elkins-Tanton et al., 2005b; 

Mandler and Elkins-Tanton, 2013; Righter and Drake, 1996, 1997; Snyder et al., 1992; Solomatov, 

2000; Solomatov et al., 1993; Solomatov and Stevenson, 1993; Solomon and Longhi, 1977).  

Mercury’s low Fe, high C, and high S abundances at the surface implies a new endmember 

case for magma ocean evolution among terrestrial planets because mineral and melt density-driven 

segregation is largely due to the abundance and distribution of Fe. Specifically, the low FeO 

abundance of the bulk silicate portion of Mercury does not permit the formation of a lunar-like 

anorthositic primary flotation crust because late-stage magma ocean liquids would have been less 

dense than plagioclase (Mouser et al., 2021; Riner et al., 2009; Vander Kaaden and McCubbin, 



2015). In fact, the only rock-forming minerals that are buoyant with respect to late-stage Mercury 

magma ocean melts include graphite, oldhamite, and niningerite (Boukaré et al., 2019; Lark et al., 

2022; Vander Kaaden and McCubbin, 2015). Of these minerals, there is evidence that Mercury 

had a primary graphite flotation crust (Klima et al., 2018; McCubbin et al., 2017; Murchie et al., 

2015; Peplowski et al., 2016; Peplowski et al., 2015a; Vander Kaaden and McCubbin, 2015), and 

the presence and role of sulfides in this primary flotation crust is an active area of investigation 

(e.g., Boukaré et al., 2019; Lark et al., 2022). Mercury’s global surface is much darker than 

expected from its measured elemental composition, with the brightest parts of Mercury’s volcanic 

surface still darker than the darkest volcanic parts of the Moon (Denevi and Robinson, 2008; Riner 

et al., 2009). In fact, Mercury’s most common spectral unit, the intermediate plains, reflects ~27% 

less sunlight than the lunar highlands and ~14% less than the mare-basalt dominated lunar 

nearside, with lunar reflectance varying inversely with the abundance of opaque minerals such as 

ilmenite (FeTiO3) and Fe-rich pyroxene (Denevi and Robinson, 2008; Peplowski et al., 2016). 

Mercury’s fresh material also has half the reflectance of similar material on the Moon that has not 

experienced extensive space weathering (Denevi and Robinson, 2008). These two observations 

require a darkening agent across the surface of Mercury that is distinct from the Fe-Ti oxide 

darkening agents on the Moon (Lucey and Riner, 2011; Riner et al., 2009; Riner et al., 2010). The 

global distribution of an opaque phase on Mercury (Murchie et al., 2015); the enrichment of that 

opaque phase in the LRM sourced from depth (Klima et al., 2018), the neutron absorption 

properties associated with the LRM (Peplowski et al., 2016), and the detection of carbon across 

the hermean surface by GRS (Peplowski et al., 2015a) all support the identity of the opaque phase 

as being graphitic carbon. The global distribution of the graphite layer at depth supports the 

hypothesis that Mercury had a primary flotation crust made of graphite that formed very early, 

prior to major magma ocean crystallization (Mouser et al., 2021; Peplowski et al., 2016; Vander 

Kaaden and McCubbin, 2015). Furthermore, the thickness of that graphite crust, estimated in this 

study to be at least ~1 km in thickness, is sufficient to induce a highly stratified cumulate mantle 

during magma ocean crystallization (Mouser et al., 2021).  

The initial crystallization of silicates from the hermean magma ocean began at the core-

mantle boundary and proceeded toward the surface because the slope of the adiabat in the magma 

ocean is steeper than the solidus of the bulk magma ocean, causing the first intersection of the 

adiabat with the solidus to occur at depth (Brown and Elkins-Tanton, 2009). This bottom-up 



crystallization sequence would result in a stratified cumulate mantle, but the degree to which it is 

stratified throughout depends on the viscosity and cooling rate of the magma ocean, which 

determines the efficiency of crystal fractionation (Dygert et al., 2017; Elkins-Tanton et al., 2011; 

Mouser et al., 2021; Solomatov, 2007). The sulfur rich nature of bulk silicate Mercury results in a 

reduction in melt viscosity compared to otherwise equivalent S-free melts (Mouser et al., 2021). 

The cooling rate of a magma ocean is affected by the surface area-to-volume ratio of the body as 

well as the presence or absence of a primary flotation crust, with cooling rates about 150 times 

slower on Mercury when a primary flotation crust is present (Mouser et al., 2021). Using the CH 

bulk silicate composition from Table 4, Mouser et al. (2021) demonstrated that a primary flotation 

crust results in a highly stratified hermean mantle consisting of (from the core-mantle boundary to 

the surface) olivine, olivine + orthopyroxene, orthopyroxene + clinopyroxene, clinopyroxene + 

plagioclase, and finally a primary flotation crust. In contrast, the absence of a primary flotation 

crust resulted in limited compositional stratification with (from the core-mantle boundary to the 

surface) olivine, olivine + orthopyroxene, and then a homogenous lherzolitic mantle (Mouser et 

al., 2021). Notably, a lherzolitic mantle source is needed to produce the IcP-HCT lavas (Charlier 

et al., 2013; Namur et al., 2016b), and a lherzolitic layer is not produced through magma ocean 

crystallization alone in the primary flotation crust scenario described in Mouser et al. (2021). 

However, magma ocean solidification typically happens in two stages, with the first stage being 

crystallization and the second stage representing density-driven cumulate mantle overturn (Brown 

and Elkins-Tanton, 2009). Given the low FeO abundance in the bulk silicate portion of Mercury, 

density contrasts between early magma ocean cumulates and late magma ocean cumulates may 

not have been sufficient to induce downwelling Rayleigh-Taylor instabilities needed to drive large-

scale cumulate mantle overturn (Mouser et al., 2021; Vander Kaaden and McCubbin, 2015); 

however, the density differences between Mg-rich clinopyroxene and Mg-rich olivine may have 

been sufficient to drive localized cumulate mixing in Mercury, resulting in the formation of a 

lherzolitic source from an initially stratified hermean mantle (Mouser et al., 2021).  

Only one model bulk silicate composition has been evaluated to understand hermean 

magma ocean crystallization (Mouser et al., 2021), although some work has been done prior to the 

arrival of MESSENGER at Mercury using earlier estimates of the bulk silicate composition of 

Mercury (Brown and Elkins-Tanton, 2009). Additional studies using a wider array of bulk silicate 

compositional models are needed to place better constraints on the initial distribution and internal 



structure of Mercury’s mantle. Furthermore, dedicated studies to understand the role of sulfur 

during magma ocean crystallization will also be key to understanding the role of S in Mercury’s 

mantle. For example, Boukaré et al. (2019) modeled the effect of S saturation in silicate melt to 

assess the production of sulfide layering in Mercury’s mantle, where heat-producing elements such 

as U could concentrate (Boujibar et al., 2019; Wohlers and Wood, 2017). They found that the 

depth and thickness at which sulfides precipitate in the magma ocean is dependent on oxygen 

fugacity and initial sulfur content. For a given initial S content, decreasing fO2 moves sulfide 

precipitation toward the surface, while for a given fO2, increasing initial S content moves sulfide 

precipitation toward the core-mantle boundary. Additional experimental and modeling work is 

needed to better constrain the interior structure and physicochemical evolution of Mercury’s 

mantle. 

Volcanic secondary crust production 

Three of the geochemical terranes (BP-LMg, BP-HMg, and the Caloris Basin interior 

plains) formed around the same time from 3.55–3.8 Ga, inferred from the cratering record (Marchi 

et al., 2013), yet have substantial geochemical differences that may reflect different mantle sources 

(Charlier et al., 2013; Namur et al., 2016b; Vander Kaaden and McCubbin, 2016; Figure 7). 

Geochemical differences in Na, Al, Mg, and Ca abundances could result from different degrees of 

partial melting of a common mantle reservoir (Stockstill-Cahill et al., 2012; Weider et al., 2012), 

from fractional crystallization of a common parent magma (Charlier et al., 2013), or from melting 

of a vertically and/or laterally heterogenous mantle (Namur et al., 2016b; Vander Kaaden et al., 

2017; Weider et al., 2015), with implications for the interior structure subsequent to magma ocean 

crystallization. In particular, Charlier et al. (2013) found that the presence or absence of 

clinopyroxene, requiring lherzolitic and harzburgitic mantle sources, respectively, led to 

contrasting differentiation paths to account for the variation in surface lava compositions across 

Mercury. Namur et al. (2016b) considered the effect of S, Na, and pressure on the phase equilibria 

of hermean lavas and found that the high-Mg portion of the IcP-HCT terrane requires a 

clinopyroxene-bearing lherzolitic source at greater depth (>1.5 Gpa) compared with the BP-LMg 

and CB terranes, both of which require a clinopyroxene-free harzburgitic source at shallow depth. 

However, Vander Kaaden and McCubbin (2016) noted that the BP-HMg composition could have 

been derived by large-degree partial melting of a shallow source with only olivine left in the source 



after melting. Vander Kaaden and McCubbin (2016) did not implicate the multiple saturation point 

as the average depth of melting for the source of the BP-HMg lavas because it would have required 

substantial Na abundances within the deep hermean interior given the inferred high-degree of 

melting required to account for the large volume of lava emplaced within the northern smooth 

plains through flood volcanism (Head et al., 2011; Ostrach et al., 2015). The results of Mouser et 

al. (2021) offer a potential solution to the contrasting interpretations on the basis of cumulate 

mantle overturn that was driven by formation of downwelling Raleigh-Taylor instabilities, 

provided that cumulate overturn did not occur uniformly at a global scale. At the end of magma 

ocean crystallization, the configuration of cumulate layers would yield an inverted, gravitationally 

unstable density structure because in Fe-poor systems, pyroxene (especially high-Ca pyroxene) is 

denser than olivine (Mouser et al., 2021). This gravitational-driven mixing would produce an 

appropriate lherzolitic source at depth for the high-Mg IcP-HCT composition at the higher 

pressures inferred from Namur et al. (2016b), and a shallow olivine-dominated, plagioclase-

bearing source, inferred from Vander Kaaden and McCubbin (2016) for the BP-HMg composition, 

would exist where the cumulate overturn was more limited or did not occur. 

At this time, we only have detailed chemical information about terranes in the northern 

hemisphere (Solomon and Byrne, 2019; Solomon et al., 2001). BepiColombo will have a more 

circular orbit (Benkhoff et al., 2021) compared to MESSENGER and will provide our first detailed 

information about the composition and identity of geochemical terranes in Mercury’s southern 

hemisphere (Rothery et al., 2020). This information will be invaluable for deciphering the 

thermochemical evolution of Mercury and for better contextualizing the wealth of geochemical 

data on the hermean surface that was collected by MESSENGER. 

Geochemistry of the Surface and Exosphere 

Mercury’s endmember surface geochemistry also manifests itself in unique geologic 

landforms that link Mercury’s interior with its exosphere, especially with regards to volatiles (e.g., 

Blewett et al., 2011; Blewett et al., 2016; Blewett et al., 2013; Chabot et al., 2014a; Chabot et al., 

2018b; Helbert et al., 2013; Phillips et al., 2021; Vilas et al., 2016). Mercury’s proximity to the 

Sun, 3:2 spin orbit resonance, lack of a dense atmosphere, and weak magnetic field allows its 

surface to experience dramatic temperature variations and be subjected to intense space weathering 



that can release and redistribute volatiles (Cintala, 1992; Domingue et al., 2014). Mercury has 

abundant hollows, which are unique rimless, flat-bottomed pits largely associated with craters in 

the LRM that are thought to form from sublimation of a volatile-rich phase (Blewett et al., 2011; 

Blewett et al., 2016; Blewett et al., 2013; Thomas et al., 2016; Thomas et al., 2014a). Mercury also 

has abundant ice deposits in permanently shadowed regions despite its high daytime temperatures 

due to its proximity to the Sun, with more widespread evidence for water ice than the Moon 

(Chabot et al., 2014a; Chabot et al., 2018b; Delitsky et al., 2017; Lawrence et al., 2013; Neumann 

et al., 2013; Paige et al., 2013). The composition of Mercury’s tenuous exosphere also reflects the 

volatiles originating from the surface, vaporized and ionized by Mercury’s intense space 

weathering environment and bound by Mercury’s magnetosphere (Slavin et al., 2014; Vervack et 

al., 2010; Zurbuchen et al., 2008). The origin and evolution of these hermean surface features have 

important implications for hermean surface geochemistry and the geochemistry of airless bodies 

broadly. Given that future exploration of Mercury, including future landers and/or sample return 

missions (Ernst et al., 2022; Vander Kaaden et al., 2019), would necessarily focus on the surface, 

it is important to understand the geochemical processes that operate in the hermean surface 

environment. 

 Space weathering 

       The surface composition, proximity to the Sun, high density, and weak magnetosphere 

provides an intense and unique space weathering environment to study volatile geochemistry on 

Mercury’s surface. Mercury experiences a more intense space weathering environment compared 

with other airless rocky bodies (Cintala, 1992; Domingue et al., 2014; Marchi et al., 2009). For 

example, impacts on Mercury are predicted to produce 13.5 times the melt and 19.5 times the 

vapor per unit area compared with similar impacts on the Moon (Cintala, 1992). Mercury also has 

extreme temperature regimes with daytime temperatures up to 430 °C and nighttime temperatures 

as low as -180 °C. Mercury’s 3:2 spin-orbit resonance also causes longitudes 0° and 180 °E to 

experience noon on successive perihelia producing “hot pole” longitudes that are subjected to 

greater levels of solar radiation and reach higher temperatures compared with longitudes of 90 ° 

and 270 °. Due to its spin-orbit resonance and heavily cratered surface, Mercury also has numerous 

permanently shadowed regions in craters where ice is continuously stable (e.g., Chabot et al., 

2018b). 



       While space weathering of the Moon and near-Earth S-type asteroids is well understood, 

insights into other planetary bodies are limited. One key difference is Mercury’s low surface Fe, 

where Fe plays a critical role in the development of space weathering on other airless rocky bodies 

(e.g. npFe). Compared to the Moon and S-type asteroids, MESSENGER’s XRS and GRS found 

substantially less Fe, with less than 2 wt.% Fe across the surface. MESSENGER found that 

Mercury’s reflectance spectrum lacks diagnostic ferrous absorption bands implying Mercury’s 

surface is poor in ferrous iron. Mercury’s surface is also S rich, with 0.5–4 wt.% S detected on the 

surface. Mercury Is also enriched in carbon, likely graphite, with up to 4 wt.% in the LRM (Klima 

et al., 2018). Currently, there have only been limited investigations into space weathering on Fe-

poor, S-rich, and C-rich materials relevant to Mercury. 

       Space weathering processes can be simulated in the laboratory to explore microstructural, 

chemical, and spectral characteristics of hermean surface materials. Sasaki & Kurahashi (2004) 

performed nanosecond pulse laser irradiation experiments to simulate dust impact heating on 

olivine and pyroxene and found that reflectance spectra darkened (up to 50% for San Carlos olivine 

and up to 16% for Bamble enstatite both with 8–10 wt.% FeO) and reddened, which was caused 

by production of nanophase iron particles within vapor-deposited rims (Sasaki et al., 2001). Recent 

work by Thompson et al. (2021) investigated the effect of FeO in olivine on space weathering of 

graphite-olivine mixtures using nanosecond pulse laser irradiation. They found a strong correlation 

between Fe content, spectral slope, and simulated space weathering pulses such that the resulting 

spectra range from flat to strongly red-sloped (Thompson et al., 2021). Sulfide space weathering 

has also been investigated using pulse laser irradiation for troilite (FeS) (Loeffler et al., 2008), as 

well as using photon-stimulated desorption (PSD) for CaS (Bennett et al., 2016) and MgS 

(Schaible et al., 2020). They find that FeS and MgS preferentially lose S at velocities lower than 

the escape velocity, which may be the dominant sources of S0 in the hermean exosphere since 

micrometeorite and solar wind sputtering produces S at abundances that are several orders of 

magnitude too low (Killen and Hahn, 2015). On the other hand, CaS preferentially loses Ca where 

simulations of Ca0 exospheric density are ~100 times higher than what was measured by 

MESSENGER. CaS and MgS are of special interest because they are candidate hollows-forming 

material formed through sublimation during space weathering (Blewett et al., 2016; Thomas et al., 

2014a). 



Hollows 

       Hollows are unique landforms on the surface of Mercury characterized by rimless, flat-

bottomed pits that are 10s of meters deep and typically have a bright halo around them (Blewett et 

al., 2011; Blewett et al., 2016; Blewett et al., 2013; Thomas et al., 2014a; Vilas et al., 2016; Xiao 

et al., 2013). They are thought to be produced by sublimation of a volatile-rich layer of rock in 

response to the intense solar wind Mercury experiences. They are largely associated with craters 

and impact basins in LRM (Blewett et al., 2018; Blewett et al., 2016; Blewett et al., 2013; Thomas 

et al., 2016; Thomas et al., 2014a), with the largest fraction occurring between 0-30 °N and within 

the “hot-pole” latitudes of 300–320 °E (Thomas et al., 2014a). Hollows are also preferentially 

found on Sun-facing slopes (Blewett et al., 2011; Blewett et al., 2013; Thomas et al., 2014a). 

Hollows are among the youngest non-impact features on Mercury, estimated to have formed at 

either 1 Ga (Blewett et al., 2011) or <270 Ma (Xiao et al., 2012). The hollows are associated with 

young rayed craters possessing crisp morphology and a lack of superimposed craters that would 

degrade the crisp rims and flat floors (Blewett et al., 2018). 

       Hollows are identified by their unique reflectance and morphological properties. At lower 

spatial resolution, hollows appear as high-reflectance patches that have a relatively shallow 

increase in spectral reflectance with wavelength in the VIS-NIR compared with the global average 

(Robinson et al., 2008). Hollows are also largely associated with LRM that are thought to be 

darkened by graphite (Klima et al., 2018). At higher spatial resolution, their geomorphological 

characteristics can be recognized as shallow, rimless, flat-floored depressions with irregular, 

rounded outlines. Hollows are relatively small features ranging from a few tens of meters to several 

kilometers in length, or in extensive fields (Blewett et al., 2016). In particular, their rimless and 

flat-floored nature, rather than a bowl- or v-shaped bottom, distinguish them from craters. These 

geomorphological characteristics are uncommon among rocky landforms, with similarities only to 

some features on icy surfaces on Mars (Moore et al., 1996), icy satellites (Moore et al., 1999), 

Ceres (Nathues et al., 2015), and Pluto (Moore et al., 2017), suggesting hollows form in a manner 

similar to “sublimation degradation.” Sublimation degradation refers to the loss of volatile phases 

causing the remaining material to weaken and collapse in lateral scarps. However, the specific 

process(es) driving volatile loss for hollows formation is not known, with possibilities including 

sublimation driven by solar heating or contact with impact melt or volcanic eruption products, 



destruction of volatile-bearing phases by solar UV flux, solar wind ions, or magnetospheric ions, 

or heating and vaporization by micrometeroid bombardment (Blewett et al., 2018). 

       Based on the elevated abundances of S and C at Mercury’s surface, various sulfides and 

graphite have been proposed as hollows-forming material (Blewett et al., 2016). A spectral 

signature similar to MgS or CaS powders has been found in hollows at Dominici crater (Vilas et 

al., 2016) and have been investigated through experimental space weathering experiments (Bennett 

et al., 2016; Schaible et al., 2020). However, pure MgS and CaS have extremely high melting 

temperatures in excess of 2000 °C, making them refractory phases. If the MgS and CaS are not 

pure and contain substituting minor elements, those melting temperature can decrease 

dramatically. Alternatively, alkali-sulfides, including K- and Cl-bearing djerfisherite and Na-

bearing caswellsilverite and schollhornite have been proposed as potential sublimates since they 

have lower melting temperatures (Blewett et al., 2011; Helbert et al., 2013; Renggli et al., 2022). 

Graphite has also been proposed with ion bombardment or conversion to methane (Blewett et al., 

2016). Graphite itself is highly refractory as well, but ion bombardment from solar wind or the 

magnetosphere can sputter carbon, and proton irradiation could convert graphite to methane. 

Graphite as a hollows-forming material is also supported by its implication as the primary 

darkening agent on Mercury, its enrichment in the LRM, and the spatial association of LRM and 

hollows (Blewett et al., 2016; Klima et al., 2018; Thomas et al., 2016; Thomas et al., 2014a). 

Polar deposits 

       Mercury’s abundant polar deposits appear to be several meter thick deposits composed of 

nearly pure water ice. Observations from both Earth-based radar (Rivera-Valentín et al., 2022; 

Slade et al., 1992) and MESSENGER neutron spectrometer, laser altimetry, and direct imaging 

measurements (Chabot et al., 2018b; Deutsch et al., 2016) have found that these polar deposits are 

in permanently shadowed regions (PSRs), which are thermally stable environments for water ice 

on geologic timescales (Paige et al., 2013; Vasavada et al., 1999). Modelling of radar data suggest 

these deposits are ~95% water ice (Butler et al., 1993), and MESSENGER neutron spectrometer 

data are consistent with near pure water-ice (Lawrence et al., 2013). The majority of ice deposits 

are consistent with insulation by 10–30 cm of LRM (Lawrence et al., 2013) that are interpreted to 

be sublimation lag composed of carbon-rich material (e.g., Zhang and Paige, 2009). Images 



(Chabot et al., 2016; Deutsch et al., 2016) and reflectance measurements (Neumann et al., 2013) 

also reveal that spatially coherent ice deposits with distinct albedos and sharp reflectance 

boundaries align with the boundaries of PSRs, contrary to the patchiness of lunar polar deposits 

that are best explained by long exposure times in the space weathering environment (Deutsch et 

al., 2019). Consequently, Mercury polar deposits are among the youngest geologic features with 

conservative ages suggesting ice was delivered or refreshed within the last ~330 Myr, likely from 

impactors (Deutsch et al., 2019). Low-altitude polar deposit observations from MESSENGER also 

found that polar deposits either have high reflectance consistent with exposed surface ice, or low 

reflectance consistent with a lag deposit, with the low reflectance boundaries having an ~400 m 

wide transition zone (Chabot et al., 2016; Deutsch et al., 2016). 

       The inference of young ages for polar ice deposits, observations that all of Mercury’s 

available polar cold traps are occupied by volatiles, and agreement between brightness variations 

and modelled biannual maximum temperature all support the conclusion that a substantial source 

of volatiles in Mercury’s polar deposits are exogenic, sourced from large comets or volatile-rich 

asteroids that impacted Mercury within the last few tens of millions of years or sourced from the 

continuous and ongoing delivery of primitive micrometeorites.  A key insight from MESSENGER 

is that Mercury’s polar deposits are dominantly, but not completely, water ice (Chabot et al., 

2018a; Lawrence et al., 2013; Paige et al., 2013), necessitating the presence of other volatile 

elements such as simple organic compounds (Paige et al., 2013; Zhang and Paige, 2009) or 

elemental S (Sprague et al., 1995). The presence of volatiles other than water ice provides evidence 

for a potential endogenic contribution from outgassing of volatiles from Mercury’s interior through 

processes such as volcanic eruptions or liberation from crustal rocks by micrometeorites or large 

impact events (Chabot et al., 2018a; Deutsch et al., 2019; Deutsch et al., 2021). Another potential 

source of water-ice in polar deposits comes from interactions of surface regolith with protons from 

the solar wind, which would produce OH or H2O, but not other volatiles (McCord et al., 2011).  

The volatile-rich polar deposits on Mercury place critical constraints on the survivability 

and inevitability of water-rich ice deposits on the surfaces of airless planetary bodies, even bodies 

in close proximity to their host star. Direct measurement of those ices either by a future lander or 

in a lab on Earth after sample return could provide important constraints on the sources and 

processes of those volatiles, including the timescales over which they can survive at the surface.  



Exosphere 

       Mercury is unique among the terrestrial planets in that it has a tenuous, surface bounded 

exosphere instead of a permanent, large atmosphere. An exosphere is defined as a thin gaseous 

atmospheric layer around a planetary body, bound by gravity, but where the gas density is so low 

that the particles are collisionless. Mercury’s exosphere is produced through interactions of the 

surface with solar wind and meteorite impacts. Mercury’s exosphere is known from Mariner 10 

and MESSENGER data to consist of H, He, Na, K, Ca, and Mg along with Al and Mn (Killen et 

al., 2007; McClintock et al., 2008; McClintock et al., 2009; Merkel et al., 2017; Vervack et al., 

2016; Vervack et al., 2010; Zurbuchen et al., 2008). H and He are lost through thermal escape as 

temperatures are high enough for atoms to reach their escape velocity, but all other elements 

identified in Mercury’s exosphere must be lost through non-thermal escape, sticking to the surface 

of Mercury or entrainment into solar wind after photoionization (Killen et al., 2007). Oxygen was 

detected by Mariner 10 but not MESSENGER, which suggests O content either changed 

dramatically or there was an error in the first detections (Vervack et al., 2016). The Ultraviolet and 

Visible Spectrometer (UV-VIS) and Mercury Atmospheric and Surface Composition 

Spectrometer (MASCS) instruments on MESSENGER were used to map the distributions and 

seasonal variations of these constituents. The abundances, distributions, and seasonal variations 

for many of these elements are distinct, which suggests different source, transport, and loss 

processes (Merkel et al., 2017). Understanding the production of Mercury’s exosphere can 

therefore allow inferences to be made about the surface chemistry and mineralogy. 

       Of the elements measured in Mercury’s exosphere, Na, K, Ca, and Mg have been the most 

extensively studied. The sodium tail, which is escaping away from the Sun primarily due to 

radiation-pressure induced acceleration, was first imaged by Potter et al. (2002) and is remarkably 

constant. A northern enhancement in Na was observed in the second MESSENGER flyby, while 

in contrast Ca and Mg were enhanced at northern latitudes during the third flyby indicating 

different source processes, although this could be due to observational bias (Potter et al., 2006). 

Na content is also spatially variable on the surface, ranging from 2.8 wt.% at low northern latitudes 

(0–15°) to 4.9 wt.% at high latitudes (80–90° N), which may be due to preferential deposition at 

cold poles (Peplowski et al., 2014). Ca was observed to vary over yearly timescales and is highly 

concentrated in the dawn equatorial region (McClintock et al., 2009). Interestingly, an 



enhancement in the Mg exosphere was observed over the Mg-rich geochemical terrane, providing 

the first direct link between surface regolith and the exosphere (Merkel et al., 2018). 

Future Exploration of Mercury 

 Centuries of ground-based telescopic and orbital spacecraft observation have revealed a 

wealth of geochemical information about the planet Mercury. Those observations have revealed 

that Mercury is a geochemical endmember amongst the terrestrial planets, and to understand 

hermean geochemistry requires us to recalibrate our understanding of the geochemical behavior of 

the elements. Although we have gained much knowledge, there are still many open or poorly 

constrained questions that are fundamental to understanding Mercury’s origin and its subsequent 

thermochemical evolution. Among the most pressing questions are the origin of Mercury’s large 

core and the mineralogical make-up of its silicate mantle and crust. These questions require 

additional experimental and modeling work that can be completed today, but they also require the 

continued exploration of Mercury, to obtain better constraints and new datasets on hermean 

geochemistry.  

BepiColombo will reach orbital insertion around Mercury in late 2025 (Benkhoff et al., 

2021), representing our next great opportunity to gain new insights into the geochemistry of the 

innermost planet. BepiColombo has a suite of geochemical instruments that it will use to gather 

data across the surface of Mercury, particularly at a much greater resolution at the southern 

hemisphere than was possible with MESSENGER (Benkhoff et al., 2021; Rothery et al., 2020). 

Looking beyond BepiColombo, a Mercury lander could provide detailed insights into the surface 

of Mercury that are not possible from orbit, including a direct assessment of surface mineralogy 

by X-ray diffraction and chemical compositions of individual parcels of regolith or rocks (Ernst et 

al., 2022). Furthermore, insights into hermean surface volatiles, including the potential inventory 

of organics in permanently shadowed craters, would be particularly compelling targets for future 

exploration (e.g., Lawrence et al., 2013; Neumann et al. 2013; Paige et al., 2013). The greatest 

knowledge gains in hermean geochemistry will come through the study of samples, either through 

the identification of a hermean meteorite or from a Mercury sample return mission (Vander Kaaden 

et al., 2019). Regardless of what the future holds for Mercury exploration, it is already an important 



endmember for understanding terrestrial planets in our own solar system, and it provides key 

insights into exoplanetary systems as well. 
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Figures 

 

 
 

Figure 1. Core radius versus parent body radius for several terrestrial bodies from the inner Solar 

System. The gray shaded region of the figure shows a forbidden region where core radius would 

be larger than parent body radius. A line of best fit through the data and the origin is represented 

by the black line. The slope of the line and its R2 are displayed in the upper left portion of the plot. 

Data sources for the radii of each body are as follows: Earth (Yoder, 1995), Moon (Weber et al., 

2011; Yoder, 1995), Mars (Stähler et al., 2021; Yoder, 1995), Mercury (Margot et al., 2019), Venus 

(Dumoulin et al., 2017; Yoder, 1995), 4 Vesta (Russell et al., 2012). 

 

 

 

 



 
 

Figure 2. Map of Mercury showing nine geochemical regions, consisting of terranes and deposits, 

defined on the basis of MESSENGER XRS data. The locations of the regions are reported in 

Vander Kaaden et al. (2017). The terranes are superimposed on a low incidence angle mosaic of 

Mercury displayed as a simple cylindrical projection, centered on 0° latitude and 0° longitude. 

Image credit for mosaic: NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie 

Institution of Washington. The region abbreviations are as follows: HMR – High-Mg Region, 

HMR-CaS – portion of High-Mg Region with elevated Ca and S, BP-HMg – High-Mg lavas of 

Borealis Planitia, BP-LMg – Low-Mg lavas of Borealis Planitia, RB – Rachmaninoff Basin, PD – 

Pyroclastic deposit NE of Rachmaninoff Basin, High Al – High-aluminum Plains, CB – Caloris 

Basin, IT – Intermediate Terrane. Scale bar is in kilometers. 

 

 

 

 

 

 

 



 
 

Figure 3. Bulk K/Th ratio versus mean radius (km) of parent body for Solar System bodies. The 

range in radius for the angrite parent body (APB) represents the range in estimates in the literature 

(Sarafian et al., 2014). The range in radius for the CI chondrite parent body represents a range 

from 0 km to the radius of Ceres (Russell et al., 2016). Parent body radius for 4 Vesta is from 

(Russell et al., 2012), and all other radii are from the sources identified in Figure 1. The K/Th data 

for each parent body are as follows: Mercury (Table 1), Angrite parent body (McCubbin and 

Barnes, 2019), 4 Vesta (Prettyman et al., 2015), CI chondrite (Lodders and Fegley, 1998), Mars 

(Determined by combining data on martian meteorites from the martian meteorite compendium 

wih GRS data from Taylor et al., 2006 ), Earth (McDonough and Sun, 1995), Moon (Lucey et al., 

2006), and Venus (average of the K/Th values reported for Vanera 8, Vanera 9, Vanera 10, Vega 

1, and Vega 2, as summarized by Lodders and Fegley, 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Figure 4. Plot showing the range in fO2 exhibited by various parent bodies in the Solar System 

relative to the IW reaction. The absolute log fO2 value of the IW reaction changes as a function of 

temperature, and the fO2 estimates in this plot relate to the temperature ranges at which fO2 

equilibrated on each of the parent bodies. Consequently, this plot does not represent a single 

temperature or absolute log fO2 value at any given point along the x-axis. Terrestrial planets and 

meteorites cover a range of fO2 relative to IW (Anzures et al., in press; Benedix et al., 2005; Cartier 

and Wood, 2019; Ehlmann et al., 2016; Goodrich et al., 2013; McCoy et al., 2019; McCubbin and 

Barnes, 2019; Righter et al., 2016; Wadhwa, 2008). The fO2 for typical magmas (MORB) on Earth 

is denoted by a gray circle with black outline (Cottrell and Kelley, 2011; O’Neill et al., 2018). The 

gray lines for Mercury, Venus, Earth, Moon, and Mars represent fO2 ranges for their respective 

magmas.  Low fO2 (i.e., ≤IW–3) is observed for Mercury (McCubbin et al., 2017; Namur et al., 

2016a; Zolotov et al., 2013), enstatite chondrites (Fogel et al., 1989), aubrites (Casanova et al., 

1993), the winonaite/IAB parent body (Anzures et al., in press; Benedix et al., 2005), the 

acapulcoite-lodranite parent body (McCoy et al., 2019; Righter et al., 2016), some CR chondrites 

(Schrader et al., 2013), CH chondrite metal (Petaev et al., 2003), and early Earth (Javoy et al., 

2010). *Venus is presumed to have the same range in magmatic fO2 as Earth based on similar core 

fraction and similar FeO abundances in surface basalts (Filiberto, 2014). 



 

 

 
 

Figure 5. Partitioning of elements between metal, sulfide, and silicate melt under reducing 

conditions relevant to Mercury (i.e., ≤IW–3) from experimental data (Boujibar et al., 2019; Pirotte 

et al., 2023; Steenstra et al., 2020b; Vander Kaaden and McCubbin, 2016). The symbol for each 

element is the average D value reported in each study, and the error bars represent the maximum 

and minimum D values from all experimental charges. The affinity of an element is depicted by 

the region of the graph in which it falls. Sid: Siderophile (purple), Lith: Lithophile (green), Chalc: 

Chalcophile (yellow). 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure 6. Geochemical classification of element affinity developed from (Top) distributions of 

elements in Earth rocks and meteorites based on original classifications from Goldschmidt 

(Goldschmidt, 1937; Lee, 2018) and (bottom) from experimental partitioning studies of elements 

among metal, sulfide, and silicate phases (Boujibar et al., 2019; Jackson et al., 2018; Pirotte et al., 

2023; Steenstra et al., 2022; Steenstra et al., 2020a,c; Vander Kaaden and McCubbin, 2016; 

Wohlers and Wood, 2015, 2017) as well as the distributions of elements amongst sulfides, silicates, 

oxides, and metals in highly reduced meteorites (Crozaz and Lundberg 1995; Dickinson and 

McCoy, 1997; Floss and Crozaz, 1993; Keil, 2010; Lodders et al., 1993; Udry et al., 2019; 

Weisberg and Kimura, 2012; Wheelock et al., 1994; Wilbur et al., 2022). The geochemical affinity 

is indicated by color as labelled between the upper and lower periodic tables and listed here as 

lithophile (orange), siderophile (gray), chalcophile (yellow), atmophile (blue), and rare and/or no 

data (white). For element boxes with two or more colors, the dominant area represents the primary 

affinity, and the minor areas represent minor affinities. Element boxes filled with approximately 

equal area of two colors indicates that the element has dual affinities. Red or blue circles indicate 

elements that only exhibit chalcophile behavior in Ca- and/or Mg-dominant sulfides (red circles) 

or that only exhibit chalcophile behavior in the sulfide mineral djerfisherite (blue circles), 

respectively. 

 



 
 

Figure 7. Plot of Al/Si vs. Mg/Si showing bulk chemical fractionation lines for Earth (Drake and 

Righter, 2002), Mars (Wänke and Dreibus, 1994), and Mercury (after Anzures et al., 2020; this 

study) used to determine the initial bulk silicate composition of a terrestrial planet. Several 

potential Mercury fractionation lines are shown that correspond to olivine:pyroxene ratios ranging 

from 1:0 to 1:4. Different geochemical terrains on the surface are shown in colored fields (Weider 

et al., 2015), and terrane compositions from Tables 1–2 are shown as star symbols. Model bulk 

silicate compositions of Mercury from Table 4 are shown as square symbols. In Al/Si vs. Mg/Si 

space, chondrites form a linear trend that represents the chemically primitive building blocks of 

the Solar System (Taylor, 2001). The bulk silicate composition is then determined as the 

intersection between the bulk fractionation line and the chondrite line, where higher Mg/Si ratio 

identifies more primitive magmatic compositions. For Earth, this primitive upper mantle 

composition agrees well with a fractionation line through primitive ultramafic rocks with primarily 

olivine fractionation (Jagoutz et al., 1979; Palme and Nickel, 1985; Ringwood, 1979). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Tables 

 
Table 1. Global average surface composition of Mercury† from MESSENGER XRS and GRS data. 

Element (ratio)           XRS             GRS‡ Oxide Average Surface⁑ (wt%) 

Mg/Si 0.436 (0.106)  SiO2 52.99 

Al/Si 0.268 (0.048) 0.29−0.13
+0.05 TiO2 0.34 

Ca/Si 0.165 (0.030) 0.24 ± 0.05 Al2O3 13.06 

Fe/Si 0.053 (0.013) 0.077 ± 0.013 Cr2O3 0.03 

Mn/Si 0.004 (0.001)  FeO 2.18 

Ti/Si 0.0083 (0.0040)  MnO 0.12 

Cr/Si 0.0008 (0.0002)  MgO 17.90 

Na/Si  0.12 ± 0.01 CaO 6.67 

S/Si 0.076 (0.019) 0.092 ± 0.015 Na2O 4.01 

Cl/Si  0.0057 ± 0.0010 K2O 0.15 

O/Si  1.2 ± 0.1 S 2.08 

K (ppm)  1288 ± 234 Cl 0.14 

Th (ppm)  0.155 ± 0.054 C 1.4 

U (ppb)  90 ± 20 -O = Cl + S 1.07 

C (wt%)  1.4 ± 0.9 Total 100.00 
†All ratios are by mass. Parenthetical numbers represent the standard deviation of XRS measurements, 

which represent abundance variation across the surface; Values after the ± symbol refer to the 1σ statistical 

uncertainty.  
‡All GRS data are from the northern hemisphere. 
⁑Average surface compositions computed on the basis of 25 wt% Si on the surface as reported by Evans 

et al. (2012). For elements with both XRS and GRS values, an average was computed from both values 

with the exception of Ca, where the value was chosen on the basis of the midpoint in overlapping values 

when taking into account uncertainty (i.e., Ca/Si = 0.1925). 

Values reported here from Cartier et al., 2020, Nittler et al., 2023, and Nittler et al. 2018. The data in 

Nittler et al. 2018 were compiled from Nittler et al., (2011, 2016); Peplowski et al. (2011, 2012b, 2014, 

2015a, 2016); Evans et al. (2012, 2015); Weider et al. (2014, 2015); Frank et al. (2015); and McCubbin et 

al. (2017) 

 
 

 

 

 

 

 

 

 

 

 

 



Table 2.  Average compositions† (wt%) for eight distinct geochemical regions on Mercury based on the 

terranes and deposits identified in Figure 2 (Vander Kaaden et al 2017; Peplowski and Stockstill-Cahill, 

2019; Weider et al., 2015). 

 HMR BP-HMg BP-LMg RB PD HAl CB IT 

SiO2 51.05 54.99 62.38 53.25 53.07 55.24 58.72 56.56 

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.46 0.00 

Al2O3 9.44 12.61 10.33 11.20 11.72 16.42 16.58 12.59 

FeO 2.11 2.01 1.97 1.95 1.98 1.48 1.02 1.96 

MgO 24.84 20.17 11.22 22.62 21.81 16.36 12.89 18.29 

CaO 7.47 5.49 5.86 6.25 7.46 5.75 5.73 5.87 

Na2O 3.52 3.67 7.07 3.63 3.51 3.67 3.79 3.74 

K2O 0.16 0.18 0.20 0.15 0.16 0.11 0.09 0.15 

S 2.83 1.80 1.99 1.92 0.57 1.97 1.45 1.71 

-O=S 1.41 0.90 0.99 0.96 0.28 0.98 0.72 0.85 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
         
†Compositions of each deposit or terrane is based on average composition between similar regions 

reported in Vander Kaaden et al., (2017) and Peplowski and Stockstill-Cahill (2019). See Vander Kaaden 

et al., (2017) and Peplowski and Stockstill-Cahill (2019) for information about the uncertainties on these 

terrane and deposit compositions. 

Terrane abbreviations as follows: HMR – High-Mg Region (includes HMR and HMR-CaS from Figure 

2), BP-HMg – High-Mg lavas of Borealis Planitia, BP-LMg – Low-Mg lavas of Borealis Planitia, RB – 

Rachmaninoff Basin, PD – Pyroclastic deposit NE of Rachmaninoff Basin, Hal – High-aluminum Plains, 

CB – Caloris Basin, IT – Intermediate Terrane 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3.  Estimated elemental abundances (wt%) in Mercury’s core 

Basis of model 

estimate 
Fe Nia Co Cr Mn P Ti Si S C 

Geophysical 

Models1 
75–95 4.3–5.5 - - - - - >0–17 0–20 - 

           

Graphite 

Flotation Crust2 
- - - - - - - - - >0 

           

Metal-rich 

chondrite 

differentiation3 

75–89 4.3–5.1 - - - - - >5 ~1–15 - 

           

Core Formation 

Experiments4 
75–83 4.3–4.8 - - - - - >1 0–20 - 

           

S solubility 

experiments5 
- - - - - - - >0 <1.5 - 

           

Core-dynamo6 

simulations 
- - - - - - - <7.5   

           

Fe-Si-C 

experiments7 
61–94 3.6–5.5 - - - - - 0.3–25 ≤5.0 ≤5.0 

           

HMR+Fo99-MB8 81–87 4.7–5.1 0.22–0.24 0.94–1.0 0.02 0.37–0.40 0.05 5.0 0–4.0 0.8–4.0 
           
aValue assumed on the basis of a chondritic Fe/Ni ratio of ~17.3 (Lodders and Fegley, 1998). 

Data sources: 1) Hauck et al. (2013) 2) Vander Kaaden and McCubbin (2015) 3) Malavergne et al., (2010) 4) Chabot et al (2014b) 

5) Namur et al (2016a) 6) Knibbe et al. (2021) 7) Vander Kaaden et al., (2020) 8) This study with Co, Cr, Mn, Ti, and P computed 

using chondritic ratios with Fe and Dmetal/Silicate values from Steenstra et al., (2020b), Si assumed to be 5 wt% for bulk silicate 

model (see Table 4), C and S ranges are from Vander Kaaden et al., (2020), and Fe and Ni computed by difference assuming a 

chondritic Fe/Ni ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Table 4. Model bulk silicate compositions for Mercury† 

Oxide PMM-MB EC-Si80% CH HMR+Fo99-MB EC-Si60% 

SiO2 53.10 55.75 51.42 45.97 47.13 

TiO2 0.23 0.19 0.21 0.03 0.18 

Al2O3 4.43 3.45 3.79 3.63 3.69 

FeO 0.03 0.00 0.54 1.40 0.00 

MnO - - 0.09 0.01 - 

MgO 37.46 37.20 40.80 43.83 44.53 

CaO 3.07 1.84 2.74 3.18 2.79 

Na2O 1.64 1.43 0.40 1.29 1.52 

K2O 0.05 0.14 0.02 0.06 0.16 

S - - - 0.94 - 

Cl - - - 0.05 - 

C - - - 0.11 - 

-O=S+Cl - - - 0.48 - 

Total 100.00 100.00 100.00 100.00 100.00 

Mg/Si 0.910 0.861 1.024 1.23 1.219 

Al/Si 0.094 0.070 0.083 0.089 0.089 

Ca/Si 0.088 0.050 0.081 0.106 0.090 

Na/Si 0.049 0.041 0.012 0.044 0.051 

Si in Core1 MB  ~1.5 1.46 0.38‡ 5 2.84 

Si in Core2 MB ~3.5 3.43 0.89 - 6.64 
1Assuming chondritic Si and 74% core mass fraction is a primordial feature 
2Assuming chondritic Si and 74% core mass fraction is from large impact(s) and original core was 

40% planet mass, similar to other terrestrial planets (Anderson et al., 1987) 
†PMM-MB from Nittler et al., (2018) based on mass balance and experiments from Namur et al., 

(2016b); EC-Si80% from Nittler et al., (2018) based on enstatite chondrite composition with 20% 

of total SiO2 reduced to Si and sequestered in the core; CH from Anzures et al. (2020) based on 

bulk silicate portion of CH chondrite ALH 85085; HMR+Fo99-MB from this study based on HMR 

upper mantle, 5% Si in core, and chondritic Si; EC-Si60% from this study based on enstatite 

chondrite composition with 40% of total SiO2 reduced to Si and sequestered in the core. 
‡Computed based on average of 41 analyses of Si in metal in ALH 85085 where 38 of them yielded 

Si abundances below detection and 3 analyses were reported to have 3.3, 4.8, and 7.5 wt.% Si, 

respectively (Weisberg et al., 1988).  
      


