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Silicate mineralogy at the surface of Mercury
Olivier Namur1,2* and Bernard Charlier2

NASA’s MESSENGER spacecraft has revealed geochemical diversity across Mercury’s volcanic crust. Near-infrared to
ultraviolet spectra and images have provided evidence for the Fe2+-poor nature of silicate minerals, magnesium sulfide
minerals in hollows and a darkening component attributed to graphite, but existing spectral data is insu�cient to build
a mineralogical map for the planet. Here we investigate the mineralogical variability of silicates in Mercury’s crust using
crystallization experiments on magmas with compositions and under reducing conditions expected for Mercury. We find a
common crystallization sequence consisting of olivine, plagioclase, pyroxenes and tridymite for all magmas tested. Depending
on the cooling rate, we suggest that lavas on Mercury are either fully crystallized or made of a glassy matrix with phenocrysts.
Combining the experimental results with geochemical mapping, we can identify several mineralogical provinces: the Northern
Volcanic Plains and Smooth Plains, dominated by plagioclase, the High-Mg province, strongly dominated by forsterite,
and the Intermediate Plains, comprised of forsterite, plagioclase and enstatite. This implies a temporal evolution of the
mineralogy from the oldest lavas, dominated by mafic minerals, to the youngest lavas, dominated by plagioclase, consistent
with progressive shallowing and decreasing degree of mantle melting over time.

The surface mineralogy of planetary bodies is one of the
most accessible indicators of the processes responsible for
the origin and evolution of crustal materials1–3. Surface

mineralogy was the primary constraint that highlighted the
formation of the Moon’s anorthosite crust4,5 and hydrous alteration
on Mars6. Mercury’s surface is made up of secondary volcanic
terrains7–12 with high- and low-Mg regions, consistent with melting
of a compositionally heterogeneous mantle13,14. Multispectral
imaging with the Mercury Dual Imaging System (MDIS) and
spectral reflectance measurements with Mercury Atmospheric
and Surface Composition Spectrometer (MASCS) revealed the
presence of accessory phases15 such as graphite16, sulfide minerals17,
as well as surface ice water in polar regions18. They also reveal that
Mercury’s crust contains abundant Fe2+-poor silicate minerals,
but spectral data were insufficient to identify these minerals19.
The MESSENGER spacecraft also included X-Ray (XRS) and
Gamma-Ray (GRS) detectors that were used to characterize the
elemental composition of Mercury’s crust. Mercurian magmas
are Mg-rich and Al-, Ca- and Fe-poor compared to terrestrial
and lunar material20,21, and are enriched in alkalis and volatile
elements21–23. These data, especially in the northern hemisphere
where the resolution is the highest, were used to distinguish various
geochemical provinces, including the 4.2–4.0 Gyr-old High-Mg
(HMg) and Intermediate (IcP-HCT) Plains, the 3.9–3.5 Gyr-old
Smooth Plains (SP) and the low- to high-Mg Northern Volcanic
Plains (NVP)21,23.

Crystallization of Mercurian magmas
We have examined XRS chemical maps of Mercury22,24 and
identified average compositions for the various provinces. We
experimentally investigated the phase equilibria of five S-free
compositions (Supplementary Tables 1 and 2). Experiments were
performed from 1,480 to 1,100 ◦C at 1 kbar under reducing
conditions similar to those of Mercury’s mantle25 (∼IW-5, IW
being the iron–wüstite buffer; see Methods). All compositions fall
within the forsterite stability field at low pressure (Fig. 1). For
the SiO2-rich lavas of the NVP, stabilization of forsterite at the
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Figure 1 | Evolution of mineral modes (wt%) in experiments on the
low-Mg NVP, SP and HMg compositions. Mineral modes in experiments on
the High-Mg NVP and SP compositions are given in Supplementary Table 2
(Supplementary Methods). Mineral modes were estimated from
mass-balance calculations. Vertical and horizontal bars represent one
standard deviation uncertainties (1σ ).

expense of orthopyroxene is due to the high Na2O content of
our starting composition (∼7wt%)26. The liquidus temperature
ranges from 1,440 to 1,290 ◦C with decreasing MgO content. With
decreasing temperature, residual melts become saturated first in

1Leibniz University Hannover, Institute of Mineralogy, 30167 Hannover, Germany. 2University of Liège, Department of Geology, 4000 Sart-Tilman,
Belgium. *e-mail: o.namur@mineralogie.uni-hannover.de

NATURE GEOSCIENCE | VOL 10 | JANUARY 2017 | www.nature.com/naturegeoscience 9

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

http://dx.doi.org/10.1038/ngeo2860
mailto:o.namur@mineralogie.uni-hannover.de
www.nature.com/naturegeoscience
rtronnes
Highlight

rtronnes
Highlight

rtronnes
Highlight

rtronnes
Highlight

rtronnes
Highlight

rtronnes
Highlight

rtronnes
Highlight



ARTICLES NATURE GEOSCIENCE DOI: 10.1038/NGEO2860

Sp

Fo

Ne

Jd

Ab

Ens

Sil

Nepheline

QuartzForsterite

[Diopside]

Jadeite

Albite

Enstatite

M2S

CA

a CMS2

MS

CaS2

CaS HMg
IcP-HCT
Low-Mg NVP
High-Mg NVP
SP

Ens
Fo

Pl

Sil

CMAS boundaries
Na-bearing magma boundaries

[Diopside +
Na2O∗Si3O6]

M2S

S

CMS2

MS

CaS2

Anorthite

Fo

Ens

Sil

Sp

An

Albite

An
50

Forsterite

En
st

at
ite

Ens

Fo

Sil

Pl

Quartz

S

b

Figure 2 | Representation of the chemical compositions of experimental silicate melts in phase diagrams. a, Projection of experimental melts from
diopside onto the plane forsterite–quartz–nepheline. b, Projection from diopside+ Na2O∗Si3O6 onto the plane anorthite–quartz–forsterite. Dashed lines
represent low-pressure liquidus boundaries in the CMAS (CaO–MgO–Al2O3–SiO2) system (see details in refs 14,25). Thick black lines are liquidus
boundaries in a Na-bearing system as determined in this study. Note that the eutectic position with enstatite, forsterite, plagioclase and tridymite is shifted
towards the quartz apex and away from the forsterite apex compared to its position in the CMAS system.

diopside, followed by plagioclase, ortho-enstatite and tridymite
(Supplementary Fig. 1). At the lowest residual liquid fraction, the
Al-poor HMg composition is dominated by forsterite and diopside,
with minor enstatite, plagioclase and tridymite. Owing to their Al-
rich nature, the IcP-HCT and NVP compositions are dominated by
plagioclase but still contain abundant forsterite and diopside. With
progressive crystallization, residual liquids become progressively
enriched in SiO2, Al2O3 and Na2O, while MgO continuously
decreases (Supplementary Fig. 2). Liquids move away from the
forsterite apex towards the nepheline–quartz join in the forsterite–
nepheline–quartz phase diagram, and towards the anorthite–quartz
join in the anorthite–forsterite–quartz diagram (Fig. 2). At low
residual melt fraction, they reach a eutectic point where they
are saturated with forsterite, diopside, enstatite, plagioclase and
tridymite. During complete solidification, no additional phases are
expected to appear. Similar silicate phases would crystallize from
S-bearing Mercurian lavas25,27.

Although explosive volcanism occurred on Mercury10,28–30,
magmatic activity mainly consisted of effusive, hot (1,250–1,520 ◦C;
ref. 25) lava flows with low viscosity31. Some of these flows can
be followed for more than 200 km31–33. Amongst terrestrial planets,
Mercury has an unusual temperature distribution34. At latitudes
above 85◦, the temperature is always below 0 ◦C. At the equator,
the maximum temperature ranges from −150 ◦C during the night
to 300 ◦C during the day. At a depth of 10–20 cm in the regolith,
the average temperature ranges from −75 ◦C in the polar region
to 50 ◦C along the equator. The extreme thermal contrast between
Mercurian magmas and the cold regolith is therefore likely to have
exerted a major control on the erupting magma cooling at the
planet’s surface35.

Basaltic magmas on Earth generally contain a significant
crystal cargo dominated by crystals formed in deep-seated magma
chambers or by magma decompression during ascent. Our
compilation of >1,500 individual mineral mode analyses in
plagioclase-saturated basalts, picrites and andesites show that

magmas contain 0–70 vol.% crystals with average values of 15, 22
and 37 vol.%, respectively (Supplementary Fig. 3). Once they reach
the Earth’s surface, magmas can quench rapidly at the top of the
lava flow, forming a glassy matrix, but cool more slowly in the flow’s
interior, forming a fine-grained crystalline matrix surrounding the
phenocrysts. On airless planetary surfaces, basaltic magmas are also
commonly characterized by a glassy matrix embedded with large
phenocrysts35,36. On Mercury, the generally cold temperatures both
at the surface and at shallow depths in the regolith are likely to result
in efficient magma quenching during effusion. Combined with
impact melts, the regolith should therefore contain a fair amount of
phenocryst-bearing volcanic glass35. Rocks originating from deeper
parts of lava flows can also be exposed at the surface during crustal
reprocessing by meteorite impacts. Slow cooling of these lavas will
produce fully crystallized rocks comprising minerals stable at the
solidus temperature. It is therefore probable that Mercury’s surface
contains both phenocryst-bearing glassy rocks and fully crystallized
basalts. In the following section, we evaluate the mineralogy of
both glass-rich and fully crystallized crusts, although meteorite
bombardment is likely to have produced a fine-grained regolith (that
is, 50 µm) dominated by glass and crystals.

Mineralogy of lavas
By analogy with basaltic magmatism on Earth, we inferred that
glassy rocks on Mercury may contain a range of phenocryst
fractions of 15–35wt% crystals. We used our experimental results
to parameterize the residual liquid fraction at the appearance of
diopside and plagioclase, the next phases to appear after olivine
(Methods and Supplementary Figs 4 and 5). XRS maps from
MESSENGER24 were converted to oxide compositions (Methods
and Supplementary Figs 6 and 7). For each composition, we
calculated fractionation trends until the crystallinity reached 15,
25 or 35%, and then determined whether or not the residual
liquids were saturated in diopside± plagioclase. From this analysis,
several mineralogical provinces can be identified onMercury’s crust
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Figure 3 | Maps of chemical composition and mineralogy of crystal-bearing glassy surfaces in the northern hemisphere of Mercury. a, Calculated MgO
content of Mercury’s secondary volcanic crust (based on XRS and GRS data from MESSENGER22,24). b, Stable silicate mineralogy for lavas erupting with
15 wt% crystals. c, Mineralogy for lavas with 25 wt% crystals. d, Mineralogy for lavas with 35 wt% crystals. Thin black lines represent the boundaries of the
smooth plains as described in ref. 45 and the black dashed line represents the boundary of the HMg province. Grey pixels are regions for which Ca/Si and
S/Si ratios were not measured.

(Fig. 3). In particular, we find that NVP and SP lavas contain
a significant proportion of plagioclase, in addition to forsterite
and diopside, while IcP-HCT lavas are dominated by forsterite or
forsterite+ diopside. Lavas from the HMg province, and especially
those containing the highest amount of MgO, may contain only
forsterite crystals. The presence of plagioclase-bearing lavas in the
northern regions of the planet is important for their eruption
dynamics. The NVP region comprises the largest lava flows, with
some of them reaching a length of more than 200 km (ref. 32). Such
large lava flows are commonly interpreted as being produced by a
high magma effusivity of 5 × 103 to 6 × 106 m3 s−1, comparable
to magmatic fluxes in continental flood basalts on Earth and in
fissure eruptions on Mars32. However, a plagioclase load in these
lavas would increase the viscosity of the Mercurian lavas by several
orders of magnitude (logη: −1, 2 and 5 at a crystallinity of 0, 15
and 30wt%, respectively37). To cover distances in excess of 100 km,
the effusion rate of magma in the NVP would therefore need to be
extremely high (>107 m3 s−1), significantly exceeding the effusion
rates observed at the surface of other planets38.

Mineralogy of crystalline rocks
For rock exposures from deeper portions of lava flows, which
are likely to be exposed at the planet surface due to meteorite
bombardment, the silicate mineralogy at the solidus and modal
proportions can be estimated by mass-balance between the stable
phases and the bulk composition of the lava (Methods). This
method is also valid if some rocks represent cumulates having
crystallized in upper crustal magma chambers. Based on our
experimental data, we consider that possible minerals are forsterite,
diopside, enstatite, quartz and plagioclase. The first four minerals
are pure-Mg endmembers and their compositions do not change
with temperature or lava composition (Supplementary Table 1).

In contrast, plagioclase is a solid solution between anorthite
and albite. In lava flows from metres to tens of metres in
thickness31, cooling is sufficiently fast to produce essentially
unzoned groundmass crystals39. The composition of plagioclase
therefore depends only on the composition of the lava, and
essentially on its Ca/Na ratio40. We performed mass-balance
calculations using the bulk compositions of our experiments and
the solidus phases to estimate the composition of plagioclase in
the various geochemical provinces on Mercury (Methods). We
find that NVP lavas contain albitic plagioclase (An17), consistent
with their high Na2O content (7 wt%)22, while HMg lavas contain
more anorthitic plagioclase (An34), consistent with their high CaO
content (7–9wt%; Supplementary Fig. 6). Other provinces have
plagioclase compositions intermediate between NVP and HMg
(Supplementary Fig. 8). Once plagioclase composition is identified,
the modal mineralogy of each lava composition can be estimated
(Fig. 4). The mineralogy at the solidus also demarcates various
mineralogical provinces on Mercury’s crust. The HMg province has
the highest forsterite (>25%) and diopside (>20%) contents, the
lowest plagioclase content (<40%) and a relatively low amount of
enstatite (<15%). NVP rocks are also rich in forsterite (>10–15%)
and diopside (>15%), but contain abundant plagioclase (>50%). In
contrast to a previous study26, our results also indicate they contain
abundant quartz. They are peculiar amongMercurian rocks because
they do not contain enstatite. However, this is due to the high Na2O
content of these lavas, and an enstatite component is expected if
the Na2O content was increased by thermal migration of Na from
the equatorial regions towards the poles22. The Intermediate Plains
(IcP-HCT) have the highest enstatite content (>25%) and are also
fairly enriched in plagioclase (>45%). In the Smooth Plains, the
Caloris Basin has the most striking mineralogy, with the highest
plagioclase fraction (>60%) in the northern hemisphere and a
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Figure 4 | Mineralogy and mineral modes for a fully crystalline volcanic crust in the northern hemisphere of Mercury. a, Plagioclase mode (wt%).
b, Forsterite mode (wt%). c, Diopside mode (wt%). d, Enstatite mode (wt%). e, Quartz mode (wt%). See error maps in Supplementary Fig. 9.

low proportion of mafic phases, consisting of forsterite, diopside
and enstatite in similar proportions. The plagioclase-rich nature
of Caloris may imply that the source of magma has an important
crustal component and/or that plagioclase floated to the surface of
a large impact melt pool. In any case, the peculiar mineralogy of
Caloris supports that this area might be the sole significant portion
of tertiary crust on Mercury.

Structure and temporal evolution of the crust
The mineralogical variability that we identified for Mercury’s
crust has important implications for the physical properties of
the crust, particularly its density. Our calculated mineralogy
translates to pore-free crustal densities of 2,800–3,150 kgm−3. These
densities are similar to previously proposed values41, but our
results show that a non-constant density across the planet should
be considered when estimating crustal thickness41,42. The densest
crust is observed in the forsterite-dominated and plagioclase-poor
regions, where crustal density approaches the estimated density
of the mantle (3,200–3,300 kgm−3; refs 25,41). In these regions,
lower crustal delamination and asthenospheric return are likely
to have contributed to high magma productivity. A high density
for the HMg province also implies a thicker crust than currently

estimated41,42, which is inconsistent with mantle excavation by a
meteorite impact21 but supports a high degree of mantle melting
beneath this region14. The presence of >30% of plagioclase in
this region also supports the volcanic origin of the HMg rocks.
The HMg province on Mercury is therefore not an equivalent to
the South Pole–Aitken basin on the Moon where mantle rocks
were excavated43.

The silicate mineralogy at the surface of Mercury is closely
related to the geochemical terranes21. It also has an obvious
relationship to the age of the lavas, as defined by crater size–
frequency analyses. Model ages range from 4.2Gyr for the high-
Mg terrane to 3.6–3.5Gyr for some smooth plains44. Secular cooling
of the interior of Mercury and the changes of adiabatic mantle
melting conditions from deeper and hotter (1,650 ◦C and 360 km)
4.2Gyr ago to shallower and cooler (1,410 ◦C and 160 km) 3.5Gyr
ago (ref. 14) produced lavas successively dominated by forsterite,
then forsterite + diopside, and finally forsterite + diopside +
plagioclase. The evolution of themineralogy to a lower-temperature
assemblage in the last major volcanic event of the planet (NVP)
is consistent with the termination of large-scale magmatic activity
3.5Gyr ago due to mantle potential temperature becoming lower
than the mantle solidus.
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Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Calculation of Mercurian surface compositions. The surface composition of the
Mercurian volcanic crust (Supplementary Table 3) was calculated using the most
recent maps produced fromMESSENGER XRS data24. We focused on the northern
hemisphere, where the spatial resolution of MESSENGER measurements is the
highest and where∼70% of the surface was covered. We combined individual
maps of Mg/Si, Ca/Si, Al/Si and S/Si, and worked only on pixels for which those
four ratios were measured. This method allows us to investigate only some parts of
the northern hemisphere because the Ca/Si and S/Si maps are not complete. We
produced>79,000 compositional groups of four pixels (0.5◦ latitude× 0.5◦
longitude) that we converted to chemical compositions (SiO2, Al2O3, MgO, CaO,
S). Each pixel group was assigned to the geochemical province in which it is located
(NVP, SP, IcP-HCT, HMg), to which we attributed specific concentrations of minor
elements (Ti, Mn, K23). For Na, we considered that NVP lavas have high Na2O
contents (Na/Si= 0.20;∼7wt% Na2O), SP lavas have intermediate Na2O contents
(Na/Si= 0.14;∼5wt% Na2O) and IcP-HCT and HMg lavas have lower Na2O
contents (Na/Si= 0.06;∼2wt% Na2O (ref. 22)). Final chemical analyses were
normalized to 100wt%. The interested reader is referred to ref. 22 for a
discussion of Na2O contents in Mercurian lavas (including secondary thermal
migration of Na) and to ref. 26 for the effect of Na on the mineralogy of
Mercurian lavas.

To calculate the silicate mineralogy of Mercurian lavas, we recalculated S-free
magma compositions and assumed that S forms complexes with Mg and Ca in the
silicate melt25. Experiments in Fe-free systems at reducing conditions (<IW-525)
show that sulfide saturation produces sulfide melt globules with an average
composition of (Mg0.8Ca0.2)S25. We therefore inferred that S forms complexes with a
similar composition in the silicate melt and recalculated S-free silicate melt
compositions by changing the Ca and Mg contents according to the bulk S content
measured by MESSENGER. Results are shown in Supplementary Fig. 6
(Supplementary Methods).

Starting compositions and experimental methods. Using calculated surface
compositions (Supplementary Fig. 6), we identified five starting compositions
representing average compositions for the various geochemical provinces
(Low-Mg NVP, High-Mg NVP, SP, IcP-HCT, HMg23). Silicate starting
compositions for experiments were produced from high-purity commercially
purchased oxides (SiO2, TiO2, Al2O3, MgO, MnO, NiO, Cr2O3) and carbonates
(CaCO3, Na2CO3, K2CO3). Silicate components were mixed with a metal mixture
(Fe90Si10) to set the oxygen fugacity to highly reducing conditions relevant to
Mercurian magmas (<IW-525). The ground starting material was packed into
3mm (inner diameter) graphite capsules with top lids, and dried for 24 h at
120–150 ◦C. Experiments were performed at 1 kbar in large-volume internally
heated pressure vessels (IHPV) at the University of Hannover. Argon was used as
the pressure medium. The graphite capsules were placed into an outer Pt jacket
(inner diameter= 4mm) welded shut with bottom and top Pt lids. Temperature
was controlled using four S-type thermocouples (Pt-Pt90Rh10). Experiments were
ramped at 1 ◦C s−1 to the final temperature. For experiments at the lowest
temperatures (<1,200 ◦C), experiments were first heated to 1,300 ◦C, kept at this
temperature for 1 h, and then cooled to the final temperature at a rate of 2 ◦C s−1.
The temperature gradient across the sample was less than 5 ◦C. Quenching
(∼150 ◦C s−1) was performed by dropping the sample onto a cold (∼25 ◦C)
copper block. To reach equilibrium, the run durations of the experiments were
between 4 and 108 h. Such long runs in IHPV impose us to work on S-free
compositions but S is not likely to have any significant effect on low-pressure
phase equilibria14,25,27.

Analytical methods. Experimental charges were analysed with a CAMECA SX100
electron microprobe analyser (EMPA) at the University of Hannover.
Analyses were performed with an accelerating voltage of 15 kV. For glasses in
near-liquidus experiments, we used a beam current of 8 nA and a defocused beam
diameter of 10 µm. For glasses in experiments closer to the solidus, we used a beam
current of 4 nA. For metals, we used a beam current of 15 nA and a defocused
beam diameter of 2–20 µm. Mineral analyses were performed with a beam current
of 15 nA and a focused beam (1 µm diameter). Counting time on peaks was 15–20 s
(7.5–10 s for background) for each element. For glasses and minerals, we used
the following standards for Kα X-ray line calibration: albite for Na, orthoclase for
K, wollastonite for Si and Ca, TiO2 for Ti, Fe2O3 for Fe, MgO for Mg, Mn3O4 for
Mn and Cr2O3 for Cr. For metal melts, we used pure metal Mg, Si, Fe, Cr,
Ni, Mn, wollastonite for Ca and TiO2 for Ti. Raw data were corrected with the
CITZAF software.

Calculation of oxygen fugacity. The presence of silicate melt (Sil) and Fe-rich
metal alloy (Met) in our experiments constrain the intrinsic oxygen fugacity (fO2 ) of
the system by the equilibrium:

FeMet+
1
2
O2=FeOSil (1)

where the fO2 of the experiment (Ex) can be expressed relative to the fO2

of the iron–wüstite (Fe–FeO; IW) oxygen fugacity buffer by the following
equations:

1IW= log fO2;Ex− log fO2;IW (2)

1IW=2 log

(
aSilFeO
aMet
Fe

)
=2 log

(
X Sil

FeOγ
Sil
FeO

XMet
Fe γ

Met
Fe

)
(3)

where aFeO is the activity of FeO in the silicate melt, γFeO is the activity coefficient of
FeO, XFeO is the molar fraction of FeO, aFe is the activity of Fe in the metal alloy, γFe
is the activity coefficient of Fe, XFe is the molar fraction of Fe. We considered a
value of 1.5 for γFeO, which corresponds to the average value of two studies having
investigated this parameter46,47. γFe was calculated using the interaction parameter
formalism (ε-approach48–50), which takes into account the non-ideal interaction
between all components in the Fe-rich metal alloy. Interaction parameters (ε) and
activity coefficients of any element infinitely diluted in the Fe-rich metal alloy (γ 0)
were selected from various studies49–52 and were extrapolated from 1,873K
(reference temperature) to the temperature of the experiment following the
procedure of ref. 49.

For most experiments, the FeO content of the silicate melt is too low to be
accurately measured by electron microprobe, which results in poorly estimated
values for aFeO and therefore fO2 cannot be calculated. We have also calculated the
fO2 of the experiments using the following equilibrium53:

SiMet
+O2=SiOSil

2 (4)

which is described by the following thermodynamic equation:

1G=0=1G0
+RT lnKeq (5)

with

Keq=
aMet
Si fO2

aSilSiO2

(6)

and

1G0
=1H 0

r −T1S0r+
∫
1VdP (7)

leading to

fO2=e
−1G0
RT

aSilSiO2

aMet
Si

(8)

where aSilSiO2
(XSiO2γSiO2 ) is the activity of SiO2 in the silicate melt, aMet

Si (XSiγSi) is the
activity of Si in the Fe-rich metal allow,1G0 is the free energy change for
equation (4) at standard conditions,1H 0

r is the enthalpy change of the reaction,
1S0r is the entropy change of the reaction,1V is the volume change, R is the gas
constant, T is temperature and P is pressure. In our calculations, we assumed
aSilSiO2
≈ 1 and calculated γSi using the ε-approach.1H 0

r ,1S0r and1V were
calculated using data from ref. 54. The fO2 of the experiment is expressed relative to
IW by equation (2), in which log fO2;IW is calculated as follows55,56:

log fO2;IW=6.471−
26,834
T
+0.055

P−1
T

(9)

Silicate liquidus assemblages.We used our experimental results to parameterize
the diopside saturation surface in Mercurian magmas. Using our experimental
results together with∼250 experiments in the CMAS (CaO–MgO–Al2O3–SiO2)
and CMASN (CaO–MgO–Al2O3–SiO2–Na2O) systems, we developed an
expression to predict the liquidus temperature of Mercurian magmas. We adopted
a Gibbs-phase-rule-inspired empirical model57. Experiments in the CMAS and
CMASN systems have four to five components and are usually saturated with
forsterite, and/or enstatite, diopside, feldspar and spinel. We therefore restricted
our variables to two to five compositional parameters. After extensive searching, we
found that liquidus temperatures can be accurately determined using a set of liquid
composition parameters (MgO wt%, Na2O wt%, MgO/(MgO+ SiO2),
Al2O3/(Al2O3+ SiO2) and Na2O/(Na2O+ CaO); see details in the caption of
Supplementary Fig. 4). Based on experiments saturated in diopside, we also
developed an expression that describes the change in composition and temperature
of liquids saturated in diopside (ref. 57; see details in the caption of Supplementary
Fig. 5). We used compositional parameters identical to those used to calculate
liquidus temperatures. Liquids start crystallizing diopside when they hit the
calculated diopside saturation surface. According to our models, diopside appears
when the liquidus temperature of the melt is identical to the calculated temperature
of diopside saturation. We do not have a sufficient number of experiments
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saturated in plagioclase to accurately determine the plagioclase saturation surface.
However, we observed that for all investigated compositions, the liquid becomes
saturated in plagioclase when the liquidus temperature is below 1,200 ◦C
and the Al2O3 content of the equilibrium melt is higher than 14wt%. We
therefore used these two criteria to define the saturation of plagioclase in
Mercurian melts.

To predict the stable mineral phases in Mercurian magmas as a function of
crystallinity (for example, 15, 25 and 35wt%; Fig. 3), we used fractional
crystallization models. We started by fractionating forsterite (first liquidus phase
for all investigated compositions) by steps of 1wt%. After each step of
fractionation, we checked if the liquid was also saturated in diopside± plagioclase.
For diopside, we calculated the liquidus temperature of the magma (equation given
in the caption of Supplementary Fig. 4) and the temperature of diopside saturation
(equation given in the caption of Supplementary Fig. 5). When both temperatures
agreed to within 15 ◦C (average error for both models), we considered the liquid to
be saturated in diopside. After diopside saturation, we kept fractionating forsterite
and diopside by steps of 1wt%. We used our experiments to estimate realistic
cotectic proportions in magmas saturated with forsterite and diopside, and found a
forsterite:diopside ratio of 1:2. After each fractionation step, we calculated the
liquidus temperature and the residual liquid composition. When our criteria of
plagioclase saturation were met, we considered the liquid to be saturated in
plagioclase. It has been shown that high-temperature phase equilibria in S-free and
S-bearing systems are identical25. The choice not to include S in our experiments
has therefore no effect on our prediction of liquidus phases and the mineral
assemblages shown in Fig. 3.

To predict the stable phases at the solidus temperature of Mercurian magmas
(Supplementary Table 3), we performed a mass-balance calculation between each
compositional group of four pixels (Supplementary Figs 6 and 7) and the
experimental mineral phases. Based on our experiments closest to the solidus for
each starting composition, we made the initial assumption that lavas on Mercury
may have plagioclase, quartz, forsterite, enstatite and diopside as stable phases. In
the calculations, we used average compositions of all our microprobe
measurements for forsterite, diopside and enstatite. We assumed that quartz is
100wt% SiO2. For plagioclase, we used a different composition for each
geochemical province. Because our experiments do not unambiguously constrain
the plagioclase composition at the solidus temperature, we also estimated it by
mass-balance calculation between our experimental starting compositions
(representing the average composition of each province) and stable silicate phases.
For each set of calculation, plagioclase was allowed to vary from anorthite to albite.
The estimated plagioclase composition at the solidus corresponds to the plagioclase
composition for which we obtained the best mass-balance fit (lowest values of the
sum of squared residuals (r 2; see details in Supplementary Fig. 8). We assumed that
phase equilibria at the solidus in S-bearing magmas of Mercury are identical to
those observed in our S-free experiments25,27.

Data sources. Chemical MESSENGER data used to generate Figs 3 and 4 were
calculated from the maps published by L. Nittler (ref. 24). JPEG files were made
available to the authors by L. Nittler. Raw MESSENGER XRS data are available

from Geoscience Node website, Washington University of St. Louis
(http://pds-geosciences.wustl.edu/missions/messenger/xrs.htm).

Code availability. The Matlab computer code used to generate Fig. 3 is a simple
Rayleigh fractionation model. Raw data and equations used in the codes can be
found in Supplementary Methods. The code used to generate Fig. 4 is the
‘lsqnonneg’ function of the Matlab Statistical Toolbox. All codes can be found at:
http://labos.ulg.ac.be/geopetro/people/olivier-namur.

Data availability. The authors declare that the data supporting the findings of this
study are available within the article and its Supplementary Information files. The
experimental starting compositions and experimental results are given in
Supplementary Data Tables 1 and 2. Mercurian lava compositions calculated from
MESSENGER measurements and the calculated solidus mineralogy are given in
Supplementary Data Table 3.
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