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a b s t r a c t 

Orbital data from the MESSENGER mission to Mercury have facilitated a new view of the planet’s struc- 

ture, chemical makeup, and diverse surface, and have confirmed Mercury’s status as a geochemical end- 

member among the terrestrial planets. In this work, the most recent results from MESSENGER’s X-Ray 

Spectrometer, Gamma-Ray Spectrometer, and Neutron Spectrometer have been used to identify nine dis- 

tinct geochemical regions on Mercury. Using a variation on the classical CIPW normative mineralogy 

calculation, elemental composition data is used to constrain the potential mineralogy of Mercury’s sur- 

face; the calculated silicate mineralogy is dominated by plagioclase, pyroxene (both orthopyroxene and 

clinopyroxene), and olivine, with lesser amounts of quartz. The range in surface compositions indicate 

that the rocks on the surface of Mercury are diverse and vary from komatiitic to boninitic. The high 

abundance of alkalis on Mercury’s surface results in several of the nine regions being classified as alkali- 

rich komatiites and/or boninites. In addition, Mercury’s surface terranes span a wide range of SiO 2 values 

that encompass crustal compositions that are more silica-rich than geochemical terranes on the Moon, 

Mars, and Vesta, but the range is similar to that of Earth. Although the composition of Mercury’s surface 

appears to be chemically evolved, the high SiO 2 content is a primitive feature and a direct result of the 

planet’s low oxygen fugacity. 

© 2016 Elsevier Inc. All rights reserved. 
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. Introduction 

Prior to the return of data from the MErcury Surface, Space

Nvironment, GEochemistry, and Ranging (MESSENGER) mission

 Solomon et al., 2001 ), data relating to Mercury were scarce, re-

ulting in much information about the planet having to be in-

erred. During the Mariner 10 flybys in 1974 and 1975, ∼45 % of

he planet was imaged, a magnetic field was detected, H, He, and O

n the exosphere were measured, and other physical characteristics

f the planet were determined ( Broadfoot et al., 1974 , 1976; Chase

t al., 1974; Murray, 1975 ; Ness et al., 1974 , 1975 ). NASA’s MESSEN-

ER mission ( Solomon et al., 2001 ), however, has provided the first

n-depth study of the innermost planet. The onboard X-Ray Spec-
∗ Corresponding author at: Institute of Meteoritics, Department of Earth & Plane- 

ary Sciences, University of New Mexico, Albuquerque, NM 87131, USA. 

E-mail addresses: kvander@unm.edu , kathleen.e.vanderkaaden@nasa.gov (K. E. 
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rometer (XRS) and Gamma-Ray and Neutron Spectrometer (GRNS)

ere used to obtain the first chemical analyses of Mercury’s sur-

ace ( Evans et al., 2012 , 2015 ; Nittler et al., 2011 ; Peplowski et al.,

012a , 2012b, 2014, 2015a, 2015b, 2016 ; Weider et al., 2012 , 2014,

015, 2016 ). With XRS data, the abundance of major rock-forming

lements in the top ∼100 μm of the surface were quantified, in-

luding fluorescent lines from Mg, Al, Si, S, Ca, Ti, and Fe ( Nittler

t al., 2011 ; Weider et al., 2012, 2014, 2015, 2016 ). In addition, the

oncentration of several elements (e.g., H, C, O, Na, Mg, Al, Si, Cl,

a, Ti, and Fe) in the top ∼10–40 cm of the surface were estimated

rom the Gamma-Ray Spectrometer (GRS) component of the GRNS

 Evans et al., 2012 , 2015 ; Peplowski et al., 2011 , 2012a , 2012b , 2014 ,

015a , 2015b , 2016 ). Data obtained from the Neutron Spectrome-

er (NS) allowed differences in the emission of epithermal, ther-

al, and fast neutrons across Mercury’s surface to be measured.

hese data, for example were used to map the H content at Mer-

ury’s polar regions (and to provide complementary compositional

nformation to XRS and GRS) by mapping differences in the flux

http://dx.doi.org/10.1016/j.icarus.2016.11.041
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.11.041&domain=pdf
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of neutrons, of varying energy, that are emitted due to interactions

of cosmic rays with Mercury’s surface ( Lawrence et al., 2010 , 2013 ,

2017 ). With the recent availability of data from the MESSENGER

mission, it is our aim to conduct a systematic study to understand

the mineralogy and petrology of the surface of Mercury and to pro-

vide an improved understanding of the geochemistry, mineralogy,

and petrology of Mercury’s mantle. 

Given its close proximity to the Sun, Mercury was expected

to be depleted in volatile elements ( Albarède, 2009 ). Additionally,

ultraviolet-visible light measurements of Mercury’s surface from

ground-based telescopes did not yield a definitive 1-μm absorp-

tion feature ( McCord and Clark, 1979 ; Vilas, 1988 ) diagnostic of

crystal field transitions in Fe 2 + in the crystal structures of ferro-

magnesian silicates ( Burns, 1993 ). This observation led to infer-

ences that, like the lunar highlands, the surface of Mercury was

low in FeO ( Blewett et al., 1997, 20 09; McClintock et al., 20 08; Mc-

Cord and Clark, 1979; Riner et al., 2010; Robinson and Lucey, 1997;

Robinson et al., 2008; Vilas, 1988 ), but the abundance could not be

constrained with a high level of certainty. Furthermore, Mercury –

with its high density of craters and abundant smooth plains (sim-

ilar in appearance to the lunar maria) – was frequently compared

with the Moon ( Blewett et al., 2002; Taylor and Scott, 2004 ). It

was also thought that Mercury’s reflectance spectra were similar to

those of the plagioclase-dominated lunar highlands (e.g., Blewett et

al., 2002; Hapke, 1977 ), although mid-infrared telescopic thermal

emission data suggested it was more sodic and variable in nature

( Sprague and Roush, 1998 ). By analogy to the Moon, formation of a

plagioclase floatation crust from a magma ocean event on Mercury

has also been suggested ( Brown and Elkins-Tanton, 2009; Riner et

al., 2009; Taylor, 2009 ). However, estimates of low FeO abundances

on Mercury as observed from MESSENGER could inhibit plagioclase

floatation within a mercurian magma ocean ( Vander Kaaden and

McCubbin, 2015 ). The resolution and coverage of Mariner 10 map-

ping of Mercury’s surface was inadequate to determine whether

Mercury’s bulk surface was a primary crust (subsequently modi-

fied substantially by the late heavy bombardment) or a secondary

crust produced by volcanism ( Taylor and McLennan, 2009 ). 

Results from the geochemistry payload onboard MESSENGER

have been used to identify numerous previously unknown geo-

chemical features on Mercury’s surface (e.g., Peplowski et al.,

2015b; Weider et al., 2015 ). Furthermore, the data have revealed

several surprising characteristics about the planet’s surface, includ-

ing elevated S abundances (up to 4 wt%) and low Fe abundances

(less than 2 wt%) ( Evans et al., 2012; Nittler et al., 2011; Weider

et al., 2014 ). Such S and Fe concentrations have also been used

to infer Mercury’s highly reduced nature. It has been estimated

that Mercury’s interior is between 2.6 and 7.3 log 10 units below

the Iron-Wüstite (IW) buffer ( McCubbin et al., 2012; Zolotov et al.,

2013 ), which is lower than any other terrestrial planet in the So-

lar System ( Herd, 2008; Sharp et al., 2013; Wadhwa, 2008 ). This

highly reducing nature has important consequences for the ther-

mal and magmatic evolution of Mercury, its surface mineralogy

and geochemistry, as well as the petrogenesis of mercurian mag-

mas ( Brown and Elkins-Tanton, 2009; Charlier et al., 2013; McCub-

bin et al., 2012; Namur et al., 2016; Nittler et al., 2011; Stockstill-

Cahill et al., 2012; Vander Kaaden and McCubbin, 2015, 2016 ). Al-

though previous work has examined the potential mineralogy as-

sociated with various regions on Mercury ( Charlier et al., 2013; Na-

mur et al., 2016; Stockstill-Cahill et al., 2012; Vander Kaaden and

McCubbin, 2016 ), the most up-to-date geochemical results from

MESSENGER have not yet been used to understand the mineralogy

and petrology across the surface of the planet. 

Several geochemical regions have previously been identified on

the surface of Mercury on the basis of their composition, as mea-

sured by the XRS and GRS ( Peplowski et al., 2015b; Weider et al.,

2015 ). The oxide compositions of these geochemical terranes – cal-
ulated according to the methods of Vander Kaaden and McCubbin

2016) – indicate a variable Si abundance across Mercury’s surface

nd suggest that MESSENGER’s geochemical results pertain to a di-

erse set of rocks and minerals. To date, it has been suggested that

ercury’s surface compositions are akin to terrestrial komatiites,

ecause of their Mg/Si and Al/Si ratios ( Nittler et al., 2011; Weider

t al., 2015 ), and to terrestrial boninites, given the high (calculated)

iO 2 abundances of some regions (e.g., Vander Kaaden and McCub-

in, 2016 ). However, given the newest results from MESSENGER,

t is possible that this diversity in geochemistry, mineralogy, and

etrology, is even greater than previously suggested. In the present

tudy, we compare the geochemistry of nine distinct geochemical

erranes identified by MESSENGER to gain a deeper understanding

f the lithologic diversity on the mercurian surface and its impli-

ations for mineralogy of the surface and mantle of Mercury. 

. Methods 

We used XRS ( Nittler et al., 2011 ; Weider et al., 2012 , 2014,

016 ) and GRS ( Peplowski et al., 2012a , 2014 ) analyses to deter-

ine the average compositions for nine identified geochemical re-

ions (see Tables 1 and 2 ). Although C has recently been identi-

ed on the surface of Mercury ( Murchie et al., 2015 ; Peplowski et

l., 2015a , 2016 ), the source of this C is still debated ( Bruck et al.,

015; Murchie et al., 2015 ; Peplowski et al., 2015a , 2016 ; Vander

aaden and McCubbin 2016 ); therefore, we have not included C in

ur calculations. The elemental data from the XRS that we used,

hich incorporated data from the low-altitude campaign at the

nd of the MESSENGER mission ( Weider et al., 2016 ), included

g/Si, Ca/Si, Al/Si, Fe/Si, and S/Si ratios. Due to the highly elliptical

olar orbit of MESSENGER, the spatial resolutions of XRS and GRNS

easurements varied across the planet’s surface, with higher res-

lution obtained at northern latitudes. XRS resolution varied from

 100 km at mid-northern latitudes to > 3000 km over the south

ole. Spatial coverage from the different geochemical instruments

lso varied. Whereas XRS maps of Mg/Si and Al/Si cover the globe,

RS maps of S/Si, Ca/Si and Fe/Si ratios are all more limited in ex-

ent ( Weider et al., 2016 ). Therefore, the geochemical regions dis-

ussed here are largely defined on the basis of the Mg/Si, Al/Si, and

eutron maps, which have the greatest spatially resolved northern

emisphere coverage, although at least some heavier element data

re available for all geochemical regions of interest. Because the

egions are larger than the measurement resolution, we calculated

rea-weighted averages for each region to avoid over-interpretation

f any single pixel. 

The spatial resolution of the GRS measurements varies as ∼1.5x

he spacecraft altitude. For GRS K measurements, abundances were

apped in pixels whose sizes were varied as a function of latitude,

hereas Na measurements were reported for latitude bands. In

oth cases, the pixels/bands were sized to achieve a useful statis-

ical precision for each measurement, and we note that their spa-

ial extents were comparable to, or larger than, the intrinsic spatial

esolution of the GRS data. All other GRS element measurements

ere provided as “northern hemisphere averages”. For these mea-

urements, low-altitude ( < 20 0 0 km) data were used, during which

ime the sub-spacecraft latitude ranged from approximately −20 °
o 90 °, with spatial coverage being heavily biased to latitudes > 25 °

.1. Identification of distinct geochemical regions 

To investigate the potential mineralogical and petrologic diver-

ity of Mercury, we have focused our investigation on nine dis-

inct geochemical regions. These regions are shown on a map of

ercury in Fig. 1 and include (i) the high-Mg region (HMR); (ii) a

ub-region of the HMR with the planet’s highest Ca and S con-

ents (HMR-CaS); (iii) a subset of the northern volcanic plains (NP)
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Table 1 

Average compositions (wt%) for nine distinct geochemical regions on Mercury using only reported values for Ti, Mn, and Cr. Standard error is given parenthetically. The 

reader is referred to Section 2.1 . for details regarding calculations of these compositions. 

HMR HMR-CaS NP-HMg NP-LMg RB PD HAl CB IT 

SiO 2 51 .81 (7.04) 50 .50 (5.95) 54 .89 (7.49) 60 .70 (7.43) 52 .40 (4.17) 53 .08 (1.45) 55 .42 (4.23) 58 .86 (4.75) 55 .89 (8.05) 

MgO 24 .15 (2.86) 25 .14 (2.32) 20 .28 (3.90) 12 .50 (2.84) 23 .42 (2.12) 21 .81 (0.45) 16 .50 (1.47) 13 .05 (2.28) 17 .94 (4.62) 

CaO 7 .00 (1.70) 7 .76 (1.35) 5 .58 (1.20) 5 .43 (1.23) 6 .84 (0.63) 7 .46 (0.14) 5 .73 (1.59) 5 .70 (0.63) 5 .74 (0.93) 

Al 2 O 3 10 .05 (1.36) 9 .27 (1.82) 12 .57 (1.51) 12 .16 (2.40) 10 .45 (0.88) 11 .72 (0.47) 16 .78 (0.57) 16 .59 (0.97) 14 .06 (1.80) 

K 2 O 0 .16 (0.03) 0 .16 (0.03) 0 .24 (0.04) 0 .18 (0.04) 0 .16 (0.03) 0 .16 (0.03) 0 .16 (0.03) 0 .09 (0.02) 0 .11 (0.02) 

Na 2 O 3 .51 (0.01) 3 .51 (0.01) 3 .51 (0.01) 6 .47 (0.04) 3 .51 (0.01) 3 .51 (0.01) 3 .51 (0.01) 3 .51 (0.01) 3 .51 (0.01) 

FeO 1 .99 (0.51) 2 .19 (0.31) 2 .02 (0.31) 1 .62 (0.47) 1 .94 (0.31) 1 .98 (0.31) 0 .97 (0.31) 0 .99 (0.21) 1 .84 (0.34) 

TiO 2 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .46 (0.16) 0 .00 

CrO 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 

MnO 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 

S 2 .67 (0.60) 2 .96 (0.29) 1 .80 (0.57) 1 .88 (0.49) 2 .57 (0.24) 0 .57 (0.07) 1 .88 (0.07) 1 .52 (0.50) 1 .81 (0.37) 

-O = S 1 .33 1 .48 0 .90 0 .94 1 .28 0 .28 0 .94 0 .76 0 .90 

Total 100 .00 100 .00 100 .00 100 .00 100 .00 100 .00 100 .00 100 .00 100 .00 

Wt% Si 24 .22 (4.66) 23 .61 (3.75) 25 .66 (4.82) 28 .37 (4.72) 24 .50 (2.67) 24 .81 (0.94) 25 .90 (2.85) 27 .51 (3.09) 26 .13 (5.04) 

Total Alkalis 3 .66 (0.04) 3 .66 (0.04) 3 .75(0.05) 6 .65 (0.08) 3 .66 (0.04) 3 .66 (0.04) 3 .66 (0.04) 3 .60 (0.04) 3 .62 (0.03) 

Table 2 

Average compositions (wt%) for the nine geochemical regions. These compositions were calculated in the same way as those shown in Table 1 , but where the detection 

limits of Ti, Mn, and Cr ( Nittler et al., 2011; Weider et al., 2015 ) were used as an upper limit (if abundance estimates for these elements were not available). 

HMR HMR-CaS NP-HMg NP-LMg RB PD HAl CB IT 

SiO 2 50 .52 (7.04) 49 .27 (5.95) 53 .44 (7.49) 58 .87 (7.43) 51 .08 (4.17) 51 .72 (1.45) 53 .94 (4.23) 58 .00 (4.75) 54 .38 (8.05) 

MgO 23 .54 (2.86) 24 .52 (2.32) 19 .75 (3.90) 12 .13 (2.84) 22 .82 (2.12) 21 .25 (0.45) 16 .06 (1.47) 12 .86 (2.28) 17 .46 (4.62) 

CaO 6 .82 (1.70) 7 .57 (1.35) 5 .43 (1.20) 5 .27 (1.23) 6 .66 (0.63) 7 .27 (0.14) 5 .58 (1.59) 5 .62 (0.63) 5 .59 (0.93) 

Al 2 O 3 9 .80 (1.36) 9 .04 (1.82) 12 .24 (1.51) 11 .79 (2.40) 10 .19 (0.88) 11 .42 (0.47) 16 .34 (0.57) 16 .35 (0.97) 13 .68 (1.80) 

K 2 O 0 .16 (0.03) 0 .16 (0.03) 0 .24 (0.04) 0 .18 (0.04) 0 .16 (0.03) 0 .16 (0.03) 0 .16 (0.03) 0 .09 (0.02) 0 .11 (0.02) 

Na 2 O 3 .51 (0.01) 3 .51 (0.01) 3 .51 (0.01) 6 .47 (0.04) 3 .51 (0.01) 3 .51 (0.01) 3 .51 (0.01) 3 .51 (0.01) 3 .51 (0.01) 

FeO 1 .94 (0.51) 2 .14 (0.31) 1 .97 (0.31) 1 .57 (0.47) 1 .89 (0.31) 1 .93 (0.31) 0 .94 (0.31) 0 .97 (0.21) 1 .79 (0.34) 

TiO 2 1 .18 1 .15 1 .25 1 .38 1 .20 1 .21 1 .26 0 .45 (0.16) 1 .27 

CrO 0 .62 0 .60 0 .65 0 .72 0 .62 0 .63 0 .66 0 .71 0 .66 

MnO 0 .61 0 .59 0 .65 0 .71 0 .62 0 .62 0 .65 0 .70 0 .66 

S 2 .60 (0.60) 2 .89 (0.29) 1 .75 (0.57) 1 .82 (0.49) 2 .50 (0.24) 0 .56 (0.07) 1 .83 (0.07) 1 .50 (0.50) 1 .76 (0.37) 

-O = S 1 .30 1 .44 0 .87 0 .91 1 .25 0 .28 0 .91 0 .75 0 .88 

Total 100 .00 100 .00 100 .00 100 .00 100 .00 100 .00 100 .00 100 .00 100 .00 

Wt% Si 23 .61 (4.66) 23 .03 (3.75) 24 .98 (4.82) 27 .52 (4.72) 23 .88 (2.67) 24 .18 (0.94) 25 .21 (2.85) 27 .11 (3.09) 25 .42 (5.04) 

Total Alkalis 3 .66 (0.04) 3 .66 (0.04) 3 .75 (0.05) 6 .65 (0.08) 3 .66 (0.04) 3 .66 (0.04) 3 .66 (0.04) 3 .60 (0.04) 3 .62 (0.03) 

Fig. 1. Map of Mercury showing the nine geochemical regions defined on the basis of MESSENGER X-Ray Spectrometer (XRS) data. White areas indicate regions not consid- 

ered in our calculations. The reader is referred to Section 2.1 for an explanation of each regions’ acronym. 
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with relatively high Mg content (NP-HMg), distinguished by low-

fast neutrons ( Lawrence et al., 2017 ); (iv) a subset of the NP with

relatively low Mg content (NP-LMg); (v) the Rachmaninoff basin

(RB); (vi) the planet’s largest pyroclastic deposit, located northeast

of the Rachmaninoff basin (PD); (vii) the high-Al regions south-

west and southeast of the NP (HAl); (viii) the smooth plains within

the Caloris basin (CB); and (ix) the intermediate terrane (IT), made

up of intercrater plains, highly-cratered terrain, and the south-

ern hemisphere. The boundary of the CB plains and the outer NP

boundary were based on the map of smooth plains by Denevi et

al., (2013) ; all other region boundaries were defined based on the

XRS and NS maps. 

We defined the NP-HMg region (see Fig. 1 ) as those pixels

within the NP with Mg/Si ∼> 0.4 that is also confined to the center

longitude regions, i.e. between ±60 °, which is consistent with the

“low fast neutron” region described by Lawrence et al., (2017) . Fur-

thermore, we defined the NP-LMg region ( Fig. 1 ) as the NP pixels

with Mg/Si < 0.35 (it therefore includes most of the NP). Although

only one Al-rich terrane (at −25 °E, + 30 °N), has previously been

identified ( Weider et al., 2015 ), our updated geochemical maps re-

veal the presence of a second area with a similar chemistry (at

+ 96 °E, + 20 °N). Therefore, we include both areas in our HAl re-

gion. The HMR, RB, PD, and CB regions have been defined in previ-

ous publications ( Blair et al., 2013; Oberst et al., 2010 ; Weider et al.,

2015 , 2016 ). We defined the IT as the remainder of the planet (i.e.,

not included in any of the other eight regions), which includes the

southern hemisphere, intercrater plains, and heavily-cratered ter-

rain. The elemental ratios and standard errors used to define each

geochemical region are given in Table S1. 

Although the abundances of Ti, Mn, and Cr have been reported

for some XRS measurements ( Nittler et al., 2011 ; Weider et al.,

2014 , 2015 ), they have not yet been systematically mapped and

are not available for most of our defined units. In our work we

have calculated two average compositions for each geochemical re-

gion. For the first calculated composition of each geochemical re-

gion ( Table 1 ), we only considered values of Ti, Mn, and Cr for

regions where they are reported. For the second set of calculated

compositions ( Table 2 ), we used the reported XRS detection limits

for Ti, Mn, and Cr ( Nittler et al., 2011 ; Weider et al., 2014 , 2015 ) as

the concentrations of these elements when abundances were be-

low detection. 

We also derived alkali abundances for these regions from GRS

measurements. Low GRS counting statistics did not permit map-

ping of Na abundances, but Na/Si was found to vary with lati-

tude ( Peplowski et al., 2014 ), with an inferred equatorial Na abun-

dance of 2.6 wt% and a greater value of 4.8 wt% at high northern

latitudes. Here, we assign the higher value to the NP-LMg region

and the lower value to all the other regions. In terms of K, we

used the previously published K map, derived from GRS measure-

ments ( Peplowski et al., 2012a ), to assign a suitable K 2 O abundance

to each of our geochemical regions. Specifically, we used the “All

2012 ′′ of Peplowski et al. ( 2012a, 2012b ) to assign the K abundance

for the HMR, HMR-CaS, RB, HAl, and PD regions, their “CB” value

for our CB region, and their “ICP/HCT/SP” value for the K abun-

dance of our IT region. We have also produced updated K abun-

dances for the NP-HMg and NP-LMg (0.2 and 0.15 wt%, respec-

tively), refined from Peplowski et al., (2012a) , where we discrim-

inate between the NP-HMg and NP-LMg, which has not been done

prior to this work. 

To determine the composition of each distinct geochemical re-

gion, we employed a similar approach to that of Vander Kaaden

and McCubbin (2016) . First, we assigned the valence of each el-

ement (i.e., Si 4 + , Ti 4 + , Al 3 + , Cr 2 + , Fe 2 + , Mn 

2 + , Mg 2 + , Ca 2 + , Na + ,
K 

+ , S 2 −). We then calculated a corresponding abundance of O 

2 −, so

that the resulting composition for each specific region was charge-

balanced. Assuming no major constituent elements have been ex-
luded, the resulting sum of oxides/sulfides should thus be ∼100

t%. In the final step of our procedure, we normalized each re-

ion’s composition to 100 wt%, which maintains the measured ele-

ent/Si ratios given in Table S1. From these calculations, we found

hat the resulting O/Si values ranged from 1.58–1.91. 

The standard error for each oxide is reported in Tables 1 and

 . We derived these errors by taking the standard error from XRS

element—to—Si ratios) and GRS (elemental) measurements, calcu-

ating the standard error for the element of interest (i.e., Mg, Ca,

, Al, K, Na, Fe, Ti), and converting this value to the standard er-

or for the oxide or sulfide of interest (i.e., MgO, CaO, S 2 −, Al 2 O 3 ,

 2 O, Na 2 O, FeO, TiO 2 ). When we used the detection limits for Ti,

n, and Cr, no standard errors are reported. Furthermore, due to

he dependence on Si in each calculated composition, the error on

iO 2 is the sum of the errors for all oxides analyzed by XRS. These

omputations result in ∼4–19% error on Si , which is still within,

r less than, the range of error reported for Si by GRS (i.e. < 15%

cross the northern hemisphere, Peplowski et al., 2012a ). In ad-

ition, the difference between Tables 1 and 2 is the inclusion of

etection limits for Cr, Mn, and Ti, so the standard error on the

xides are the same in both tables. 

.2. Normative mineralogy calculations & petrologic classification 

Although each geochemical region may not represent a single

ock type or a specific set of minerals that can be easily deduced

y bulk normative mineralogical calculations, the results of our cal-

ulations are useful for studying the geochemistry, mineralogy, and

etrology of Mercury’s surface (especially from the standpoint of

omparative planetary geochemistry). Consequently, we calculated

 CIPW norm ( Cross et al., 1903 ) and we petrologically classified –

ccording to the International Union of Geological Sciences (IUGS)

lassification protocols ( Le Bas, 20 0 0 and references therein; Le et

l., 2002 ) – each of the nine geochemical regions. We note, how-

ver, that our classifications are based solely on the chemical com-

osition for each unit and they should not be used, a priori , to infer

eologic processes or settings. 

The high S content of the mercurian compositions means that

IPW normative mineralogy calculations cannot be conducted in

he conventional manner because there is not enough Fe to accom-

odate S in most cases. Instead, we first calculated the sulfides

hat would be present in each composition by using the exper-

mentally calculated sulfide-melt partition coefficients of Vander

aaden and McCubbin (2016) . With this method, which is based

n experiments conducted at Mercury-relevant geochemical condi-

ions, FeS, CrS, TiS 2 , and MnS are initially produced. If any S re-

ains after the Fe, Cr, Ti, and Mn have been consumed then MgS

nd CaS are produced – with a sulfide–melt Ca–Mg exchange co-

fficient of 1.97 ( Vander Kaaden and McCubbin, 2016 ) – until all

he S is consumed. At the point when all S has been consumed

y sulfides, we renormalized the remaining composition to 100%

nd thus produced a S-free composition. We then calculated – ac-

ording to the methodology of Johannsen (1931) – the normative

ineralogy of each geochemical region from this S-free composi-

ion. We did, however, make a modification to this classical calcu-

ation for the treatment of MnO. Typically, it is assumed that MnO

cts like FeO and it is thus included in the calculation of an il-

enite component. However, given the highly reducing nature of

ercury ( McCubbin et al., 2012; Zolotov et al., 2013 ), as well as

he low amount of Fe and Ti on the surface ( Evans et al., 2012; Nit-

ler et al., 2011 ; Weider et al., 2012 , 2014, 2015 ), it is unlikely that

lmenite is present at concentrations sufficient to host the concen-

rations of Mn assigned to Mercury. In our approach, therefore, we

ut any MnO that was left after making MnS into a manganosite

MnO) component (although this component is probably consumed

y olivine and/or pyroxene in the actual surface compositions). 
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. Results 

.1. Major-element compositions 

From our calculated compositions ( Tables 1 and 2 ) for the nine

eochemical regions (considering both sets of Cr, Mn, and Ti val-

es), we determine a total range of ∼5.3 wt% Si across Mercury’s

urface. This corresponds to a full range ( �) of ∼11.4 wt% SiO 2 

cross the nine geochemical regions. After our normalization step

and accounting for both sets of Cr, Mn, and Ti values), we find that

iO 2 , MgO, and Al 2 O 3 are the oxides with the largest range across

he planet’s surface ( � = 11.43, � = 13.01, and � = 7.74 wt%, re-

pectively). Our results indicate that sulfides and all other oxides

ary by � < 3 wt%. 

.2. Normative mineralogy 

The results of our normative mineralogy calculations are given

n Fig. 2 , Fig. S1, Table S2 and Table S3. We find that all of our

eochemical regions are hypersthene normative, with the excep-

ion of the HMR-CaS, which is slightly nepheline normative with

0.7–3.1 wt% nepheline. However, given the uncertainty on the ox-

des listed in Tables 1 and 2 , we do not place too much confidence

n this result or other results of similar magnitude. In terms of

ilica saturation, CB is quartz-normative, whereas the rest of the

eochemical regions are consistently olivine-normative. Depending

n the amount of Cr, Mn, and Ti present, the HAl region appears to

e either olivine-normative (containing ∼7 wt% olivine) or quartz-

ormative (containing ∼0.4 wt% quartz); however, given the ∼11%

rror on SiO 2 , this normative abundance of quartz is extremely low

nd cannot be resolved with confidence. 

Our calculations also indicate that the major minerals present

n Mercury’s surface – prior to, or in the absence of, any secondary

egassing processes – include plagioclase, olivine, orthopyroxene,

linopyroxene, and quartz. Albitic plagioclase (NaAlSi 3 O 8 ) consis-

ently dominates all regions (32.42–58.35 wt%), which reflects the

lkali-rich nature of Mercury. Olivine (0–34.59 wt%) is much more

ominant in the HMR, HMR-CaS, RB, and PD regions (representing

∼30 wt% of the normative calculations) than in the NP, HAl, and

T regions (where it only makes up ≤∼16 wt% of the bulk composi-

ions). As stated above, we find that the CB is consistently olivine-

ree. Our results show that orthopyroxene is the dominant pyrox-

ne phase in the NP-HMg, HAl, CB, and IT regions (i.e., hypersthene

3.51–37.13 wt%), whereas clinopyroxene dominates in the HMR,

MR-CaS, RB, and PD (i.e., diopside 16.04–22.43 wt%), and the NP-

Mg has almost equal proportions of orthopyroxene and clinopy-

oxene. Although we find the presence of quartz only in the CB

 ≤8 wt%), it is the dominant minor mineral in that region. 

Our normative mineralogy results ( Fig. 2 ) also illustrate the

imilarity of the HMR and HMR-CaS, where the main difference

etween the two is the abundance of orthopyroxene. Furthermore,

he two NP regions have similar mineralogy, with the NP-HMg

ontaining ∼10 wt% more olivine, and ∼10 wt% less clinopyroxene,

han the NP-LMg. The mineralogy of the RB and PD regions are

lso similar, although PD has fewer sulfides (1.56 wt% vs. 5.42 wt%)

nd less orthopyroxene (6.09 wt% vs. 11.45 wt%), as well as higher

bundances of plagioclase (45.45 wt% vs. 41.99 wt%) and olivine

29.37 wt% vs. 24.17 wt%). Interestingly, the HAl and CB regions

ave extremely similar normative mineralogy. The only significant

ifferences are in terms of orthopyroxene ( ∼7 wt% higher in the

Al) and quartz ( ∼8 wt% greater in the CB). It is also important

o note that it is impossible to distinguish between a homogenous

urface dominated by orthopyroxene and a heterogeneous surface

ith orthopyroxene and sub-equal amounts of olivine and silica. 

Sulfides are the next-most abundant minerals in our CIPW nor-

ative calculations and we first consider them as a single, multi-
omponent phase that makes up ∼1.6–6.5 wt% of the normative

ineralogy ( Figs. 2 and S1). We find that sulfides are the most

bundant in the HMR-CaS, which is consistent with this region

ontaining the highest S abundances on the planet. The 

HMR and RB both contain > 5 wt% sulfides, whereas the NP, IT,

nd HAl regions contain ∼4 wt% sulfides. The PD, which exhibits

mongst the lowest S/Si ratio on the planet ( Weider et al., 2016 ),

lso contains the least sulfides according to our calculations. We

ave also examined the individual sulfide components in each geo-

hemical region (see Figs. 3 and S2). When we use only the mea-

ured values of Cr, Mn, and Ti in our calculations, we find that TiS 2 
s present only in the CB ( ∼0.6 wt%), and that MgS and CaS are

resent in all regions with the exception of the PD. Furthermore,

gS is consistently more abundant than CaS (a direct result of the

ulfide–melt Ca–Mg exchange coefficient we used and the fact that

he abundance of Mg > Ca in all regions). Including the results

rom Fig. S2, which takes into account the detection limits of Cr,

n, and Ti as abundances in these regions, these results indicate

hat Mercury’s surface is composed of FeS (1.16–3.98 wt%), CrS (0–

.89 wt%), TiS 2 (0–1.77 wt%), MnS (0–0.86 wt%), MgS (0–3.23 wt%),

nd CaS (0–0.33 wt%). 

The other minerals in our derived mineralogies have modeled

bundances that are too low for us to definitively claim their

resence (i.e., the abundances could be attributed to uncertain-

ies on the values used in our calculations – see Tables 1 and 2 ).

hese minerals include orthoclase (0.53–1.42 wt%), nepheline (0–

.10 wt%), corundum (0–0.80 wt%), titanite (0–1.35 wt%), and MnO

0–0.71 wt%). When we include the detection limits of Cr, Mn, and

i in the oxide compositions, CrS, MnS, titanite, and MnO are pro-

uced (but these are not present when only the measured val-

es of the elements are included). The presence of orthoclase in

ll the geochemical regions (albeit in small amounts) reflects that

e included K in our compositions and orthoclase is the primary

ost for K (in hypersthene normative compositions) in our CIPW

orm calculation. In reality, the K is likely a trace component in

he abundant albitic plagioclase. Nepheline is only present in the

MR-CaS region, but we do not expect that it is an important part

f Mercury’s mineralogy because its abundance is within error of

he reported values. Finally, we find that corundum is present in

he HAl (as expected) and CB regions. 

.3. Petrologic classifications 

We have also used the modal abundances of the calculated ma-

or silicate minerals to classify the geochemical regions accord-

ng to IUGS standards, using the nomenclature and designations

or plutonic rocks. Our classifications of igneous rock compositions

xposed at the surface (for the NP-HMg, NP-LMg, PD, HMR, and

MR-CaS) are shown in Fig. 4 . The clinopyroxene-orthopyroxene-

livine ternary ( Fig. 4 a) illustrates that the NP regions can be clas-

ified as either websterite or olivine websterites, mainly because of

he high abundance of Na in these compositions. In addition, we

lassify the PD as a lherzolite, the HMR-CaS as a wehrlite, and the

MR as either a lherzolite or wehrlite (depending on the amount

f Cr, Mn, and Ti present). Alternatively, when these same regions

re shown on an olivine-plagioclase-pyroxene ternary ( Fig. 4 b), we

nd that they all fall within the olivine gabbronorite classification

except for the NP-LMg – without Cr, Mn, and Ti – which falls in

he gabbronorite field). 

The compositions of the geochemical regions are shown on a

otal alkali (Na 2 O + K 2 O) vs. silica (TAS) diagram in Fig. 5 . Accord-

ng to this scheme, the NP-LMg is the most alkali-rich region and

e classify it as a trachyandesite. We also find that the NP-HMg,

Al, and IT regions are basaltic andesites, the CB is an andesite,

nd both HMR compositions fall in the basalt field. 
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Fig. 2. Results of the CIPW normative calculations for each of the nine geochemical regions, for calculations where only measured values of Cr, Mn, and Ti are used (see 

Table 1 ). See Fig. S1 and Table 2 for normative calculations that include Cr, Mn, and Ti detection limits as abundances. Plag: plagioclase; Ortho: orthoclase; Ol: olivine; Cor: 

corundum; Diop: diopside; Hyp: hypersthene; Neph: nepheline. 
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The remaining regions (RB and PD) span the basalt/basaltic an-

desite boundary on the TAS diagram (depending on the amount of

Cr, Mn, and Ti present). The TAS diagram, however, is not appli-

cable to compositions with high MgO abundances (MgO > 8 wt%,

Le Bas, 20 0 0 ) such as those found on Mercury (i.e., with MgO of

12.13–25.14 wt%). Consequently, we also used the high-Mg classi-

fication diagram ( Le Bas, 20 0 0 ) to place further constraints on the

petrologic classifications. The high-Mg classification diagram is su-

perimposed on the TAS diagram in Fig. 5 (i.e. shaded region with

> 52 wt% SiO 2 ) to illustrate the additional chemical boundaries and

how they affect assigned nomenclature. With this additional clas-
ification, the CB, HAl, IT, and NP regions are classified as boninites

because their SiO 2 and MgO contents are > 52 and 8 wt%, respec-

ively). However, since the total alkali content for the NP-LMg ex-

ends beyond the upper bounds of this classification ( ≥4 wt% total

lkalis), we use the term ‘alkali-rich boninite’ for this region’s com-

osition. This result is consistent with the classification of Vander

aaden and McCubbin (2016) . Both of the HMR regions are classi-

ed as alkali-rich komatiites (i.e., komatiites are defined as having

1 wt% Na 2 O) because their SiO 2 contents are < 52 wt% and their

gO contents are > 18 wt%. Both the RB and PD can be classified

s either boninitic or komatiitic, depending on the amount of SiO 
2 
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Fig. 3. Results of the CIPW normative sulfide calculations for the nine geochemical regions for a calculation where only the measured values for Cr, Mn, and Ti were used 

(see Table 1 ). 
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resent (a direct result of the Cr, Mn, and Ti abundances in the

ompositions). 

. Discussion 

.1. Insights into mercury’s mantle 

In this section we focus on four of the nine geochemical units

the NP, PD, HMR, and HMR-CaS – that can provide insight into

he planet’s mantle and its igneous processes. 

.1.1. Melt compositions exposed at the surface 

Geomorphic evidence supports the volcanic origin of both the

orthern plains and the pyroclastic deposit to the NE of Rach-

aninoff Basin (e.g., Denevi et al., 2013; Head et al., 2011; Ker-

er et al., 2011; Kerber et al., 2009; Ostrach et al., 2015 ) and these

egions are the best candidates for representative melt composi-

ions, (i.e, exposed partial melts of Mercury’s mantle). Indeed, the
P lavas are the most probable examples of actual melts that can

e compositionally assessed from orbit (e.g., Denevi et al., 2013;

ead et al., 2011; Vander Kaaden and McCubbin, 2015 ). However,

e note that the NP is not a compositionally homogenous unit,

nd it consists of at least two distinct (in terms of Mg content)

ub-terranes ( Peplowski et al., 2015b; Weider et al., 2015 ). In ad-

ition, the NE Rachmaninoff PD is the largest pyroclastic deposit

n Mercury’s surface ( Kerber et al., 2011; Thomas et al., 2014 ). Tar-

eted XRS observations have been used to determine the chemical

omposition of this deposit ( Weider et al., 2016 ). As this deposit

s one of only a few on the planet that is not contained within

n impact crater ( Thomas et al., 2014 ), it is likely an example of

artially melted mantle material on the surface of the planet. The

yroclastic nature of the deposit implies that some volatiles (e.g.,

- and S-bearing species) were lost during the explosive volcanic

pisode from which it was produced ( Kerber et al., 2011; Weider

t al., 2016; Zolotov et al., 2013 ). 
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Fig. 4. IUGS rock classification diagrams for plutonic rocks. Results of the CIPW normative calculations of the silicate mineralogies for the HMR, HMR-CaS, NP-HMg, NP-LMg, 

and PD regions are shown on (A) the clinopyroxene (cpx)–olivine (ol)–orthopyroxene (opx) ternary and (B) the ol– plagioclase (plag)– pyroxene (pyx) ternary. Clinopyroxene 

and orthopyroxene are defined as the diopside and hypersthene components, respectively, in the CIPW normative mineralogy calculations (pyx in B is the sum of these 

values). Open symbols are for a calculation where only measured values of Cr, Mn, and Ti were considered and closed symbols are for a calculation where Cr, Mn, and Ti 

detection limits were used as upper limits. 

Fig. 5. Total alkali versus silica (TAS) diagram for the nine geochemical units (shown by colored ellipses). The HMR region (green ellipse) includes both the HMR and the 

HMR-CaS. The “Other” region (blue ellipse) includes the NP-HMg, Hal, and IT. Dashed line marks 52 wt% SiO 2 . The shaded region to the right of this line ( > 52 wt% SiO 2 ) 

represents the boninite field and the unshaded region ( < 52 wt% SiO 2 ) indicates the komatiite field. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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Given that the NP and PD regions likely represent melt com-

positions, we have derived additional information regarding their

geochemical properties (see Table 3 ). These data show that the NP-

HMg composition is peraluminous (i.e., Na 2 O + K 2 O + CaO < Al 2 O 3 )

and that the NP-LMg and PD compositions are metaluminous, i.e.,

Al 2 O 3 < (CaO + Na 2 O + K 2 O) and Al 2 O 3 > (Na 2 O + K 2 O). The low

iron content of Mercury’s surface results in high Mg# value’s –

i.e., molar (Mg/Mg + Fe) ∗100 – across the surface. Specifically, the

Mg# for these three regions are consistently greater than 90 (i.e.

range from 93–95 before removal of an FeS component). Further-

more, using the volatile-free compositions listed in Tables 1 and

2 , the range in the ratio of non-bridging oxygens to tetrahedrally
oordinated cations in the melts (NBO/T) that we calculate illus-

rates that the NP-LMg lavas are typically polymerized (NBO/T < 1)

elts and are therefore more viscous than the PD (which is less

olymerized than the NP, i.e., NBOT/T > 1). Our NBO/T value for the

P-LMg is consistent with the experimental results of Sehlke and

hittington (2015) , which indicates that the NP lavas are more

iscous than Hawaiian basalts erupted at the same temperature

 Sehlke and Whittington, 2015; Sehlke et al., 2014 ). 

Our calculated normative mineralogies for the NP regions (i.e.,

ominated by plagioclase, diopside, hypersthene, and olivine, with

esser amounts of orthoclase, sulfides, and MnO) are consistent
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Table 3 

Calculated silicate melt parameters for three of the geochemical regions (those 

thought to have a volcanic origin). M: Metaluminous, i.e., (CaO + Na 2 O + K 2 O) > 

Al 2 O 3 > (Na 2 O + K 2 O). P: Peraluminous, i.e., Na 2 O + K 2 O + CaO < Al 2 O 3 . NBO/T: 

Non-bridging oxygen per tetrahedrally coordinated cation. 

NP-HMg NP-LMg PD 

Alumina Saturation P M M 

Mg # (molar ( Mg 
Mg+ Fe 

) ∗ 100) ∼95 ∼93 ∼95 

Alkalinity Index ∼0 .5 ∼0 .9 ∼0 .5 

NBO/T ∼1 ∼0 .7 ∼1 .2 
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a  
ith the experimental results of Vander Kaaden and McCubbin

2016) that showed the NP boninites were derived from high de-

rees of partial melting of an olivine-dominant, pyroxene- and

lagioclase-bearing mantle source region. Given that the abun-

ance of Na reported for the PD is latitudinally binned between

0–45 °, it may not represent the actual abundance of Na in the

D given its small area and depletion in S, which is a moderately

olatile element like Na. However, assuming that the reported Na

bundance is appropriate, we find that the PD consistently plots

way from the NP regions, in terms of normative mineralogy and

ock type ( Figs. 4 and 5 ). This suggests that either Mercury’s man-

le is laterally heterogeneous or that the PD material erupted from

reater depths than the NP material (i.e., where there was less pla-

ioclase in the source). The formation of MnO in our normative

ineralogy for the PD is caused by an S deficit, which is consistent

ith the proposed loss of S-bearing volatiles during the pyroclastic

ruption ( Weider et al., 2016 ). 

.1.2. High-Mg region 

The HMR, centered at ∼30 °N, 290 °E, is a large ( > 5 × 10 6 km 

2 )

rea with the highest Mg/Si, S/Si, and Ca/Si ratios on the planet

i.e., the HMR-CaS), as well as relatively low Al/Si values ( Weider et

l., 2015 ). The HMR also has low topography and thin crust relative

o the rest of Mercury ( Weider et al., 2015 ). However, the origin

f the HMR has yet to be determined. Weider et al., (2015) sug-

ested that the region’s komatiitic composition could be indica-

ive of high-degree partial melting of a lherzolitic mantle source,

r that the HMR is an impact-related feature and its high Mg/Si

as caused by mantle excavation during a very large impact event

ore than 4.1 Ga ago. 

Our classification of the HMR as a komatiite is consistent with

hat of Maturilli et al., (2014) , who have suggested that Com-

ondale (a komatiite) is the most accurate terrestrial analogue

or the region. The mineralogy of Commondale is dominated by

rthopyroxene instead of clinopyroxene, and its lavas have high

iO 2 , low Fe, and high CaO/Al 2 O 3 ( Wilson, 2003 ), similar to the

hemical composition of the HMR. If the difference in norma-

ive mineralogy that we derive for the HMR and HMR-CaS (i.e.,

ypersthene-normative and nepheline-normative, respectively) is 

orrect, it would have important consequences for understanding

he mineralogical heterogeneity of Mercury’s interior. Given the

argin of error, however, we cannot consider this difference sig-

ificant. We find that both the HMR and HMR-CaS plot close to

he PD in Fig. 4 a and b. Therefore the HMR regions may have been

roduced in a similar manner as the PD, i.e., from a deeper source

egion, or from higher degrees of partial melting, than the NP. On

he basis of our results, it is clear that both HMR compositions rep-

esent igneous material (i.e. volcanic or impact melt). This is con-

istent with the results of Frank et al., (2016) , who suggested that

mpact-excavation of mantle material is unlikely to be the cause

f the HMR’s high Mg content, though the influence of an impact

annot be definitively ruled out. With our work, we cannot deter-

ine if the HMR’s volcanism was induced by impact(s) or partial

elting of the mantle. 
.2. Comparative planetary geochemistry 

.2.1. Lithological diversity 

To determine the true extent of Mercury’s petrologic diversity,

e have compared our data to other terrestrial bodies, i.e., Earth

 Lebas et al., 1986 ), the Moon ( Lodders and Fegley, 1998 ), Mars

 Gellert et al., 2006; McSween et al., 2009; Santos et al., 2015;

tolper et al., 2013 ), and Vesta ( Barrat et al., 2009; Lodders and Fe-

ley, 1998; Mittlefehldt, 2015 ). Although our derived Mercury com-

ositions are classified individually in Fig. 5 , we have plotted the

ull range of mercurian compositions as a single field on the TAS

iagram in Fig. 6 to facilitate a direct comparison with other plan-

ts. In this diagram, the terrestrial rocks span the entire range (be-

ause the TAS classification is based on rocks from Earth). With the

xception of lunar granites (i.e., sample 12,032,366–19; Seddio et

l., 2013 ), lunar rocks have – on average – less than 0.5 wt% total

lkalis. Although they span a relatively wide range in SiO 2 content

 ∼20 wt% SiO 2 ), their consistently low Na 2 O + K 2 O implies that

he lunar rocks are constrained to a small range of volcanic rock

ypes. The data for Vesta were compiled from eucrite basalt sam-

les and impact glasses from howardites ( Barrat et al., 2009; Lod-

ers and Fegley, 1998 ). With the exception of two impact glasses

hat are enriched in alkalis and SiO 2 (shown as small purple cir-

les in the dacite field in Fig. 6 ), igneous rocks from Vesta span

 very small range in total alkali content ( ≤3 wt%) and SiO 2 ( ≤9

t%). For Mars, we compiled orbital (Mars Odyssey), rover (Mars

xploration Rover, Mars Science Laboratory), and martian mete-

rite (NWA 7034, SNC’s) data. Despite the large quantity of Mars

ata, it is apparent from Fig. 6 that they span only a small com-

ositional field (i.e., ≤6 wt% total alkalis and ≤16 wt% SiO 2 ). An

xception is the so-called ‘Jake M’ rock (analyzed with the Mars

cience Laboratory), which plots in the phono-tephrite field and

as been classified as a mugearite ( Stolper et al., 2013 ). This rock

s significantly different from other martian meteorites and rocks,

ut it is evidence of alkaline magmas on Mars ( McCubbin et al.,

016; McSween et al., 20 06 ; Nekvasil et al., 20 07 , 20 09 ; Stolper et

l., 2013 ). 

Mercury is the only one of these planetary bodies for which we

o not currently have a known hand sample available for analy-

is on Earth. The illustrated range in alkali and SiO 2 contents is

hus derived entirely from MESSENGER results, which have sub-

tantial areal footprints. Consequently, there is likely a sampling

ias when comparing the dataset for Mercury to the datasets for

he other bodies because diversity tends to increase with increas-

ng spatial resolution. For example, geochemical variations on the

urface of Mars as measured by the GRS on Mars Odyssey are mi-

or ( Boynton et al., 2007; Karunatillake et al., 2009 ) in comparison

o the diversity in rocks analyzed in-situ by rovers ( McSween et

l., 2006; Sautter et al., 2016; Schmidt et al., 2014 ). Our petrologic

lassification of the nine geochemical regions indicates that Mer-

ury’s surface is chemically evolved relative to those of the Moon,

ars, and Vesta, and it exhibits a substantial range in geochemical

iversity (with respect to SiO 2 ), despite the low spatial resolution

hat orbital XRS and GRS provide compared to in-situ analysis. Fu-

ure in-situ analyses of rocks on the mercurian surface may reveal

 lithologic diversity that matches or even surpasses that of the

arth. 

.2.2. Mantle melting scenarios 

The NP-HMg, NP-LMg, and PD regions – i.e., the most likely ex-

mples of surface compositions that represent the compositions of

ilicate melts on Mercury’s surface (see Section 4.1.1 )—have similar

haracteristics to terrestrial silicate melts, albeit with some very

mportant differences. As described in Section 3.3 , using a TAS di-

gram, we classify the presumed igneous rocks of these regions

s boninites. On Earth, arc magmatism and hydrous conditions
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Fig. 6. TAS diagram showing the petrological classifications of rocks on the Moon, Earth, Mars, Vesta, and Mercury. The Mercury ellipse encloses the results shown in Fig. 5 . 

Data for Mars, the Moon, and Vesta are taken from Barrat et al., (2009), Gellert et al., (2006), Lodders and Fegley (1998), McSween et al., (2009) , and Stolper et al., (2013) . 

The terrestrial rocks (unshaded) span the entire diagram. Crosses represent the average surface compositions given in Table 4. 

Fig. 7. TAS diagram with a superimposed triangle of the endmember minerals forsterite (Fo), enstatite (En), and Albite (Ab). Fields for the Mercury geochemical regions are 

the same as those shown in Fig. 5. 
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g  
are typically required to produce boninites (e.g., Cameron et al.,

1983; Polat et al., 2002 ). In contrast, Vander Kaaden and McCubbin

(2016) demonstrated eruption scenarios for the NP in which high

degrees of partial melting from a shallow source region (similar to

flood volcanism on Earth) were invoked. In other words, even in

the absence of arc magmatism and hydrous conditions, large vol-

umes of boninitic lavas can be produced on Mercury’s surface. Fur-

thermore, we show in Fig. 7 that the compositions of the majority

of our geochemical regions fall within a forsterite–enstatite–albite

triangle on the TAS diagram. Our results indicate that Mercury’s in-

terior is probably made of the same major rock-forming minerals

as other planetary mantles. 
.2.3. Average surface composition 

The IT, which consists of Mercury’s southern hemisphere and

therwise undefined areas of the northern hemisphere, is assumed

o be a good representation of the planet’s average crust due to

he large size of measurement footprints in the southern hemi-

phere. Within the IUGS classification scheme, we find that the

T falls very close to the komatiite–boninite boundary. In terms

f its mineralogical components, we find that the IT is most sim-

lar to the HAl and CB regions ( Fig. 2 ), containing greater than

0% plagioclase, 30% hypersthene, and 3% sulfides. Additionally, the

T is hypersthene- and olivine-normative, like the majority of our

eochemical regions. In contrast, our normative mineralogy results
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Table 4 

Composition of representative ‘average’ surface compositions for the Moon 

( Korotev et al., 2003 ), Mars ( Santos et al., 2015 ), Earth ( Rudnick and Gao, 2003 ), 

Vesta ( Mittlefehldt, 2015; Mittlefehldt et al., 2013; Warren et al., 2009 ), and Mer- 

cury (this study). The Mercury value is taken from the composition of the IT re- 

gion (see Table 1 ). 

Oxide Moon Mars Earth Vesta Mercury 

SiO 2 44 .80 50 .40 66 .45 49 .62 55 .89 

MgO 5 .41 12 .19 2 .47 13 .79 17 .94 

CaO 16 .34 5 .73 3 .58 7 .14 5 .74 

Al 2 O 3 28 .26 11 .10 15 .36 8 .69 14 .06 

K 2 O 0 .03 0 .54 2 .79 0 .30 0 .11 

Na 2 O 0 .35 3 .03 3 .26 0 .31 3 .51 

FeO 4 .41 14 .94 5 .03 18 .34 1 .84 

TiO 2 0 .22 0 .70 0 .64 0 .44 0 

Cr 2 O 3 0 .10 0 .00 0 .13 0 .63 0 

MnO 0 .06 0 .35 0 .10 0 .53 0 

P 2 O 5 0 .03 1 .01 0 .15 0 .06 0 

S 0 .00 0 .00 0 .06 0 .29 1 .81 

-O = S 0 .00 0 .00 0 .03 0 .14 0 .9 

Total 100 .00 100 .00 100 .00 100 .00 100 .00 
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Table 5 

Composition of regolith for the Moon ( Korotev et al., 2003 ), Mars ( Santos et al., 

2015 ), Earth ( Rudnick and Gao, 2003 ), Vesta ( Mittlefehldt, 2015; Mittlefehldt et 

al., 2013; Warren et al., 2009 ) and Mercury (this study) renormalized once all FeO 

is removed. 

Oxide Moon Mars Earth Vesta Mercury 

SiO 2 46 .86 59 .26 69 .98 60 .76 56 .94 

MgO 5 .66 14 .33 2 .60 16 .89 18 .28 

CaO 17 .09 6 .74 3 .77 8 .74 5 .85 

Al 2 O 3 29 .56 13 .05 16 .18 10 .65 14 .32 

K 2 O 0 .03 0 .63 2 .94 0 .37 0 .11 

Na 2 O 0 .37 3 .56 3 .43 0 .38 3 .58 

FeO 0 .00 0 .00 0 .00 0 .00 0 .00 

TiO 2 0 .23 0 .82 0 .67 0 .53 0 .00 

Cr 2 O 3 0 .10 0 .00 0 .14 0 .77 0 .00 

MnO 0 .06 0 .41 0 .11 0 .65 0 .00 

P 2 O 5 0 .03 1 .19 0 .16 0 .07 0 .00 

S 0 .00 0 .00 0 .06 0 .36 1 .84 

-O = S 0 .00 0 .00 0 .03 0 .18 0 .92 

Total 100 .00 100 .00 100 .00 100 .00 100 .00 
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how that the IT contains more orthopyroxene than other regions

n Mercury and typically contains more plagioclase (with the ex-

eption of the NP-LMg, HAl, and CB regions). The IT also has a sim-

lar abundance of sulfides to the other geochemical regions, with

he exception of the PD ( Fig. 2 ) that most likely lost a majority of

ts S during explosive volcanism ( Weider et al., 2016 ), suggesting

n even distribution of sulfur across the planet. Since the IT region

omposes the majority of Mercury’s surface (see Fig. 1 ), it is possi-

le to say that plagioclase and orthopyroxene dominate the surface

aterials, with lesser amounts of clinopyroxene, sulfides, olivine,

nd silica. In addition, the olivine-normative nature of the IT indi-

ates that silica exists in Mercury’s regolith at lower abundances

han olivine. These results are consistent with those of Stockstill-

ahill et al., (2012) , who showed the surface of Mercury is mainly

omposed of Mg-rich orthopyroxene and plagioclase. 

To compare this Mercury ‘average’ surface composition with

hat of other planetary bodies, we have considered representative

egolith compositions for the Moon, Mars, and Vesta, as well as

 suitable upper crust composition for the Earth (see Table 4 and

ig. 6 ). We used the average lunar regolith composition of Korotev

t al., (2003) , which was derived from lunar meteorite data. This

omposition is dominated by that of the feldspathic highlands ter-

ane, which is sufficiently far away from the lunar mare and pro-

ellarum KREEP terrane that it is representative of the average lu-

ar crust. The martian regolith composition was derived from the

ulk matrix composition of the martian regolith breccia NWA 7034

 Santos et al., 2015 ), which is thought to be the most representa-

ive sample of the martian crust available (i.e., Beck et al., 2015;

gee et al., 2013 ). We calculated the Vesta regolith composition

rom the average of regolithic howardities, i.e., Bholghati, Bununu,

odzie, Kapoeta, Malvern, EET 87,513, GRO 95,535, GRO 95,602,

EW 85,313, and MET 00,423 ( Mittlefehldt, 2015; Mittlefehldt et

l., 2013; Warren et al., 2009 ). We used the suggested composition

f Rudnick and Gao (2003) to represent Earth’s upper crust. Our

omparison of the average compositions of these planetary bodies

hows that Mercury (i.e., the IT) has the highest concentrations of

gO, Na 2 O, and S, and the lowest FeO. The other oxides (e.g., SiO 2 ,

aO, Al 2 O 3 , and K 2 O) are intermediate among the terrestrial com-

ositions. 

We have also calculated a normative mineralogy for each of the

ther planetary compositions (Table S4). These results suggest that

here are similar minerals present on the surface of all these bod-

es (i.e., plagioclase, orthoclase, diopside, and hypersthene). How-

ver, while ilmenite and apatite are present on Earth, Mars, and

he Moon, they are likely absent from Mercury’s surface miner-
logy ( Evans et al., 2015; Riner et al., 2010, 2011 ; Fig. 2 ). The

igh SiO 2 abundance of the IT (greater than for the other terres-

rial bodies we have considered, with the exception of the Earth)

ives the impression that Mercury is an evolved planetary body.

t is thought that the Earth obtained its Si-rich surface composi-

ion through plate tectonics and processes involving liquid water

 Campbell and Taylor, 1983 ), but Mercury’s apparently evolved na-

ure must have arisen without such processes because Mercury is

oo reducing to support the formation of H 2 O ( McCubbin et al.,

012 ). We infer, however, that Mercury’s high surface SiO 2 abun-

ance is a primitive signature and a direct consequence of the

lanet’s low oxygen fugacity. Under such highly reducing condi-

ions, the majority of Fe in the planet will partition into the core

 Hauck et al., 2013 ) and little will remain in the silicate portion.

hen such a major oxide component (i.e., FeO) is removed from

he silicate, all other components must increase proportionally.

iO 2 is therefore the most affected because it is the most abun-

ant oxide component. It is important to note that some Si is

lso lost to the core because of the highly reducing conditions

 Malavergne et al., 2004 ), but this process primarily increases the

g/Si ratio of the bulk silicate. Indeed, this is a good explanation

or Mercury’s primary mantle mineral being forsterite rather than

nstatite ( Vander Kaaden and McCubbin, 2016 ). To better illustrate

he bulk compositional effect of FeO removal, we renormalized

ll the compositions in Table 4 after FeO had been removed (see

able 5 ). After this calculation, we find that Mercury’s SiO 2 content

s only greater than that of the Moon and is much more consistent

ith the other bodies. Overall, our results ( Table 4 ) clearly show

hat Mercury is a geochemical endmember among terrestrial plan-

tary bodies, and that Mercury’s low oxygen fugacity gave rise to

 unique surface composition. 

. Conclusion 

In this study we have identified nine geochemical regions

cross Mercury’s surface and have used MESSENGER XRS and GRNS

ata to assign them elemental compositions. We used these com-

ositions to derive a normative mineralogy for each region and to

ake petrologic classifications. We infer a wide range of SiO 2 con-

ent, alkali content, and major element compositions across Mer-

ury’s surface, and our results indicate that Mercury’s surface con-

ists of a diverse set of rocks (with the potential for a greater level

f diversity compared with other terrestrial bodies). Our CIPW nor-

ative calculations indicate that the surface is dominated by pla-

ioclase, pyroxene, and olivine, with minor amounts of quartz. Al-

hough these minerals are similar to those found on other plan-
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etary bodies, their specific chemical compositions on Mercury are

vastly different, (most notably the low abundance of Fe, and high

abundance of Na and Mg). Further experimental investigations,

particularly of the unique geochemical units such as the NP and

PD, are warranted to place constraints on the thermal and mag-

matic evolution of Mercury as well as the physical and chemical

properties of the planet (e.g. determination of surface and man-

tle mineralogy; Charlier et al., 2013; Namur et al., 2016; Vander

Kaaden and McCubbin, 2015, 2016 ). From our petrologic classifica-

tions, we find that the nine geochemical regions can generally be

assigned as komatiites or boninites. In fact, Mercury may represent

the only planet, other than Earth, with large amounts of andesitic

crust (i.e., with relatively high SiO 2 ) exposed at the surface. Al-

though the evolved nature of Earth’s crust is associated with plate

tectonics and the presence of water, these factors are not relevant

to Mercury and its high surface SiO 2 is thus a primitive feature

related to its low oxygen fugacity. Our study of Mercury’s surface

compositions therefore provides important new insights into Mer-

cury’s mantle as well as crustal evolution mechanisms in our solar

system. 
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