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The MESSENGER spacecraft provided geochemical data for surface rocks on Mercury. In this study, we 
use the major element composition of these lavas to constrain melting conditions and residual mantle 
sources on Mercury. We combine modelling and high-temperature (1320–1580 ◦C), low- to high-pressure 
(0.1 to 3 GPa) experiments on average compositions for the Northern Volcanic Plains (NVP) and the 
high-Mg region of the Intercrater Plains and Heavily Cratered Terrains (High-Mg IcP-HCT). Near-liquidus 
phase relations show that the S-free NVP and High-Mg IcP-HCT compositions are multiply saturated 
with forsterite and enstatite at 1450 ◦C – 1.3 GPa and 1570 ◦C – 1.7 GPa, respectively. For S-saturated 
melts (1.5–3 wt.% S), the multiple saturation point (MSP) is shifted to 1380 ◦C – 0.75 GPa for NVP 
and 1480 ◦C – 0.8 GPa for High-Mg IcP-HCT. To expand our experimental results to the range of 
surface compositions, we used and calibrated the pMELTS thermodynamic calculator and estimated phase 
equilibria of ∼5800 compositions from the Mercurian surface and determined the P –T conditions of 
liquid–forsterite–enstatite MSP (1300–1600 ◦C; 0.25–1.25 GPa). Surface basalts were produced by 10 to 
50% partial melting of variably enriched lherzolitic mantle sources. The relatively low pressure of the 
olivine–enstatite–liquid MSP seems most consistent with decompression batch melting and melts being 
segregated from their residues near the base of Mercury’s ancient lithosphere. The average melting degree 
is lower for the young NVP (0.27 ± 0.04) than for the older IcP-HCT (0.46 ± 0.02), indicating that melt 
productivity decreased with time. The mantle potential temperature required to form Mercurian lavas 
and the initial depth of melting also decreased from the older High-Mg IcP-HCT terrane (1650 ◦C and 
360 km) to the younger lavas covering the NVP regions (1410 ◦C and 160 km). This evolution supports 
strong secular cooling of Mercury’s mantle between 4.2 and 3.7 Ga and explains why very little magmatic 
activity occurred after 3.7 Ga.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

One of the major findings based on data from the MESSEN-
GER spacecraft is that volcanism at the surface of Mercury was 
widespread (Head et al., 2011; Denevi et al., 2013; Marchi et al., 
2013; Thomas et al., 2014). The MESSENGER imagery revealed that 
surface volcanism produced kilometer-thick deposits (Head et al., 
2011; Klimczak et al., 2012; Byrne et al., 2013). Based on the den-
sity of craters across the planet, it has been estimated that the 
whole surface of Mercury was resurfaced by volcanic activity and 
that the secondary volcanic crust was formed between 4.2 and 
3.7 Ga (Weider et al., 2012; Marchi et al., 2013). A large portion 
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of the planet (∼27%) is dominated by crater-poor plains, with the 
largest occupying ∼6% of the planet surface (Northern Volcanic 
Plains).

The compositions of primitive melts provide the principal ev-
idence for interpreting the conditions of magma generation for 
which little information currently exists. The major element com-
position of the lavas of Mercury can be used to decode mantle 
melting processes and mantle sources. These lavas may have been 
produced by remelting of cumulates of a solidified magma ocean 
(Brown and Elkins-Tanton, 2009; Charlier et al., 2013; Vander 
Kaaden and McCubbin, 2016) or may represent melts of an undif-
ferentiated primordial mantle source region (Zolotov et al., 2013;
Malavergne et al., 2014). The observed melts of the Mercurian 
mantle provide a record of the large-scale differentiation of the 
planet and the formation of the ∼35 km thick magmatic crust 
(Padovan et al., 2015). Although the bulk composition of the Mer-
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curian mantle is poorly constrained, it has been suggested that 
it may be similar to the silicate fraction of metal-rich chondritic 
material (enstatite chondrite (EH) and/or bencubbinite (CB); Taylor 
and Scott, 2003; Malavergne et al., 2010).

In this study, experiments and modelling are used to link 
the composition of the volcanic secondary crust with the mantle 
source materials. We used chemical information from MESSENGER 
(Weider et al., 2012, 2015; Peplowski et al., 2015) to calculate 
two average compositions representative of the High-Mg regions 
and the Northern Volcanic Plains. Based on high-pressure, high-
temperature experiments, we discuss phase equilibria of Mercurian 
basalts and, in particular, we identified forsterite–enstatite–liquid 
multiple saturation points (MSP) that we interpret as the con-
ditions of mantle-melt equilibration prior to eruption (Asimow 
and Longhi, 2004). We also discuss the role of sulfur on phase 
equilibria of Mercurian mantle melts. Using thermodynamic mod-
elling with the MELTS/pMELTS algorithms, we calculated high-
temperature phase equilibria of ∼5800 compositions from Mer-
cury’s crust (Weider et al., 2015), corrected them empirically for 
the effect of sulfur, and used these data to infer the present-day 
mineralogy of the Mercurian mantle as well as the range of pres-
sure and temperature conditions for melting. We also discuss the 
thermal evolution of the Mercurian mantle between 4.2 and 3.7 Ga 
and suggest that surface lavas were produced by melting material 
of variably enriched lherzolitic sources.

2. Compositional variability at the surface of Mercury

The surface of Mercury is Mg-rich and Al-, Ca- and Fe-poor 
compared to terrestrial and lunar crustal material (Weider et al., 
2015). It is assumed to be dominated by Mg-rich silicate minerals 
(forsterite, enstatite), plagioclase, sulfides [(Ca, Mg, Fe)S] and possi-
bly minor Fe-silicides (Weider et al., 2012, 2014).

Based on XRS measurements acquired during solar flares from 
April to December 2011, two main geochemical provinces were 
discriminated (Weider et al., 2012; Fig. 1): (1) the Northern Vol-
canic Plains (NVP) with low Mg/Si ratios, Ca/Si ratios and S/Si 
ratios and high Al/Si ratios; (2) the Intercrater Plains and Heav-
ily Cratered Terrains (IcP-HCT) with, on average, higher Mg/Si ra-
tios, Ca/Si ratios and S/Si ratios and lower Al/Si ratios. Based on 
analyses with better spatial resolutions (April 2011 to Decem-
ber 2013), the geochemical subdivision of Mercury’s surface has 
been refined (Fig. 1). The NVP is subdivided into two regions: 
the low-Mg NVP at latitudes higher than 60◦N and the high-Mg 
NVP (∼30◦W–100◦E; ∼30◦–60◦N). The IcP-HCT is more compli-
cated and can broadly be subdivided into a high-Mg region, which 
may contain an internal high-Mg and high-Ca region and a rather 
heterogeneous intermediate region. K and Na are low in IcP-HCT 
(K < 1000 ppm; Na/Si: 0.10 ± 0.01) and high in high-Mg NVP 
(K > 1200 ppm and Na/Si: 0.12 ± 0.02) and even higher in low-
Mg NVP (K > 1500 ppm; Na/Si: 0.19 ± 0.03; Peplowski et al., 
2012, 2014). Mercury’s surface also shows several Smooth Plains 
(SP) including the Caloris basin, the Rachmaninoff basin, and the 
high-Al Smooth Plain. Sulfur is generally higher in regions with 
high Mg/Si and Ca/Si ratios (IcP-HCT) and lower in NVP (Weider et 
al., 2015). As shown in Fig. 1, the different geochemical terranes 
cannot be related to each other by a process of fractionation or ac-
cumulation of common minerals such as forsterite and enstatite, 
suggesting that lavas at the surface of the planet may represent 
primary mantle-derived melts (Fig. 1).

For this study, we recalculated surface compositions (Fig. 2 and 
Fig. S1) using the most recent maps produced from MESSENGER 
XRS data (Weider et al., 2015). We focused on the northern hemi-
sphere for which the spatial resolution of MESSENGER measure-
ments is the highest. We combined individual maps of Mg/Si, Ca/Si, 
Al/Si and S/Si and only worked on pixels for which those 4 ratios 
Fig. 1. Elemental weight ratios inferred from MESSENGER XRS data. (a) Al/Si ver-
sus Mg/Si. (b) Ca/Si versus Mg/Si. Colored circles show average compositions of 
the geochemical terranes identified by Weider et al. (2015). The 1σ error bars are 
shown for each terrane. Lines radiating from each symbol show the compositional 
effect of accumulating (plain line) forsterite (blue) or enstatite (red) or fractionat-
ing (dashed line) olivine or enstatite. The different geochemical provinces cannot 
be linked to each other by these lines, indicating that their average compositions 
cannot be related by any process of accumulation and/or fractional crystallization. 
Compositional fields in grey-scale show the range of compositions of lavas from the 
Northern Volcanic Plains (NVP), the Smooth Plains (SP), the Intercrater Plains and 
Heavily Cratered Terrains (IcP-HCT) and the High-Mg IcP-HCT region inferred from 
pixel analyses (1.25◦ × 1.25◦ pixel groups) of the elemental maps of Weider et al.
(2015). Black and white stars represent the starting compositions used in experi-
ments. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

were measured. This method allows investigating only some parts 
of the northern hemisphere because the Ca/Si map is not com-
plete. We produced >5800 groups of 25 pixels (1.25◦ latitude ×
1.25◦ longitude) that we converted to volatile-free chemical com-
positions (SiO2, Al2O3, MgO and CaO; Fig. 2). Each pixel group 
was assigned to the geochemical terrane in which it is located 
(NVP, including the low-Mg and high-Mg NVP; IcP-HCT, excluding 
the high-Mg region; high-Mg region of the IcP-HCT; SP, includ-
ing Caloris basin and Rachmaninoff basin) to which we attributed 
specific concentrations for minor elements (Nittler et al., 2011;
Peplowski et al., 2015). For Na2O, we considered that NVP lavas 
have high Na2O contents (Na/Si: 0.20; ∼7 wt.% Na2O), SP lavas 
have intermediate Na2O contents (Na/Si: 0.14; ∼5 wt.% Na2O) and 
IcP-HCT lavas have lower Na2O contents (Na/Si: 0.06; ∼2 wt.% 
Na2O; Peplowski et al., 2014). Large chemical variability is ob-
served in calculated compositions and the lavas from different 
geochemical terranes significantly overlap (Fig. 2).
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Fig. 2. Major element oxide compositions of surface lavas for Al2O3, MgO and CaO 
versus SiO2. Representative silicate melt compositions obtained by partial melting 
of an enstatite chondrite at 1 bar (McCoy et al., 1999) and 1 GPa (Boujibar et al., 
2015) at reducing conditions (∼ IW-4; with IW being the iron-wüstite oxygen fu-
gacity buffer) are shown for comparison. Stars represent starting compositions for 
experiments (see Fig. 1). Histograms of the X and Y axes represent the Kernel den-
sity estimation (KDE) for each population (NVP, SP, IcP-HCT, High-Mg IcP-HCT).

3. Experimental and modelling strategy

3.1. Starting compositions for experiments

Our experimental starting compositions are based on geochem-
ical data that were available at the beginning of this project. They 
correspond to XRS data presented by Weider et al. (2012). For NVP, 
we used 34 XRS measurements and calculated median values for 
the Mg/Si, Al/Si, Ca/Si ratios and re-calculated the compositions on 
an oxide basis (Table 1). For minor elements (TiO2, MnO, K2O) we 
used data from a set of XRS measurements (Nittler et al., 2011)
and GRS data (Peplowski et al., 2012) as well as average composi-
tions of terrestrial komatiites. Our estimates for TiO2 and MnO are 
very close to values more recently obtained from new XRS analyses 
(Weider et al., 2014). We considered an average Na/Si ratio of 0.20, 
leading to ∼7 wt.% Na2O in our NVP composition (Peplowski et al., 
2014). IcP-HCT lavas span a larger compositional range than NVP 
and may have a broadly bimodal distribution (Charlier et al., 2013;
Weider et al., 2015). We prepared a starting composition corre-
sponding to the average composition of the High-Mg group of 
IcP-HCT lavas. For the High-Mg IcP-HCT composition, we used 49 
XRS compositions with a Mg/Si ratio greater than 0.6 (Table 1). 
We considered a Na/Si ratio of 0.06 (∼2.7 wt.% Na2O) and 0.1 wt.% 
of K2O (Peplowski et al., 2012, 2014). During the course of this 
project, new XRS data were obtained from the MESSENGER space-
craft (Weider et al., 2015) and this updated database was used to 
calculate the compositions shown in Fig. 2. When compared with 
these new data (Weider et al., 2015), we observe that our ex-
perimental NVP composition is intermediate between the high-Mg 
NVP and low-Mg NVP, while our experimental High-Mg IcP-HCT is 
very similar to the High-Mg terrane (Fig. 1).

Silicate starting compositions were produced from high-purity 
commercially purchased powders (SiO2, TiO2, Al2O3, MgO, MnO). 
For alkalis and alkaline-earth elements, we used carbonates (CaCO3, 
Na2CO3, K2CO3) that were de-carbonated at 900 ◦C for 10 h before 
we mixed them with the oxides. The reagents were mixed under 
ethanol in an agate mortar to assure homogeneity of the starting 
materials. Compositions used in experiments are given in Table 1. 
To reduce the sample intrinsic oxygen fugacity (fO2), we added 
Si metal powder to the silicate starting material. To avoid poten-
tial SiO2-enrichment of the silicate melt during experiments due 
to partial oxidation of Si, we kept the Si/SiO2 ratio to 0.1 in order 
to control fO2 without affecting elemental ratios of the starting 
compositions. In most experiments, we mixed the silicate material 
with a metallic mixture. In sulfur-free experiments, we used pure 
Fe0 (Metal A in Table 1) while in sulfur-bearing experiments we 
used a mixture (Metal B) of Fe0 (25%), FeS (50%) and S (25%). The 
silicate/metal ratio was 0.9/0.1 (see additional details in Table 2).

3.2. Experimental and analytical techniques

Low- to medium-pressure experiments (0.1–0.7 GPa) were per-
formed in large volume internally heated pressure vessels (IHPV) 
at the University of Hannover (Germany). Argon was used as the 
pressure medium. High-pressure experiments (0.8 to 2 GPa) were 
performed at the Massachusetts Institute of Technology (MIT; USA) 
and at the Bayerisches Geoinstitut (BGI; Germany) in 0.5′′ piston 
cylinder apparatuses. A comprehensive description of the experi-
mental methods and conditions with details of temperature and 
pressure calibration and run procedures is included in the Exper-
imental Methods Online (Supplementary Material). Details about 
the calculation of oxygen fugacity conditions are also given in Sup-
plementary Material.

Quantitative analyses were performed using a CAMECA SX100 
electron probe microanalyser (EPMA) at the University of Hannover 
and a JEOL 8200 EPMA at MIT. Details of the analytical techniques 
are presented in the Analytical Methods of the Supplementary Ma-
terial.

3.3. Thermodynamic modelling with MELTS and pMELTS

The pMELTS thermodynamic algorithm (Ghiorso et al., 2002)
was used to constrain high-temperature, high-pressure phase equi-
libria of Mercurian surface compositions (Fig. 2). Mercury’s basalts 
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Table 1
Elemental ratios for the surface compositions of Mercury and starting compositions for experiments.

1. Compositions of the silicate fractions used in experiments
Median values (±1σ ) of elemental ratiosa Calculated oxide compositions

Mg/Si Al/Si Ca/Si SiO2 Al2O3 MgO CaO
NVP 0.309 ± 0.13 0.263 ± 0.07 0.156 ± 0.04 62.41 ± 3.75 14.65 ± 3.36 14.85 ± 5.0 6.19 ± 1.57
High-Mg IcP-HCT 0.682 ± 0.07 0.189 ± 0.07 0.211 ± 0.04 53.06 ± 2.36 8.85 ± 3.11 28.05 ± 2.39 7.32 ± 1.33
Calculated oxide compositions with sodium and minor elementsb

SiO2 TiO2 Al2O3 MnO MgO CaO Na2O K2O Total
NVP 58.71 0.40 13.75 0.20 13.93 5.81 7.00 0.20 100.00
High-Mg IcP-HCT 52.67 0.40 8.79 0.20 27.84 7.27 2.75 0.08 100.00
Synthetic starting compositionsc

NVP 58.79 0.30 13.8 0.17 13.25 5.97 7.01 0.17 99.46
High-Mg IcP-HCT 53.80 0.36 8.38 0.21 26.52 7.43 2.66 0.09 99.44
Normative mineralogy

Feldspar Nepheline Diopside Hypersthene Olivine Ilmenite
NVP 58.3 4.5 17.9 0 18.8 0.4
High-Mg IcP-HCT 35.3/25.0 0 18.8 9.3 36.2 0.4

2. Compositions of the metallic fractions used in experimentsd

Fe S
Metal A 100 –
Metal B 56.7 43.3

a Calculated using elemental ratios from MESSENGER presented by Weider et al. (2012).
b K2O and Na2O contents calculated from Peplowski et al. (2012, 2014); TiO2 and MnO contents based on Weider et al. (2014).
c Averages of glass compositions from S-free experiments that were super-liquidus (NVP: n = 4; IcP-HCT: n = 5).
d Some sulfur-free experiments were performed by mixing 90% of the silicate fraction with 10% of Metal A. S-bearing experiments were performed with 90% of the silicate 

fraction and 10% of Metal B. Metal B was produced by mixing Fe (25%), FeS (50%) and S (25%). See additional details in Table 2.
are dominated by SiO2, Al2O3, MgO, CaO and Na2O, and may there-
fore be adequately reproduced in the simplified CMASN system. 
We ran several tests to estimate the accuracy of pMELTS at pre-
dicting phase equilibria in the system CMAS. We first used ∼60 
experiments (1 bar to 2 GPa) with forsterite (Fo) or enstatite 
(Ens) as the first liquidus phase and compared experimental phase 
equilibria (Andersen, 1915; Sen and Presnall, 1984; Longhi, 1987;
Liu and Presnall, 1990) with those predicted by pMELTS (Fig. S2). 
We also used pMELTS to determine the position of the phase 
boundary between the liquid (Liq) + Fo stability field and Liq + Ens
stability field in the system Fo-quartz (Qz)-anorthite (An) (Sen and 
Presnall, 1984; Liu and Presnall, 1990). Our results indicate that 
pMELTS predicts accurately phase equilibria in the simplified CMAS 
system from 1 to 2 GPa. At lower pressure (1 bar), phase equilibria 
are better predicted with MELTS (Ghiorso and Sack, 1995) (Fig. S3).

Both MELTS and pMELTS predict liquidus temperatures with a 
significant error when compared to experimental data (pMELTS, 
Standard Error of Estimates (SEE): ±35 ◦C; MELTS, SEE: ±37 ◦C; 
Figs. S2 and S3). To minimize this error, we used experiments from 
this study (Table 2) together with ∼400 experiments from the 
CMAS and CMASN (Fig. S4) and regressed an equation predicting 
liquidus temperature as a function of pressure and critical compo-
sitional parameters. We adopted a Gibbs phase rule inspired em-
pirical model (Till et al., 2012). Experiments in CMAS and CMASN 
have 4–5 components and are usually saturated with Fo and/or 
Ens ± diopside (Di) ± Feldspar (Feld) or spinel (Sp). We there-
fore restricted our variables to 2–4 compositional parameters in 
addition to pressure. After extensive search, we found that SiO2, 
MgSi# (wt.% [MgO/(MgO + SiO2]), AlSi# = [wt.% [Al2O3/(Al2O3 +
SiO2]) and NaCa# (wt.% [Na2O/(Na2O + CaO]) give the best re-
sults. The model coefficients are given in Supplementary Material 
(Fig. S4). With these coefficients, we obtain a SEE of ±16 ◦C but the 
liquidus temperature of more than 50% of the experiments is pre-
dicted to ±10 ◦C. Another potential issue with the use of pMELTS 
is the high Na2O content of Mercurian magmas. Experiments in 
the CMASN system (Walter and Presnall, 1994) were performed 
at temperatures close to the solidus (liquid fraction (F): 0–0.3) 
and are therefore not adequate to test the reliability of pMELTS 
in calculating liquidus phase equilibria. We therefore compared 
our experimental results (NVP ∼7 wt.% Na2O; High-Mg IcP-HCT 
∼3 wt.% Na2O) with those calculated by pMELTS on identical com-
positions. When corrected for temperature (see above), we found 
that pMELTS reproduces the experimentally determined Liq–Fo–Ens
MSP to ±0.1 GPa and ±20 ◦C (Fig. S5).

In this study, we produced metastable inverse phase dia-
grams for each composition shown in Fig. 2 using MELTS and 
pMELTS, and calculated saturation curves for olivine, orthopyrox-
ene, clinopyroxene and feldspar. Calculations were performed from 
0.5 to 3 GPa with pressure increments of 250 bars and from 1900 
to 1200 ◦C with temperature increments of 2 ◦C.

4. Results

4.1. Experimental compositions and high-pressure phase relations

All the experiments performed for this study contain sili-
cate glass, ± Fo and/or Ens ± metallic and sulfide melts (FeSi 
and/or FeS). Textures of the experiments suggest that run durations 
(Table 2) were long enough to reach equilibrium. Enstatite and 
forsterite are homogeneous, form euhedral crystals with grain size 
ranging from 5 to 500 μm. They are homogeneously distributed in 
experimental charges obtained in the pressure range of 0.1–0.7 GPa 
while they are usually observed along the edges of the charge in 
piston cylinder experiments. Metal and sulfide melts form rounded 
globules (50 to 500 μm). Except in some high-pressure experi-
ments, no quench crystals are observed in the silicate melt. In 
contrast, sulfide melts usually show μm-scale tablet- or lamella-
shaped crystals typical for quench microstructures. Although these 
quench phases are usually too small to be analyzed by EPMA, 
they appear to be Fe-, Mn-, Cr-bearing monosulfide crystals. Back-
scattered electron images of representative experimental charges 
are shown in Fig. S6. Oxygen fugacity conditions during experi-
ments are in the range of IW-4.6 to IW-6.9 (Table 2). For some 
experiments in which we did not add a metallic phase, oxygen 
fugacity conditions were estimated by comparison with those ob-
tained in Fe-bearing experiments.

Most experiments were relatively close to the liquidus so that 
glass compositions are moderately affected by the crystallization 
of Fo and Ens. Mineral, melt, metallic alloy and sulfide melt com-
positions are presented in Table S1 (Supplementary Material). For 
NVP, glasses range in composition from 57.5 to 60.7 wt.% SiO2, 
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Table 2
Experimental conditions and run products.

Run Laboratory Device T
(◦C)

P
(GPa)

Si/SiO2
a Fe, S sourceb Time 

(h)
�IWc �IWd Experimental phasese

NVP without sulfur
A702 BGI PC 1470 2.00 0.1 Fe (A) 5 −6.5 −6.5 Liq (78), Ens (12), FeSi (10)
C601 MIT PC 1480 1.70 0.1 – 5 – −6.5 Liq (89), Ens (1), FeSi (10)
C600 MIT PC 1400 1.70 0.1 – 19 −6.4 Liq (82), Ens (18)
C580 MIT PC 1450 1.50 0.1 – 6 – −6.4 Liq (98), Ens (2)
C581 MIT PC 1440 1.30 0.1 – 5 – −6.4 Liq (96), Fo (1), Ens (3)
B1346 MIT PC 1410 1.00 0.1 – 5 – −6.5 Liq (97), Fo (3)
A700 BGI PC 1390 1.00 0.1 – 5 −6.8 −6.6 Liq (96), Fo (3), Ens (1)
BV03-1 LUH IHPV 1340 0.70 0.1 – 4 −7.5 −6.6 Liq (93), Fo (7), Si (Tr)
BV01-1 LUH IHPV 1360 0.70 0.1 – 6 −7.3 −6.7 Liq (93), Fo (7), Si (Tr)
Y051-1 LUH IHPV 1360 0.50 0.1 – 3 −7.1 −6.9 Liq (91), Fo (9)
Y047-1 LUH IHPV 1340 0.50 0.1 – 6 −7.9 −6.7 Liq (92), Fo (8)
Y028-1 LUH IHPV 1330 0.30 0.1 Fe (A) 4 −6.8 −6.5 Liq (85), Fo (5), FeSi (10)
Y044-1 LUH IHPV 1310 0.10 0.1 Fe (A) 5 −6.8 −6.9 Liq (84), Fo (6), FeSi (10)
Y045-1 LUH IHPV 1350 0.10 0.1 – 5 −6.8 −6.9 Liq (100)

NVP with sulfur
A708 BGI PC 1470 2.50 0.1 FeS + S (B) 5 −6.7 −5.6 Liq (80), Ens (10), FeSi (5), FeS (5)
A711 BGI PC 1420 1.50 0.1 FeS + S (B) 5 −6.3 −4.9 Liq (83), Ens (7), FeSi (5), FeS (5)
A704 BGI PC 1400 1.50 0.1 FeS + S (B) 5 −6.1 −5.8 Liq (81), Ens (9), FeS (10)
B1337 MIT PC 1410 1.20 0.1 FeS + S (B) 5 −6.3 −5.1 Liq (85), Ens (5), FeSi (5), FeS (5)
B1336 MIT PC 1400 1.00 0.1 FeS + S (B) 4 −6.6 −4.9 Liq (88), Ens (2), FeSi (5), FeS (5)
A713 BGI PC 1360 1.00 0.1 FeS + S (B) 4 −6.3 −5.2 Liq (82), Ens (8), FeSi (4), FeS (6)
B1357 MIT PV 1330 1.00 0.1 FeS + S (B) 1 – – Liq (71), Ens (19), FeSi (4), FeS (6)
B1338 MIT PC 1390 0.80 0.1 FeS + S (B) 5 −6.7 −5.6 Liq (87), Ens (3), FeSi (4), FeS (6)
BV03-2 LUH IHPV 1340 0.70 0.1 FeS + S (B) 4 −5.5 −5.2 Liq (86), Fo (4), Ens (tr), FeSi (6), FeS (4)
BV01-2 LUH IHPV 1360 0.70 0.1 FeS + S (B) 6 −5.2 −5.4 Liq (89), Fo (1), FeSi (3), FeS (7)
Y051-2 LUH IHPV 1360 0.50 0.1 FeS + S (B) 3 – −5.6 Liq (90), FeSi (3), FeS (7)
Y047-2 LUH IHPV 1340 0.50 0.1 FeS + S (B) 6 −5.1 −5.1 Liq (88), Fo (2), FeSi (4), FeS (6)
Y028-2 LUH IHPV 1330 0.30 0.1 FeS + S (B) 4 −5.5 −5.6 Liq (87), Fo (3), FeSi (5), FeS (5)
Y044-2 LUH IHPV 1310 0.10 0.1 FeS + S (B) 5 – −5.7 Liq (88), Fo (2), FeSi (4), FeS (6)
Y045-2 LUH IHPV 1350 0.10 0.1 FeS + S (B) 5 – −5.8 Liq (90), FeSi (5), FeS (5)

High-Mg IcP-HCT without sulfur
C583 MIT PC 1580 2.00 0.1 – 5 – −5.7 Liq (89), Ens (11)
C582 MIT PC 1555 1.70 0.1 – 6 – −5.8 Liq (90), Fo (5), Ens (5)
C577 MIT PC 1510 1.30 0.1 – 6 – −6.1 Liq (79), Fo (6), Ens (15)
C579 MIT PC 1500 1.50 0.1 – 5 – −6.1 Liq (78), Fo (10), Ens (12)
C599 MIT PC 1540 1.40 0.1 – 6 – – Liq (95), Fo (5)
B1354 MIT PC 1520 1.25 0.1 – 8 – −6.2 Liq (90), Fo (10), Ens (Tr)
B1347 MIT PC 1480 1.20 0.1 – 5 – −6.2 Liq (86), Fo (14)
B1345 MIT PC 1450 0.80 0.1 – 4 – −6.5 Liq (76), Fo (24)
BV02-1 LUH IHPV 1470 0.70 0.1 – 6 −6.8 −6.2 Liq (86), Fo (14), Si (Tr)
BV04-1 LUH IHPV 1450 0.70 0.1 – 4 −7.9 −6.3 Liq (81), Fo (19), Si (Tr)
Y099 LUH IHPV 1485 0.50 0.1 Fe (A) 5 −7.3 −5.9 Liq (90), Fo (Tr), FeSi (10)
Y049-1 LUH IHPV 1470 0.50 0.1 – 4 −7.8 −6.2 Liq (94), Fo (6)
Y036-1 LUH IHPV 1440 0.50 0.1 Fe (A) 4 −8.1 −6.5 Liq (73), Fo (17), Qtz (Tr), FeSi (10)
Y098 LUH IHPV 1465 0.30 0.1 Fe (A) 4 −6.5 −5.9 Liq (90), Fo (2), FeSi (10)
Y048-1 LUH IHPV 1455 0.30 0.1 Fe (A) 5 −7.2 −5.7 Liq (92), Fo (8), FeSi (10)
Y097 LUH IHPV 1455 0.10 0.1 Fe (A) 4 – −5.8 Liq (85), Fo (5), FeSi (10)
Y046-1 LUH IHPV 1500 0.10 0.1 – 5 – −6.0 Liq (100)

High-Mg IcP-HCT with sulfur
A699 BGI PC 1650 3.00 0.1 FeS + S (B) 5 −6.4 −5.9 Liq (89), Ens (1), FeSi (7), FeS (3)
A714 BGI PC 1560 2.00 0.1 FeS + S (B) 4 −6.7 −6.1 Liq (79), Ens (11), FeSi (6), FeS (4)
B1339 MIT PC 1500 1.00 0.1 FeS + S (B) 4 −7.6 −4.9 Liq (90), FeSi (5), FeS (5)
B1342 MIT PC 1440 1.00 0.1 FeS + S (B) 4 −6.9 −6.2 Liq (69), Ens (21), FeS (10)
B1341 MIT PC 1470 1.00 0.1 FeS + S (B) 4 −7.1 −6.0 Liq (87), Ens (3), FeS (10)
B1340 MIT PC 1450 1.00 0.1 FeS + S (B) 6 −7.5 −5.8 Liq (72), Ens (18), FeSi (2), FeS (8)
B1343 MIT PC 1440 0.80 0.1 FeS + S (B) 4 −6.7 −6.0 Liq (76), Ens (14), FeSi (3), FeS (7)
BV02-2 LUH IHPV 1470 0.70 0.1 FeS + S (B) 6 −4.7 −5.2 Liq (86), Fo (4), FeSi (5), FeS (5)
BV04-2 LUH IHPV 1450 0.70 0.1 FeS + S (B) 4 −4.9 −4.8 Liq (87), Fo (3), FeSi (3), FeS (7)
Y049-2 LUH IHPV 1470 0.50 0.1 FeS + S (B) 4 −4.9 −4.6 Liq (89), Fo (1), FeSi (3), FeS (7)
Y036-2 LUH IHPV 1440 0.50 0.1 FeS + S (B) 4 −5.6 −5.1 Liq (88), Fo (2), FeSi (2), FeS (8)
Y048-2 LUH IHPV 1455 0.30 0.1 FeS + S (B) 5 −4.9 −4.8 Liq (88), Fo (2), FeSi (3), FeS (7)
Y010-2 LUH IHPV 1450 0.10 0.1 FeS + S (B) 6 −4.9 −4.7 Liq (87), Fo (3), FeSi (5), FeS (5)
Y046-2 LUH IHPV 1500 0.10 0.1 FeS + S (B) 5 – −6.1 Liq (90), FeSi (2), FeS (8)

Notes: Liq = liquid; Ens = enstatite; Fo = forsterite; Qtz = Quartz, FeS = sulfide melt dominated by Fe (±Mg, Ca); FeSi = metallic alloy dominated by Fe and Si; Si = Si 
metal; IHPV = Internally heated pressure vessel; PC = Piston cylinder.

a Si/SiO2 ratio used to reduce the oxygen fugacity conditions.
b Metal source used in experiments. A. 100% Fe; B. 25% Fe – 50% FeS and 25% S (Fe = 56.7 wt.% – S = 43.3 wt.%). 10% of the metallic mixture was added to the 

experiments.
c Oxygen fugacity relative to the iron-wüstite calculated from Fe–FeO equilibrium assuming γ FeO = 1.5 and γ Fe calculated following Corgne et al. (2008).
d Oxygen fugacity relative to the iron-wüstite calculated from Si–SiO2 equilibrium following Cartier et al. (2014).
e Phase proportions in percent obtained from mass balance calculations:

In runs for which no metal alloy was observed, fO2 was calculated using the average composition of metal alloys from runs A702, Y028-1, Y044-1, Y036-1 and Y048-1.
Runs without calculated �IW from Fe–FeO equilibrium have a silicate melt with FeO content below the detection limit.
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Fig. 3. Experimental phase diagrams of representative compositions of Mercurian surface (Table 1) at reducing conditions (IW-4 to IW-6). (a) Sulfur-free NVP composition. 
(b) Sulfur-bearing NVP composition. (c) Sulfur-free High-Mg IcP-HCT composition. (d) Sulfur-bearing High-Mg IcP-HCT composition. Triangles = superliquidus experiments 
(Liq), circles = experiments in the stability field of forsterite (Fo–Liq), diamonds = experiments in the stability field of forsterite and enstatite (Fo–Ens–Liq), squares =
experiments in the stability field of enstatite (Ens–Liq). Vertical and horizontal black lines show experimental uncertainty for temperature and pressure.
13.5 to 17.1 wt.% Al2O3, 8.6 to 14.0 wt.% MgO and 5.9 to 6.7 wt.% 
CaO. Na2O is high (6.9–8.4 wt.%) and minor element concentra-
tions (TiO2, MnO and K2O) are almost identical to those of the 
starting compositions. In the sulfur-bearing system, silicate melts 
contain 1.9–2.9 wt.% S and are generally enriched in MgO and 
depleted in CaO compared to S-free melts. For High-Mg IcP-HCT, 
glasses range in composition from 53.7 to 57.5 wt.% SiO2, 7.7 to 
10.0 wt.% Al2O3, 19.1 to 27.0 wt.% MgO, 7.0 to 10.1 wt.% CaO 
and 2.5–3.9 wt.% Na2O. In the sulfur-bearing system, glasses con-
tain 1.2–3.7 wt.% S. Two experiments have less than 2 wt.% S 
and we suspect that S may have been lost to the Pt jacket af-
ter silicate–metal equilibration. The S contents in silicate melts 
are similar to those observed in previous studies at similar oxy-
gen fugacity conditions (McCoy et al., 1999; Berthet et al., 2009)
and support the high sulfur solubility observed at reducing con-
ditions and high temperature (Malavergne et al., 2014). Mineral 
compositions match Fo and Ens end-members. There is a slight 
increase of the Al2O3 content of Ens (1–3 wt.%) with increasing 
pressure. Metal alloys are dominated by Fe and Si with minor Mn, 
Cr and Ni. In experiments with Fe as the metallic source (Table 2), 
FeSi alloys have a composition of ∼ Fe92Si8 while in experiments 
with Fe + FeS, FeSi alloys are closer to Fe95Si5, indicating slightly 
more oxidizing conditions in experiments with FeS (Chabot et al., 
2014). Sulfide melts are close to the FeS end-member (∼65 wt.% 
Fe – 35 wt.% S; average Fe1.01S0.99) with minor amounts of Ti 
(0–3 wt.%), Mg (0–1 wt.%), Ca (0–2 wt.%), Ni (0–1 wt.%) and Cr 
(0–2 wt.%; Supplementary Material). These compositions are sim-
ilar to those produced in previous studies (Berthet et al., 2009;
Chabot et al., 2014) but sulfide melts significantly richer in Mg 
and Ca were also described (McCoy et al., 1999; Malavergne et al., 
2014).
Inferred phase diagrams for the compositions representative of 
NVP and High-Mg IcP-HCT (Tables 1 and 2) are shown in Fig. 3. In 
all cases, Fo is the first phase to crystallize at low-pressure while 
Ens is the first phase to crystallize at high-pressure. For the S-free 
NVP composition, we infer that the liquid is multiply-saturated 
with Fo, Ens and Liq at ∼1.3 GPa and 1450 ◦C. For the S-bearing 
NVP composition, the phase boundary for Ens is lowered by ∼20 ◦C 
at 1.3 GPa, while the Fo phase boundary is lowered by at least 
150 ◦C. The Fo–Ens–Liq MSP therefore moves to lower pressure and 
lower temperature (∼0.75 GPa and 1385 ◦C), relative to the S-free 
NVP composition. The S-free High-Mg IcP-HCT composition is mul-
tiply saturated with Fo and Ens at ∼1.7 GPa and 1560 ◦C. For the 
sulfur-bearing High-Mg IcP-HCT composition, the Fo–Ens–Liq MSP 
moves to lower pressure and lower temperature (∼0.8 GPa and 
1480 ◦C), relative to the S-free High-Mg IcP-HCT composition.

4.2. Thermodynamic modelling of high-pressure phase equilibria

Modelling of high-temperature, high-pressure phase equilib-
ria with MELTS/pMELTS was performed for all the compositions 
shown in Fig. 2. Except for ∼100 compositions from IcP-HCT with 
>60 wt.% SiO2, MELTS and pMELTS predict Fo as the first phase to 
crystallize at low pressure (0.5 GPa). In all calculations, Fo is the 
first liquidus phase over a significant pressure range and is then 
replaced by Ens at higher pressure. In Fig. 4 (and Fig. S7), we re-
port histograms showing the distribution of Fo–Ens–Liq MSP for 
individual pixel groups of sulfur-free Mercury’s surface. For some 
terranes, the distribution is pluri-modal but the median values are 
∼1.2 GPa and 1450 ◦C for NVP lavas, ∼1.3 GPa and 1460 ◦C for SP 
lavas, ∼1.2 GPa and 1460 ◦C for IcP-HCT lavas and ∼1.75 GPa and 
1565 ◦C for High-Mg IcP-HCT lavas. Median values of MSP for NVP 
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Fig. 4. Global distribution (probability density function) of the pressure and temperature of forsterite–enstatite–liquid MSP for ∼5800 volatile-free compositions of Mercury’s 
surface calculated using the MELTS/pMELTS (1.25◦ × 1.25◦ pixel groups; Weider et al., 2015). The density function can be understood as a histogram showing the relative 
proportion of each variable (pressure or temperature) between 0 and 1 and calculated from the total number of observations. Dashed vertical lines represent the pressure 
and temperature conditions of experimentally determined Fo–Ens–Liq MSP. Stars represent pressure–temperature conditions of MSP that will be used in Fig. 7 and correspond 
to the modes (highest probability) of the MSP distributions for each province on Mercury.
and High-Mg IcP-HCT are almost identical to the MSP observed in 
our experiments. However, for NVP the mode of MSP is slightly 
lower in pressure (∼1 GPa) and temperature (∼1410 ◦C) than that 
observed in our experiments. This is due to the large chemi-
cal variability of the NVP province (Fig. 2). The effect of chemi-
cal variability is also shown in recent experiments from Vander 
Kaaden and McCubbin (2016) performed on a NVP composition 
with higher MgO content (16.5 wt.%) than our NVP starting com-
position. These experiments show a Fo–Ens–Liq MSP at 1.4 GPa and 
1460 ◦C.

5. Discussion

5.1. The role of sulfur on high-pressure phase equilibria

Phase relations of Mercurian basalts are highly sensitive to the 
presence of sulfur (Fig. 3). We observe that the Fo stability field 
contracts in presence of sulfur while the Ens stability field ex-
pands. Overall, the presence of sulfur has the effect of reducing 
both the pressure and temperature of the Fo–Ens–Liq MSP (NVP: 
�P = 0.55 GPa; �T = 65 ◦C; High-Mg IcP-HCT: �P = 0.95 GPa; 
�T = 85 ◦C). The role of sulfur on phase equilibria may be under-
stood in terms of complexing between sulfur and other elements 
in the silicate melt. At reducing conditions, where no Fe is present 
in the silicate melt, S2− complexes with network-modifying cations 
(Mg2+, Ca2+; Fogel, 2005; Métrich et al., 2009; Zolotov et al., 2013) 
and with charge-balancing cations (Na+; Métrich et al., 2009), 
forming ion clusters that are distinct from the silicate network. 
The formation of these sulfide complexes has the effect of in-
creasing the activity of SiO2 of the silicate melt, reducing the ac-
tivity of the cations included in the complexes (e.g. Ca, Mg, Na), 
and increasing the degree of melt polymerization (Fogel, 2005;
Métrich et al., 2009). All these effects stabilize pyroxene with re-
spect to olivine.

The pressure and temperature depression of the Fo–Ens–Liq
MSP is stronger for the High-Mg IcP-HCT composition (�P : 
0.95 GPa; �T : 85 ◦C) than for the NVP composition (�P : 0.55 GPa; 
�T : 65 ◦C). This indicates that the effect of S on the pressure–
temperature position of the MSP is not a simple function of the 
melt sulfur content but also depends on the S-free bulk com-
position of the melt. We suggest that the larger decrease in the 
pressure of the MSP for the High-Mg IcP-HCT composition than 
for the NVP composition is related to the contrasted anorthite and 
nepheline components of these two compositions. As observed in 
simplified systems (CMAS, CMASN, Ne–Fo–Qtz; Gupta et al., 1987;
Sen and Presnall, 1984; Liu and Presnall, 1990; Walter and Pres-
nall, 1994), increasing the anorthite and nepheline components 
has a strong influence on the relative position of forsterite and 
enstatite phase boundaries and therefore on the pressure shift of 
the Fo–Ens–Liq MSP due to the formation of CaS, MgS and Na2S 
complexes (Fig. S8).

5.2. Mantle melting conditions

Lava compositions from the Mercurian surface were projected 
in the Ca–Tschermak (CaTs)–forsterite–quartz pseudo-ternary
(Fig. 5). The increase in CaTs component reflects the increase in 
Na2O content of the lava. The three separate groupings occur be-
cause we assigned a fixed value Na/Si ratio to each one. This 
results in ∼2.7 wt.% Na2O for IcP-HCT lavas, ∼5 wt.% Na2O for SP 
lavas and ∼7 wt.% Na2O for NVP lavas. The compositional trends 
within each group do not follow olivine subtraction lines which we 
interpret as a further indication that magmas have not experienced 
significant low pressure fractional crystallization and potentially 
represent primary mantle-derived melts. Most compositions fall 
within the low pressure (1 bar) Fo stability field (determined using 
experimental data from CMAS) or within the extension of the Fo
stability field towards the CaTs component (Fig. 5). Mercurian lavas 
also display trends that are oblique to the Ens–Fo boundaries in-
dicating that they do not simply represent partial melts produced 
isobarically along a Fo + Ens + Liq cotectic.

5.2.1. Degrees of partial melting
The conditions of mantle melting can be constrained from the 

position of the Fo–Ens–Liq MSP and an estimate of melt produc-
tivity in the mantle source. We considered that the Mercurian 
mantle is dominantly lherzolitc (Malavergne et al., 2010) and cal-
culated melt isopleths between the solidus and liquidus surfaces 
of the silicate fraction of an EH chondrite (Katz et al., 2003;
Shorttle et al., 2014). We used the MELTS/pMELTS algorithms to 
calculate the pressure–temperature path of the liquidus surface 
and we considered that the solidus of the Mercurian mantle can 
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Fig. 5. Projection of major element compositions of Mercury surface basalts from diopside onto the plane forsterite–Ca–tschermak–quartz (Sorbadere et al., 2013). Dashed 
lines represent low-pressure (1 bar) liquidus boundaries in the CMAS system from data involving Qz, Fo, Ens, An and Sp, compiled from Andersen (1915), Osborn and Tait
(1952), Kushiro (1972), Presnall et al. (1978) and Longhi (1987). High-pressure boundary curves are also from the CMAS system (Presnall et al., 1978; Sen and Presnall, 1984;
Liu and Presnall, 1990).
be closely approximated by the solidus of the CMASN system. We 
selected this system because it reflects the absence of iron and the 
high Na2O content of the Mercurian mantle (Zolotov et al., 2013;
Peplowski et al., 2015). We note that the solidus of the CMASN 
system at 1 GPa is similar to that experimentally determined for 
a bulk composition of EH chondrite (Berthet et al., 2009) and is 
thus potentially close to the solidus of the Mercurian mantle. We 
then used the P –T conditions of the Liq–Fo–Ens MSP calculated 
for surface basalts to estimate the mantle melting conditions at 
which these magmas were produced (Fig. 6). In S-free-conditions, 
lavas can be produced in the mantle between 0.5 and 2.0 GPa at 
temperatures between 1350 and 1600 ◦C (Fig. 6a). Most lavas from 
NVP, SP and IcP-HCT can be explained by isobaric melting with 
melt fractions ranging from 0.2 to 0.4, in agreement with the ab-
sence of clinopyroxene as a residual phase in their source regions 
(Hirschmann et al., 1999). The High-Mg IcP-HCT lavas would re-
quire higher melt fractions (0.4–0.5) and melting at relatively high 
temperature (1540–1600 ◦C).

A more realistic estimate of melting conditions includes S in 
the lava compositions (Chabot et al., 2014; Malavergne et al., 2014)
and takes into account the role of S on pressure and temperature 
conditions of the MSP. The effect of sulfur on our inferred solidus 
and liquidus surfaces is unknown but we assume it will be lim-
ited because S in the mantle will be present as sulfide minerals 
with low melting temperature (Gaetani and Grove, 1999) which 
will form a sulfide-rich, silicate poor first melt. Further heating 
would then produce a S-rich silicate melt (Chabot et al., 2014;
Malavergne et al., 2014). We used our sulfur-bearing experiments 
to adjust the pressure and temperature conditions of MSP cal-
culated with pMELTS for S-free starting compositions. We as-
sumed that the dominant effect of S on the MSP position is 
from the formation of CaS and MgS complexes in the silicate 
melt (Fogel, 2005). We developed a simple linear relationship be-
tween the CaO and MgO contents of the S-free bulk composi-
tions and the pressure and temperature change of the MSP when 
S is present. We also considered that the sulfur at the Mercu-
rian surface was transported as dissolved S2− in the silicate melt, 
which is likely given the high sulfur solubility in silicate melt 
at reducing conditions (Berthet et al., 2009; Chabot et al., 2014;
Malavergne et al., 2014). When corrected for the effect of CaS 
and MgS complexing, MSP of Mercury’s lavas range from 0.25 to 
1.2 GPa and from 1300 to 1580 ◦C, with most basalts produced at 
∼0.75 GPa (∼60 km in depth) and ∼1400 ◦C. Melt fractions are 
relatively similar to those calculated for S-free compositions and 
range from 0.1 to 0.5, with the highest melting fractions (>0.45) 
observed for lavas of High-Mg IcP-HCT (Fig. 6b). The formation 
of High-Mg IcP-HCT lavas still requires very high temperatures 
(1450–1580 ◦C). We note that melt compositions produced by 20 
and 50% melting of an EH chondrite meteorite (McCoy et al., 1999;
Berthet et al., 2009; Boujibar et al., 2015) fall within the compo-
sitional groups of low-Mg and high-Mg Mercurian basalts (Fig. 2), 
supporting our estimates of melting fractions.

5.2.2. Mantle melting processes
The results presented in Fig. 6b imply relatively shallow melting 

conditions (<1.5 GPa). The most likely process that would produce 
widespread, long duration volcanism on Mercury is adiabatic de-
compression melting that accompanies mantle convection. Melting 
by adiabatic decompression occurs when hotter, deeper mantle as-
cends from depth along an adiabat and crosses the mantle solidus 
(Hess, 1992). The adiabatic gradient (∼10 K/GPa) of an ascending 
parcel of lherzolite is much lower than the slope of the man-
tle solidus (∼100 K/GPa), explaining why the adiabat crosses the 
solidus at depth (Fig. 7). Melting is driven by the thermal energy 
released by cooling the mantle from the temperature that would 
be achieved if the mantle rose along the adiabat without melt-
ing to the solidus temperature (mantle potential temperature (Tp); 
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Fig. 6. Temperature (◦C) versus pressure (GPa) diagrams showing the position of 
the liquid–forsterite–enstatite multiple saturation points (MSP) of Mercurian lavas 
as calculated with the pMELTS algorithm (Ghiorso et al., 2002). (a) Calculations 
performed on S-free compositions. Triangles = lavas from NVP, squares = lavas 
from SP, circles = lavas from IcP-HCT, diamonds = lavas from HMg. (b) Cor-
rected MSP taking into account the effect of S on phase equilibria (see text for 
details). Dashed black lines represent melt fraction isopleths calculated after Katz 
et al. (2003) and Shorttle et al. (2014). We broke the melting interval between a 
clinopyroxene present melting interval and a clinopyroxene free interval and as-
sumed an initial clinopyroxene mass fraction of 0.15. We considered the solidus 
surface of a lherzolite in the CMAS system (Presnall et al., 1979) that we corrected 
for the Na2O content (∼1.5 wt.%) of an EH chondrite (Walter and Presnall, 1994;
Kiefer et al., 2015). The solidus was calculated using the following equation: 
Ts(

◦C) = 1148 + 177 × P (GPa) − 12.2 × P 2. We considered the liquidus surface 
of an EH chondrite calculated with pMELTS. Solidus and liquidus curves for ter-
restrial peridotites and lherzolites are shown for comparison (Herzberg, 1983;
Hirschmann, 2000; Katz et al., 2003). Vertical black lines represent liquidus and 
solidus temperatures of an enstatite chondrite (EH4) at 1 GPa and reducing con-
ditions (Berthet et al., 2009). Black symbol represents the pressure–temperature 
conditions at which 55% melt is produced from EH4 (Boujibar et al., 2015). Num-
bers on the upper x-axis represent depth in km assuming that the Mercury’s mantle 
is 400 km thick (Smith et al., 2012) and has an average density of 3350 kg/m3

(Padovan et al., 2015). Histograms of the X and Y axes are as in Fig. 2.

Fig. 7. Pressure–temperature diagram showing the framework of decompression 
melting and position of experimental liquid–forsterite–enstatite multiple saturation 
points (MSP) and median values of MSP calculated with pMELTS for NVP, SP and 
IcP-HCT (low-Mg and high-Mg) (see stars in Fig. 4). Solidus and liquidus curves are 
as in Fig. 6. Adiabatic paths for mantle potential temperatures (Tp) from 1350 to 
1650 ◦C were calculated following Shorttle et al. (2014). Melt fractions are calcu-
lated assuming adiabatic decompression of a lherzolitic mantle. The grey vertical 
box represents the average present day crustal thickness of Mercury (Padovan et al., 
2015).

McKenzie and Bickle, 1988). The amount of melting is controlled 
by important thermodynamic properties of the mantle material, 
such as the heat capacity (Cp) and the entropy of fusion, and tem-
perature difference between solidus and the adiabat at the depth 
where the melt is segregated from its source region (�T ). We con-
sidered identical solidus and liquidus surfaces than those shown in 
Fig. 6 and thermodynamic properties of a lherzolite (Shorttle et al., 
2014) and calculated that every 1 GPa of adiabatic decompression 
produces ∼10% of melt (Fig. 7). Fig. 7 shows the temperature–
pressure conditions of melting from the compositionally distinct 
regions on Mercury. For High-Mg IcP-HCT lavas, melting begins at 
the greatest depths (∼360 km; 4.5 GPa) and highest temperatures 
(∼1720 ◦C, Tp = 1650 ◦C) near the core–mantle boundary, esti-
mated at 400 km (Smith et al., 2012). For IcP-HCT compositions, 
melting started at a depth of ∼200 km (∼2.5 GPa) at a temper-
ature of 1550 ◦C (Tp = 1510 ◦C). For NVP and SP lavas, melting 
began at shallower depths (∼160 km; 2 GPa) and lower tempera-
ture (1435 ◦C, Tp = 1410 ◦C).

On Earth adiabatic decompression melting mostly occurs at 
mid-ocean ridges and is near-fractional. During this process, frac-
tional melting increments are produced over a range of pressure 
and the melts are segregated from their residues as they are pro-
duced (Ahern and Turcotte, 1979; Klein and Langmuir, 1987). In 
near fractional adiabatic decompression melting, the MSP records 
the average pressure–temperature conditions of melting along the 
entire melting column. On Mercury, such a process should lead 
to MSP at ∼1 GPa for NVP and SP, 1.25 GPa for IcP-HCT and 
∼2.25 GPa for the High-Mg IcP-HCT. These values are much higher 
than the MSP that we observed experimentally for the NVP and 
High-Mg IcP-HCT compositions (∼0.75 GPa). We therefore con-
clude that near-fractional polybaric melting was not a dominant 
process in the formation of Mercurian surface lavas. Another pro-
cess by which adiabatic decompression may produce abundant 
melting is through decompression batch melting (Bowen, 1928). 
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Fig. 8. Global distribution of (a) melt fractions and (b) mantle potential temperatures calculated for surface lavas. Ages of eruption of the different types of lavas are also 
shown (Weider et al., 2012).
On Earth, such a process (or near-batch melting) is thought to 
occur beneath the thick crust of continental margins and in man-
tle plumes beneath continental and oceanic magmatic provinces 
(Bartels et al., 1991; Till et al., 2012). During batch decompression 
melting, the melt remains in equilibrium with its residue during 
ascent of the mantle parcel. In this case, the MSP records the last 
pressure–temperature conditions at which the melt was in equilib-
rium with the mantle (Bowen, 1928). For Mercury, we suggest that 
melting started at great depth within the mantle (160–360 km) 
and that the Fo–En–Liq MSP (Fig. 6b) record the extraction of the 
liquid from its mantle residue at the bottom of the ancient litho-
sphere. High degree of partial melting starting at great depth can 
also adequately explain the high MgO content of Mercurian lavas, 
and the relatively thick secondary volcanic crust of the planet 
(35 ± 18 km; Padovan et al., 2015).

5.3. Thermal evolution of the mantle and origin of the High-Mg IcP-HCT 
region

Calculation of the pressure–temperature conditions of Fo–Ens–
Liq MSP for ∼5800 surface compositions together with the cal-
culation of the pressure–temperature path for each composition 
during adiabatic batch melting allow us to provide strong con-
straints on the thermal evolution of the planet. The older lavas 
from IcP-HCT (4.2–4.0 Ga) were produced by high degree of par-
tial melting (F : 0.35 ± 0.03; Fig. 8a) in a mantle with high Tp
(1510 ± 40 ◦C; Fig. 8b). In contrast, the lavas from the younger ter-
rains (NVP, SP; 3.8–3.7 Ga) were produced by lower degrees of 
partial melting (NVP: 0.27 ± 0.04; SP: 0.28 ± 0.03) in a mantle 
with lower Tp (NVP: 1435 ± 42 ◦C; SP: 1450 ± 35 ◦C).

Lavas from the High-Mg IcP-HCT terrane require anomalously 
high mantle Tp (1648 ± 25 ◦C; Fig. 8b). This terrane (>5 ×
106 km2), located in the Northern Hemisphere, is characterized 
by generally low elevation and thinner than average crust (Smith 
et al., 2012; Weider et al., 2015). It has a higher than average 
crater density, supporting that this terrane represents one of the 
most ancient regions of Mercury’s crust. We propose that the 
High-Mg IcP-HCT terrane was produced by decompression melt-
ing starting at great depth (360 km) and that these lavas are older 
than other lavas from IcP-HCT. This hypothesis implies that the 
mantle temperature was very high during the first hundreds of 
millions of years of Mercury’s history and that the mantle was 
rapidly convecting. This rapid convection led to rapid cooling and 
Tp decreased significantly (70 ◦C/0.1 Ga from 4.2 to 4.0 Ga and 
∼15–20 ◦C/0.1 Ga from 4.0 to 3.7 Ga; Fig. 8b). High mantle tem-
perature may result from the high heat flow at the mantle–core 
boundary also due to rapid convection in the hot core cooling 
(Nimmo, 2007). The strong secular cooling of the mantle during 
the early history of Mercury implies a strongly temperature de-
pendent mantle viscosity with a high activation energy (Grove 
and Parman, 2004). It is also likely that early radioactive de-
cay contributed heat to drive the high degree of mantle melt-
ing needed to form High-Mg IcP-HCT lavas. Recent estimates of 
heat production of the Mercurian mantle at 4.0 GPa are high 
(7 ×10−12–8 ×10−12 W/kg; Padovan et al., 2015) and would allow 
a high degree, batch adiabatic decompression melting of a fertile 
lherzolitic mantle (Kiefer, 2003).

It has also been proposed that the overall formation of the 
High-Mg terrane may be related to a large impact having pen-
etrated into the mantle (Weider et al., 2015). Our experimental 
results do not provide evidence to rule out this hypothesis. How-
ever, our model has the advantage that a single process, adiabatic 
decompression melting during the progressive cooling of Mercury’s 
mantle, can explain the temporal evolution of lava compositions, 
their melting extents and temperatures.

5.4. Multiple mantle sources

Charlier et al. (2013) proposed that the mantle source of the 
low-Mg IcP-HCT lavas was lherzolitic while the source of the high-
Mg IcP-HCT lavas was harzburgitic, suggesting that several mantle 
sources may have contributed to Mercury’s magmatic activity. Af-
ter more data on Na2O of surface compositions became available 
(Peplowski et al., 2014, 2015), it was apparent that most surface 
compositions for IcP-HCT as well as lavas from NVP and SP contain 
a significant and variable Na2O content which we have included in 
this new set of experiments. This translates to a range of clinopy-
roxene fraction in the mantle source and our results indicate that 
Mercurian lavas were produced by melting of lherzolitic source re-
gions. From the variability in Na2O contents in these lavas we can 
infer that the mantle source regions must be variably enriched and 
contain ∼1.1 to 1.9 wt.% Na2O. The variation of the CaO content 
of surface lavas is also remarkable. The highest CaO lavas (Fig. 2) 
are the high-Mg IcP-HCT lavas, and these are also the lavas with 
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the highest sulfur contents (Weider et al., 2015). It is therefore 
likely that variations in the source regions also involve variations 
in the CaS and MgS components. Contrasting mantle lithologies on 
Mercury may have formed by lateral and/or vertical compositional 
stratification of the mantle during crystallization of a magma ocean 
(Charlier et al., 2013), by vertical migration of heterogeneous man-
tle parcels due to convection of mantle cells (Tosi et al., 2013), 
or by progressive evolution of mantle sources by melt extraction 
through time. The most likely source material for Mercury is an 
EH chondrite. The Na2O and S contents of EH chondrites are high 
enough to produce the abundances that we observe in Mercury 
surface lavas (Malavergne et al., 2010). However, the lavas on Mer-
cury’s could not be produced by direct melting of an EH chondrite 
bulk composition, because the Mg/Si ratio is too low and such 
a mantle would be dominated by enstatite (Berthet et al., 2009;
Malavergne et al., 2014). Mercurian lavas must come from olivine-
rich source regions and the youngest lavas (NVP) are strongly sil-
ica undersaturated, nepheline-normative melts (Fig. 5). We suggest 
that early magma ocean solidification and core formation under 
highly reducing conditions (IW-4 to IW-6; McCubbin et al., 2012) 
led to the segregation of a Si-rich core and Mg-rich silicate residue 
(Chabot et al., 2014). This high-Mg mantle was then re-melted in 
the time frame of 4.2 to 3.7 Ga to produce the Mercurian surface 
lavas.

6. Conclusions

Our calculations of surface compositions of Mercury together 
with projections in phase diagrams allow us to suggest that Mer-
curian basalts have been produced by partial melting of com-
positionally heterogeneous lherzolitic sources. The near liquidus 
phase relationships for NVP and high-Mg IcP-HCT basalts and the 
thermodynamic modelling that we performed both suggest that 
magmas were separated from their mantle residues at relatively 
shallow depth in the mantle. Batch adiabatic decompression and 
melting that started near the core–mantle boundary at 4.2 Ga and 
progressively moved to shallower depths (200 km at 3.7 Ga) record 
strong secular cooling of the mantle during the early history of 
Mercury.
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