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We have performed piston–cylinder experiments on a primitive martian mantle composition between 0.5 
and 2.2 GPa and 1160 to 1550 ◦C. The composition of melts and residual minerals constrain the possible 
melting processes on Mars at 50 to 200 km depth under nominally anhydrous conditions. Silicate melts 
produced by low degrees of melting (<10 wt.%) were analyzed in layers of vitreous carbon spheres or in 
micro-cracks inside the graphite capsule. The total range of melt fractions investigated extends from 5 to 
50 wt.%, and the liquids produced display variable SiO2 (43.7–59.0 wt.%), MgO (5.3–18.6 wt.%) and Na2O 
+ K2O (1.0–6.5 wt.%) contents. We provide a new equation to estimate the solidus temperature of the 
martian mantle: T (◦C) = 1033 + 168.1P (GPa) − 14.22P 2 (GPa), which places the solidus 50 ◦C below 
that of fertile terrestrial peridotites. Low- and high-degree melts are compared to martian alkaline rocks 
and basalts, respectively. We suggest that the parental melt of Adirondack-class basalts was produced 
by ∼25 wt.% melting of the primitive martian mantle at 1.5 GPa (∼135 km) and ∼1400 ◦C. Despite 
its brecciated nature, NWA 7034/7533 might be composed of material that initially crystallized from 
a primary melt produced by ∼10–30 wt.% melting at the same pressure. Other igneous rocks from 
Mars require mantle reservoirs with different CaO/Al2O3 and FeO/MgO ratios or the action of fractional 
crystallization. Alkaline rocks can be derived from mantle sources with alkali contents (∼0.5 wt.%) similar 
to the primitive mantle.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Remote analyses by rovers and orbiting spacecraft as well as 
the compositions of shergottites, the most abundant group of mar-
tian meteorites, suggested that the surface of Mars is mainly cov-
ered by iron-rich tholeiitic basalts (McSween et al., 2009). Fur-
ther studies of the infrared spectral data (Carter and Poulet, 2013;
Christensen et al., 2005; Wray et al., 2013), new meteorite dis-
coveries (Agee et al., 2013; Humayun et al., 2013), recent analy-
ses by the Mars Science Laboratory mission (Stolper et al., 2013;
Sautter et al., 2014), and re-interpretation of Pathfinder analyses 
(Foley et al., 2003) have also highlighted the presence of alka-
line rocks, silicic rocks, and anorthosites. These occurrences indi-
cate that the martian crust exhibits a larger compositional vari-
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ability than initially thought. Part of this variability could result 
from magmatic differentiation (McSween et al., 2003; Rogers and 
Nekvasil, 2015), but a better knowledge of the range of potential 
primary melts is necessary to understand the effects of processes 
such as fractional crystallization in more detail.

In order to evaluate the extent of compositional variability 
arising from partial melting of the mantle, we have performed 
nominally anhydrous experiments over a broad range of pressure 
(0.5–2.2 GPa) and temperature (1160–1550 ◦C) on the most widely 
accepted composition of the primitive martian mantle (Dreibus 
and Wanke, 1984, 1985). This study extends earlier experiments 
performed on similar compositions to a larger pressure range 
(Agee and Draper, 2004; Bertka and Holloway, 1994b) and melting 
degree (Matsukage et al., 2013), and provides a comprehensive un-
derstanding of potential melting products. In particular, low-degree 
melts, which are of considerable importance to constrain alkaline 
magmatism on Mars, have not yet been documented.

Our new array of experimental melts enables us to provide 
new equations to calculate the solidus temperature of the primitive
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Table 1
Model compositions of the primitive martian mantle and starting composition for 
experiments.

DW 84a LF 97b BF 97c S 99d KC 08e

SiO2 44.4 45.4 43.7 47.5 44
TiO2 0.14 0.14 – 0.1 –
Al2O3 3.02 2.89 3.13 2.5 2.5
Cr2O3 0.76 0.68 – 0.7 –
FeO 17.9 17.2 18.7 17.7 17
MnO 0.46 0.37 – 0.4 –
MgO 30.2 29.7 31.5 27.3 33
CaO 2.45 2.35 2.49 2 2.2
Na2O 0.50 0.98 0.5 1.2 –
K2O 0.04 0.11 – – –
P2O5 0.16 0.17 – – –

Mg# 75.0 75.5 75.0 73.3 77.6
Total 100.03 100.01 100.01 99.4 98.7

a Dreibus and Wanke (1984, 1985).
b Lodders and Fegley Jr. (1997).
c Bertka and Fei (1997).
d Sanloup et al. (1999).
e Khan and Connolly (2008).

martian mantle and the melt fraction as a function of pressure and 
temperature between 0 and 2.5 GPa. Improved accuracy on the 
position of the solidus is critical to reconstruct the geodynamic 
and thermochemical evolution of Mars (Baratoux et al., 2011;
Breuer and Spohn, 2006; Plesa et al., 2014). In addition, the com-
positions of our experimental melts are compared to crustal mar-
tian igneous rocks and serve as a reference for discussing the 
melting regimes in the mantle and the relative importance of 
differentiation processes and source heterogeneities. Pressure and 
temperature conditions of melting are estimated from the natu-
ral samples that are similar in composition to the experimental 
melts. Finally, when the mineralogy and texture of martian rocks 
are known to some extent, our experimental melt compositions 
can help determine if they represent silicate liquids, cumulates or 
rocks affected by secondary alteration.

2. The primitive mantle of Mars

Models have been developed to estimate the composition of 
the bulk silicate portion of Mars (see Taylor, 2013, for a recent re-
view). These models are based on both geochemical (Dreibus and 
Wanke, 1984, 1985; Lodders and Fegley Jr., 1997; Morgan and An-
ders, 1979; Sanloup et al., 1999) and geophysical arguments (Khan 
and Connolly, 2008). They converge towards a single composition 
that displays key differences from the bulk silicate Earth: lower 
Mg# (75–78) and higher incompatible (Na, K, P) and compatible 
(Cr, Mn) volatile elements (Table 1). This composition represents 
the primitive mantle of Mars (hereafter referred to as PMM) un-
affected by magmatic processes such as magma ocean fractional 
crystallization and crust formation.

We selected the composition from the model of Dreibus and 
Wanke (1984) for a number of reasons: (1) it is based on com-
parisons between shergottites and CI chondrites with carefully 
chosen ratios of elements that behave similarly in magmatic sys-
tems; (2) of all the geochemical models, it is the closest to the 
physically constrained composition of Khan and Connolly (2008); 
(3) while enriched in volatile elements relative to the bulk sil-
icate Earth, it is characterized by less extreme alkali contents 
than other models (Lodders and Fegley Jr., 1997; Sanloup et al., 
1999) and provides a composition of the primitive mantle af-
ter the potential syn-accretion volatile depletion (Albarede, 2009;
Halliday and Porcelli, 2001); (4) it is similar to compositions used 
for earlier experimental studies of the melting of the martian man-
tle (Agee and Draper, 2004; Bertka and Holloway, 1994a, 1994b; 
Matsukage et al., 2013), allowing direct comparisons.
3. Experimental and analytical methods

3.1. Starting material and experimental conditions

The starting material was synthesized from dried high purity 
oxides (SiO2, TiO2, Al2O3, Cr2O3, Fe2O3, MnO, MgO) and pre-
conditioned silicate mixes (CaSiO3, NaAlSi3O8, KAlSi3O8, Fe2SiO4). 
Fe was added as Fe2SiO4 and Fe2O3 (0.2 mol.% of Fe3+). The 
amount of Fe3+ was set to match the speciation of Fe in a melt 
between the redox buffers CCO and IW under the experimental 
conditions (Holloway et al., 1992; Médard et al., 2008).

Series of 5 to 8 experiments were conducted at each pressure 
from 0.5 to 2.0 GPa in 0.5 GPa increments and two additional 
experiments were performed at 2.2 GPa. This pressure range cor-
responds to a depth of 50 to 200 km in the planet’s interior. 
Experiments were performed in piston cylinder apparatus at the 
“Laboratoire Magmas et Volcans” (LMV) in Clermont-Ferrand and 
at the Massachusetts Institute of Technology (MIT). The experimen-
tal temperature (1160–1550 ◦C) was measured close to the hotspot 
with type C (LMV) and D (MIT) thermocouples and kept constant 
during the duration of the experiment (24–96 h). The temperature 
reproducibility was monitored to be within ±10 ◦C.

A mass of 8–15 mg of the starting material was introduced 
into a graphite capsule inside a platinum outer capsule, and dried 
at 400 ◦C for 12 h before being welded shut to ensure near-
anhydrous conditions. The water content is thought to not exceed 
0.02–0.05 wt.% from past experiments using similar drying pro-
cedures (Laporte et al., 2004; Médard et al., 2008), equivalent to 
the water content of the martian mantle estimated from apatite 
compositions (McCubbin et al., 2012). At LMV, experiments were 
conducted in end-loaded 12.7 mm (2 GPa) and non-end-loaded 
19.1 mm (<2 GPa) pressure vessels. The experimental assembly 
was composed of crushable MgO spacers, an inner Pyrex sleeve, 
a graphite furnace, an outer Pyrex sleeve and a NaCl cell wrapped 
in lead foil. Such an assembly has very low friction: calibration of 
the 19.1 mm assembly against the melting point of salt resulted 
in a negligible correction (maximum 3%), whereas the 12.7 mm 
assembly has a friction correction ≤5%, as determined from the 
quartz–coesite transition. At MIT, 12.7 mm vessels were used, a 
BaCO3 cell replaced the salt cell as pressure medium and the ex-
perimental assembly did not contain Pyrex. This assembly has been 
found to have no friction correction through calibration against the 
reaction kushiroite = anorthite + gehlenite + corundum (Hays, 
1966). Pressures are thought to be accurate to within ±0.05 GPa.

Obtaining a glass that represents the equilibrium liquid is non-
trivial for experiments at low degrees of melting. During quench, 
crystal growth modifies the composition of melts preserved in 
small pockets. Therefore, from 0.5 to 1.5 GPa, we used a thin layer 
of vitreous carbon spheres (Fig. 1A) to isolate some of the liquid 
from the crystals (Wasylenki et al., 2003). Because vitreous carbon 
transforms to graphite needles at higher pressure (2.0–2.2 GPa), we 
optimized the design of graphite capsules to induce micro-cracks 
in the lid (Fig. 1B) and extract the melt while limiting iron loss 
to the Pt outer capsule (Laporte et al., 2004). Melt extraction is 
helped by the small temperature gradient (10 ◦C) inherent to our 
experimental design. For both extraction techniques, we oriented 
the capsule so that the liquid traps were located at the hotspot.

3.2. Analytical techniques

Experimental run products were analyzed by electron micro-
probe, using a Cameca SX-100 at LMV and a JEOL JXA-8200 Su-
perprobe at MIT. A selection of experiments was measured on 
both microprobes to ensure inter-laboratory consistency and re-
sults were found to be identical within analytical errors. At LMV, 
the beam conditions were set to 15 kV and 15 nA for silicate and 
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Fig. 1. Back-scattered electron images of experimental run products. A. Experiment DW 17, performed at 1.5 GPa, 1270 ◦C. The liquid is extracted in a layer of vitreous carbon 
spheres. B. Experiment DW 31, performed at 2 GPa, 1350 ◦C. The liquid is extracted into a micro-crack in the lid of the graphite capsule.
Fig. 2. Composition range of pyroxene at 0.5 and 1.0 GPa and possible evolution of 
the pyroxene phase diagram. The pigeonite–augite solvus is reduced at 1.0 GPa and 
becomes metastable at higher pressures. Horizontal bars represent the dispersion 
of microprobe analyses for each phase. Vertical bars represent the ±10 ◦C tempera-
ture reproducibility. The central symbol is the average as reported in supplemental 
Table 2. The wollastonite content is Ca/(Ca + Fe + Mg) × 100 in moles.

spinel analyses. For glasses, the intensity was reduced to 8 nA 
and the beam defocused to 10 μm to limit Na loss. Peak and 
background counting times were 20–40 s per element, and ma-
trix corrections were performed with the PAP model (Pouchou and 
Pichoir, 1984). At MIT, a current intensity of 10 nA and a voltage 
of 15 kV were used for crystals and glasses. To analyze glasses, 
the beam was defocused to 10 μm and Na was first counted for 
5 s. The CITZAF package was used for matrix correction. Analytical 
standards include well-characterized synthetic and natural glasses 
and minerals including diopside (Si, Ca, Mg), oligoclase (Na, Al), 
hematite (Fe), rutile (Ti), chromite (Cr), rhodochrosite (Mn), ortho-
clase (K) and apatite (P).

Phase proportions in experiments were determined by mass 
balance calculation from the chemical compositions of the differ-
ent minerals and the glass. We used the linear regression algo-
rithm LIME (Krawczynski and Olive, 2011), which prevents nega-
tive proportions and takes analytical uncertainties into account.

4. Results

4.1. Attainment of equilibrium

Experimental textures are consistent with equilibrium condi-
tions (Fig. 1A). The grain boundaries are visible even for low 
degrees of melting (5–10 wt.%) and highlight the presence of in-
terstitial melt throughout run products, a prerequisite to equili-
brate melt traps with crystalline phases. No zoning in ferromagne-
sian silicates was detected. Only one mineral phase, the sub-calcic 
augite, exhibits a significant amount of chemical variability (Fig. 2).
Equilibrium between melt and olivine is usually tested by the 
exchange coefficient between Fe and Mg (K D = ratio of Fe/Mg in 
olivine over Fe/Mg in the melt). Experimental K D ’s are in the range 
0.30–0.38 (Table 2), in good agreement with the model of Toplis
(2005) and the classic value of 0.35 generally accepted for martian 
compositions (Filiberto and Dasgupta, 2011).

Fe loss has been estimated by mass balance calculations us-
ing all the elements except Fe. Phase proportions are multiplied by 
the FeO content of each phase and the sum is compared to the 
FeO content of the starting material. Relative Fe variations com-
pared to the starting material are between +5% and −7%, within 
uncertainties of the mass-balance calculations.

The final test for equilibrium is based on the quality of mass 
balance calculations performed from all the elements (including 
Fe). The sum of squared residuals is low in most cases (<0.3) and 
can reach slightly higher values (up to 1.3) for low-degree melts or 
when the melt formed dendrites during the quench. Overall, the 
combination of those tests and the fact that melt compositions and 
phase proportions form consistent trends (Sections 4.3 and 4.4) in-
dicates that experiments are close to thermodynamic equilibrium.

Graphite capsules set an upper limit to the experimental oxygen 
fugacity at the CCO buffer (Holloway et al., 1992). The average f O2
of this type of experiment is estimated at CCO −0.8 (∼IW +0.5; 
Médard et al., 2008). However, redox conditions likely vary slightly 
(possibly by one log unit) with pressure, temperature and melt 
fraction. These variations in redox conditions are unlikely to have 
noticeable effects on phase relations. An important exception could 
be the stability of Cr-rich spinel, as both Cr2+ and Cr3+ are present 
under the experimental redox conditions. Since Cr3+ is more com-
patible in spinel, the stability limit of spinel at high temperature 
provided in this study is imperfectly constrained and will depend 
on oxygen fugacity.

4.2. Phase assemblages

Just above the solidus, four (1.0–2.2 GPa) to five (0.5 GPa) crys-
talline phases are in equilibrium with experimental melts. The 
mineral assembly is composed of olivine, orthopyroxene, sub-calcic 
augite, spinel and plagioclase at 0.5 GPa. When plagioclase is 
present, it quickly melts out, and clinopyroxene is the next phase 
to disappear. At 0.5 and 1.0 GPa, orthopyroxene coexists with sub-
calcic augite at low temperature and with pigeonite at higher tem-
perature, highlighting the presence of a pigeonite–augite solvus 
(Fig. 2). Eventually, pigeonite melts out as the melt fraction in-
creases to around 20 wt.%. At 1.5–2.2 GPa, sub-calcic augite is 
completely consumed after 10–15 wt.% melting and pigeonite is 
no longer stable. Spinel is the next phase to melt out from the 
residue when the melt fraction reaches about 25 wt.%. At higher 
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K2O P2O5 Sum K D K D

(T)

0.15 (1) 0.41 (7) 99.5 0.37 0.34
0.24 (3) 0.47 (8) 99.1 0.35 0.34
0.27 (4) 0.61 (8) 98.9 0.33 0.33
0.46 (7) 0.92 (23) 98.6 0.33 0.32
1.0 (1) 1.2 (2) 100.3 0.30 0.35
0.11 (4) 0.31 (5) 99.5 0.30 0.34
0.19 (2) 0.42 (5) 99.0 0.35 0.35
0.17 (2) 0.54 (4) 98.9 0.35 0.34
0.26 (6) 0.61 (9) 99.0 0.35 0.35
0.44 (4) 0.88 (6) 99.3 0.33 0.32
0.53 (3) 0.98 (9) 99.0 0.30 0.31
0.75 (3) 1.55 (18) 99.1 0.38 0.32
0.95 (10) 1.72 (3) 99.5 0.36 0.31
0.10 (1) 0.23 (4) 99.4 0.34 0.34
0.20 (7) 0.46 (9) 99.5 0.35 0.34
0.32 (2) 0.75 (12) 98.7 0.34 0.33
0.51 (4) 1.18 (10) 98.8 0.34 0.32
0.90 (5) 2.0 (2) 99.0 0.33 0.31
0.13 (4) 0.30 (6) 99.1 0.35 0.35
0.15 (2) 0.40 (5) 98.5 0.34 0.35
0.22 (4) 0.57 (6) 99.7 0.35 0.34
0.48 (3) 1.2 (1) 98.2 0.35 0.33
0.72 (3) 1.63 (9) 99.9 0.34 0.32
0.44 (2) 1.48 (4) 99.9 0.34 0.33
0.96 (3) 2.8 (1) 98.7 0.36 0.32

PMA average total. The digits in parentheses represent one 
plis, 2005) Fe–Mg exchange coefficients between olivine and 
Table 2
Experimental melt compositions.

Exp # T P n SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O

DW35 1350 0.5 6 50.3 (4) 0.30 (4) 7.9 (2) 0.80 (5) 17.1 (1) 0.53 (2) 14.8 (3) 6.16 (9) 1.53 (9)
DW27 1300 13 51.4 (5) 0.39 (6) 9.7 (2) 0.58 (7) 15.7 (2) 0.46 (5) 11.6 (4) 7.4 (3) 2.0 (3)
DW26 1250 15 52.3 (3) 0.49 (5) 11.9 (2) 0.27 (5) 13.7 (3) 0.37 (4) 8.9 (2) 8.0 (2) 3.1 (2)
DW28 1200 14 54.6 (9) 0.57 (6) 14.5 (7) 0.11 (4) 10.0 (1.0) 0.26 (7) 6.2 (7) 8.1 (3) 4.3 (3)
DW34 1160 7 59.0 (8) 0.73 (4) 15.1 (2) 0.03 (3) 7.3 (4) 0.21 (3) 3.93 (12) 5.6 (3) 5.7 (2)
DW16a 1450 1.0 6 48.9 (1.0) 0.25 (8) 5.5 (3) 1.0 (1) 20.1 (4) 0.58 (4) 17.2 (1.6) 5.0 (4) 0.98 (6)
DW09 1385 7 49.7 (3) 0.35 (6) 8.36 (8) 0.69 (6) 17.8 (2) 0.47 (7) 13.64 (16) 6.9 (1) 1.50 (7)
DW03 1350 8 49.4 (2) 0.45 (4) 9.98 (6) 0.40 (4) 16.8 (2) 0.45 (3) 11.64 (8) 8.0 (1) 2.05 (9)
DW02 1300 8 52.5 (6) 0.45 (7) 12.0 (1) 0.24 (8) 13.2 (3) 0.37 (4) 8.64 (10) 8.93 (10) 2.79 (8)
DW01 1250 10 52.3 (4) 0.57 (5) 14.4 (3) 0.09 (4) 11.5 (2) 0.31 (6) 6.9 (2) 8.2 (2) 4.4 (3)
B1330 1240 6 52.1 (5) 0.62 (4) 16.3 (2) 0.08 (4) 10.1 (3) 0.31 (2) 5.69 (15) 8.00 (15) 5.25 (16)
DW07 1220 8 53.0 (5) 0.70 (2) 15.9 (2) 0.07 (2) 9.4 (1) 0.28 (4) 6.19 (9) 7.47 (13) 4.67 (12)
DW18 1200 5 53.2 (7) 0.67 (4) 17.02 (14) 0.04 (1) 8.8 (3) 0.23 (3) 5.3 (3) 6.3 (2) 5.73 (10)
DW33a 1450 1.5 8 47.6 (3) 0.24 (3) 5.9 (2) 0.86 (5) 20.1 (2) 0.62 (2) 18.1 (7) 5.1 (3) 1.17 (10)
DW04a 1400 18 47.8 (7) 0.37 (3) 8.4 (4) 0.63 (9) 19.3 (7) 0.53 (10) 14.0 (1.0) 6.9 (5) 1.5 (5)
DW14 1350 5 47.4 (2) 0.56 (2) 10.27 (13) 0.34 (1) 17.1 (3) 0.43 (3) 11.35 (5) 8.85 (10) 2.39 (5)
DW10 1300 8 47.4 (1.0) 0.76 (8) 12.8 (3) 0.16 (4) 14.7 (2) 0.39 (3) 9.12 (12) 8.75 (11) 4.2 (2)
DW17 1270 5 47.1 (4) 0.94 (6) 14.56 (13) 0.08 (3) 13.7 (3) 0.35 (4) 7.8 (4) 7.6 (1) 5.06 (9)
DW25a 1550 2.0 20 47.4 (3) 0.27 (6) 5.8 (2) 0.86 (7) 20.0 (4) 0.53 (5) 18.6 (3) 5.0 (2) 1.1 (3)
DW23a 1500 12 47.1 (5) 0.33 (2) 6.9 (3) 0.74 (6) 20.2 (7) 0.51 (8) 16.4 (8) 5.8 (4) 1.4 (3)
DW20 1450 9 45.9 (6) 0.45 (2) 8.5 (3) 0.53 (8) 19.4 (2) 0.52 (4) 14.4 (5) 7.7 (2) 1.8 (2)
DW29 1375 8 46.4 (7) 0.77 (4) 10.8 (1) 0.27 (5) 16.6 (3) 0.43 (3) 10.8 (1) 8.7 (2) 3.61 (15)
DW31 1350 8 45.2 (8) 0.99 (2) 11.6 (3) 0.20 (2) 16.8 (2) 0.49 (3) 10.1 (3) 8.19 (8) 4.0 (2)
C556 1400 2.2 3 44.5 (6) 0.63 (5) 10.5 (3) 0.24 (2) 17.9 (2) 0.52 (3) 11.7 (6) 8.8 (2) 3.20 (7)
C547 1350 4 43.7 (1.0) 1.1 (2) 11.1 (3) 0.14 (4) 16. (3) 0.46 (2) 10.6 (6) 8.2 (2) 4.1 (4)

Temperature (T ) is in ◦C and pressure (P ) is in GPa. All oxide concentrations are in wt.% and compositions are normalized to 100. Sum is the original un-normalized E
standard deviation from the set of analyses averaged for each experiment. n is the number of EPMA analyses averaged. K D and K D (T) are experimental and modeled (To
melt. K D ’s are calculated with the assumptions that experimental melts are anhydrous and have a Fe3+/Fetot ratio of 0.02.

a Liquids analyzed as a mix of glass and quench dendrites.
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temperature, orthopyroxene and olivine compose the residual min-
eral assembly.

4.3. Mineral compositions

Mineral compositions evolve with pressure and temperature 
(Supplemental Table 2). The CaO content of the clinopyroxene de-
creases as the temperature increases. At 0.5 and 1.0 GPa, it drops 
from 12 wt.% (sub-calcic augite) to 4 wt.% (pigeonite). The Mg# 
of olivine and orthopyroxene also evolve with temperature. The 
Mg# continuously increases from 74 (olivine) and 77 (orthopy-
roxene) at low temperature (5 wt.% of melt) to 83–85 at high 
temperature (50% of melt). Orthopyroxene and sub-calcic augite 
are richer in Al2O3 closer to the solidus and at higher pressure. 
Finally, the Al2O3 content of spinel decreases with temperature 
while the Cr2O3 content increases.

4.4. Melt compositions

Experimental melt compositions are strongly dependent on 
pressure at low degrees of melting. They vary from basanite 
(2.2 GPa), to nepheline normative hawaiite (1.5 GPa), to mugearite 
(1.0 GPa), and benmoreite (0.5 GPa) but converge in the field of 
basalts for higher degrees of melting (Fig. 4). The silica content de-
creases with increasing pressure from 59.0 wt.% at 0.5 GPa to 43.7 
wt.% at 2.2 GPa for the near-solidus experiments (Fig. 5, Table 2). 
SiO2 decreases with increasing degree of melting at low pressure 
(0.5–1.0 GPa) and slightly increases with increasing degree of melt-
ing at high pressure (2.0–2.2 GPa). The Al2O3 content decreases 
with increasing temperature at all pressures but is higher in the 
lower-pressure melts. However, at 0.5 GPa and low temperature, 
the melt is in equilibrium with plagioclase and contains less Al2O3
than melts in experiments at 1.0 GPa. FeO, MgO and MnO are more 
abundant at high pressure and increase with increasing tempera-
ture. CaO behaves as a compatible component and increases in the 
melt as the melting progresses. CaO reaches a maximum before 
clinopyroxene disappears and is progressively diluted afterwards. 
The alkalis are incompatible in residual minerals and decrease with 
increasing degree of melting. They are slightly more abundant in 
low-pressure melts as the compatibility of Na in pyroxene is higher 
at high pressure. Conversely, while titanium and phosphorus are 
also incompatible, they are more abundant in high-pressure melts. 
The low P2O5 content of low-pressure liquids reflects a higher 
compatibility of phosphorus in olivine at low pressure. Distribution 
coefficients for P between olivine and melt decrease from 0.045 
at 1.0 GPa (DW18) to 0.018 at 2.2 GPa (C547). Cr2O3 is compat-
ible and increases in the melt with increasing degree of melting. 
At low temperature, high-pressure melts are slightly enriched in 
Cr2O3 compared to low-pressure melts which are close to the de-
tection limit of EPMA analysis.

Water contamination cannot be entirely avoided in nominally 
anhydrous experiments (e.g. Laporte et al., 2004; Médard et al., 
2008). Water contents were not directly measured in our exper-
imental glasses. However, the totals of EPMA analyses are close 
to 100 wt.% (Table 2) and are uncorrelated to the melt fractions. 
This is consistent with small amounts of H2O, not exceeding the 
contamination expected from previous experiments using the same 
drying procedure. The average total of analyses performed on the 
7 low-degree melts (<10 wt.% of melt) is 99.3 wt.% and suggest 
that the total amount of dissolved volatiles is <1 wt.%. A maxi-
mum value of 0.02–0.05 wt.% H2O in the bulk (Laporte et al., 2004;
Médard et al., 2008) would translate to a maximum of 0.5–1.0 
wt.% H2O in the lowest degree melts. In addition to water con-
tamination, the dissolution of a small amount of carbon is ubiq-
uitous in experiments in equilibrium with graphite. The maximum 
amount of CO2 expected in our experiments would be in the range 
0.05–0.2 wt.% CO2 in the melt if most Fe3+ is reduced and the f O2
reached the CCO buffer (Holloway et al., 1992).

Projection diagrams (Fig. 6) from calculated mineral compo-
nents (Grove, 1993) highlight the pressure effect on the composi-
tion of melts. Melts move away from the quartz apex and towards 
the olivine and clinopyroxene apices with increasing pressure. As 
the degree of melting increases, melts get closer to the clinopyrox-
ene apex until clinopyroxene disappears from the melting residue. 
With only orthopyroxene and olivine being consumed, melts then 
move towards the olivine–quartz join. Finally, melts are aligned 
with the bulk composition and the olivine apex when orthopyrox-
ene melts out.

Melt compositions are in good agreement with experiments 
from Bertka and Holloway (1994b). However, their lower temper-
ature experiment is ∼2 wt.% poorer in SiO2. This is likely due to 
the omission of key minor elements (K, P, Mn, Cr) in their starting 
material but could also reflect a lower H2O contamination (Sup-
plemental Fig. 2). Experiments from Matsukage et al. (2013) are 
anomalous compared to our experiments and those from Bertka 
and Holloway (1994b). In particular, we believe that the compo-
sition of 1.0 GPa melts by Matsukage et al. (2013) is affected by 
quench modifications as shown by the low olivine/melt – Fe/Mg 
K D ’s (0.21–0.25 instead of ∼0.35 in this study). Note that the ther-
modynamic calculator pMELTS considerably underestimates SiO2
contents and overestimate FeO contents of our melts (∼5 wt.% 
offsets; Supplemental Fig. 4). Similar shortcomings have also been 
observed for terrestrial compositions (e.g. Gaetani, 1998).

4.5. Melting behavior

The proportions of residual mineral phases are dependent on 
the degree of melting (or the temperature) and the pressure 
(Fig. 7). At 0.5–1.0 GPa and low temperature, the olivine proportion 
first increases with increasing degree of melting while the propor-
tions of pyroxene and spinel diminish. The relative proportions of 
clinopyroxene and orthopyroxene evolve in a complex manner. The 
amount of sub-calcic augite slightly increases while its wollastonite 
content drops. As a result, the CaO content of the liquid increases 
with temperature despite the increase of the clinopyroxene frac-
tion. Eventually, sub-calcic augite transforms into pigeonite when 
the solvus is reached (Fig. 2) and the proportion of clinopyroxene 
falls off rapidly at higher temperature.

A melting reaction can be calculated if we approximate the 
clinopyroxene fraction to decrease linearly with increasing tem-
perature. The following expression represents a peritectic melting 
reaction and is valid at 0.5 and 1.0 GPa:

0.47 (±0.15) orthopyroxene + 0.80 (±0.20) clinopyroxene

+ 0.08 (±0.03) spinel = 0.35 (±0.10) olivine + 1.00 melt

Above 1.0 GPa, olivine is a reactant and orthopyroxene is 
produced as long as clinopyroxene is present. In addition, the 
augite–pigeonite solvus likely becomes metastable and/or sub-
calcic augite disappears before the solvus can be reached. The 
melting reactions can thus be approximated by peritectic reactions 
producing orthopyroxene instead of olivine at 1.5 GPa:

1.60 (±0.3) clinopyroxene + 0.22 (±0.05) olivine

+ 0.08 (±0.03) spinel

= 0.90 (±0.20) orthopyroxene + 1.00 melt

and at 2.0 GPa:

2.10 (±0.30) clinopyroxene + 0.23 (±0.05) olivine

+ 0.17 (±0.06) spinel

= 1.50 (±0.30) orthopyroxene + 1.00 melt
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Fig. 3. Phase diagram based on experimental results. Solid lines represent the 
solidus and phase boundaries. The dot–dash line is the solidus for terrestrial 
peridotite (Hirschmann, 2000). Melt fractions are calculated by linear regression. 
Experiment DW 33 (in grey, 1450 ◦C–1.5 GPa) was equilibrated at a higher tem-
perature (∼1500 ◦C) than the nominal temperature as suggested by its high MgO 
content.

Fig. 4. Total Alkali–Silica (TAS) diagram comparing experimental melts with mar-
tian rocks. Modified from Stolper et al. (2013) and Schmidt et al. (2014). The 
solid grey line separates alkaline (up) and sub-alkaline (down) fields. Dotted 
lines are visual aids illustrating the compositional trends at each pressure.

Fig. 5. Evolution of the key major elements in experimental melts as a function of melt fraction and pressure. Lines are simple visual aids illustrating compositional trends at 
each pressure. Vertical and horizontal bars represent one standard deviation uncertainties.
Following the disappearance of clinopyroxene, melting reactions 
turn into eutectic reactions that can be expressed by a single equa-
tion, which is insensitive to pressure:

0.70 (±0.15) orthopyroxene + 0.30 (±0.08) olivine = 1.0 melt

The experimental pressure and temperature have a consider-
able effect on the composition of silicate melts coexisting with 
olivine, orthopyroxene and clinopyroxene. The silica activity of the 
liquid drops with pressure while the activities of MgO and FeO in-
crease (Supplemental Fig. 1; Sack and Ghiorso, 1989; Hirschmann 
et al., 1998). Accordingly, the liquid in equilibrium with mar-
tian peridotites becomes enriched in olivine component as the 
pressure increases. Minor elements such as K, Na and H can 
also influence major elements concentrations by changing the 
melt structure and activity coefficients (Gaetani and Grove, 1998;
Hirschmann et al., 1998). In particular, the concentration of minor 
incompatible elements in low-degree melts could contribute to in-
crease the SiO2 contents at low pressure (Supplementary material).

Pressure and temperature conditions also have an effect on the 
stability of silicates as observed from the phase diagram (Fig. 3). At 
2.0–2.2 GPa, the stability field of clinopyroxene is decreased and 
it melts out faster (10–15 wt.% of melt) than at lower pressure 
(20 wt.% of melt). On the contrary, the stability of orthopyroxene 
increases, as illustrated by the orthopyroxene-out curve, which en-
ter regions of higher melt fraction at higher pressure.

5. Discussion

5.1. Position of the solidus

We use the melt fraction in each experiment, determined by 
mass-balance calculation, to estimate the position of the solidus of 
the martian mantle. The solidus temperature at each pressure is 
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Fig. 6. Projection diagrams in the clinopyroxene–plagioclase–quartz–olivine tetrahedron after Grove (1993). The composition of martian rocks are from Agee et al. (2013), 
Barrat et al. (2002), Basu Sarbadhikari et al. (2009), Groiss et al. (2011, 2013), Humayun et al. (2013), McSween et al. (2006b), Ming et al. (2008), Misawa (2004), Santos et 
al. (2015), Stolper et al. (2013) and Zipfel et al. (2011).
given by the zero intercept of the melt fraction as a linear function 
of the temperature. Then, the four solidus temperatures are fitted 
with first- and second-order polynomial equations. The following 
linear approximation is sufficient to predict the temperature of the 
solidus between 0.5 and 2.2 GPa, the range of pressure investi-
gated.

T S (◦C) = 1054 − 129.3P (GPa)

The martian solidus is 50 ◦C lower than the solidus of a terres-
trial peridotite over this pressure range (Hirschmann, 2000). This 
difference likely reflects the lower Mg# and higher alkali content 
of the Dreibus and Wänke (1984) composition. Compared to our 
results, Bertka and Holloway (1994a) estimated the solidus to be 
30 ◦C higher on average. This offset might result from the absence 
of K2O in their starting material and the difficulty of observing 
melt at low temperature without liquid traps.

The pressure and temperature conditions of the solidus of the 
terrestrial mantle follow a second-order polynomial relationship 
up to 10 GPa (Hirschmann, 2000). We adjusted the coefficients of 
our own second-order fit to follow the curve of Hirschmann (2000)
and maintain a ∼50 ◦C offset between martian and terrestrial peri-
dotites up to around 8 GPa (Supplemental Fig. 3):

Ts (◦C) = 1033 + 168.1P (GPa) − 14.22P 2 (GPa)

We also performed a second-order polynomial regression of the 
melt fraction as a function of the pressure and temperature based 
on a selection of experiments. Experiment DW16 (1.5 GPa, 1450 ◦C) 
is characterized by anomalous MgO/temperature and melt frac-
tion/temperature ratios relative to the general trend (Fig. 7). It 
must have equilibrated at a higher temperature (>1500 ◦C) and 
was excluded. We obtained the following expression for the melt 
fraction as a function of the pressure and temperature:

F = −149.2 − 56.93P − 2.442P 2 + 0.1439T + 0.0321P T

F is the melt fraction in weight percent; P is the pressure in GPa; 
T is the temperature in ◦C.

This function is plotted on the P –T phase diagram (Fig. 3) and 
can be compared to melt proportions in Supplemental Table 1. 
We believe that meaningful extrapolations can be performed up 
to 5 GPa (Supplemental Fig. 3).

5.2. Comparison with the melting of terrestrial peridotites

The melting behavior of the PMM and its pressure depen-
dence share key characteristics with the melting of fertile terres-
trial peridotites. First, the decrease in SiO2 with increasing pressure 
has been recognized by O’Hara (1968) and Takahashi and Kushiro
(1983) as an important characteristic of peridotite melting. Peri-
tectic reactions characterized by olivine production at low pres-
sure and orthopyroxene production at high pressure are similar to 
those described by Kinzler and Grove (1992) and Kinzler (1997). 
However, the transition from olivine–production to orthopyroxene-
production occurs at lower pressure (1.0–1.5 GPa) for the Fe-rich 
martian mantle compared to terrestrial compositions (∼1.9 GPa; 
Kinzler, 1997). Our experiments showcase a CaO maximum that 
coincides with clinopyroxene disappearance for a degree of melt-
ing of 15 to 20 wt.%, similar to that reported by Baker and Stolper
(1994). Compared to the Earth’s mantle, the principal difference 
in phase stability is the presence of pigeonite at a relatively high 
pressure (1.0 GPa) during partial melting because the pigeonite–
augite solvus is stabilized to lower temperatures. The presence of 
a pigeonite–subcalcic augite solvus at high pressure and just above 
the solidus temperature results from the high Fe content of the 
martian mantle (Bertka and Holloway, 1993). The high Cr2O3 con-
tent of the PMM might also stabilize spinel to higher temperature. 
For a given degree of melting, martian melts are richer in FeO, 
Cr2O3, alkalis and P2O5 and poorer in TiO2, Al2O3 and CaO com-
pared to their terrestrial equivalents.

5.3. Comparisons with martian volcanic rocks

The compositions of a large number of volcanic rocks analyzed 
in Gusev crater, and several new samples from the collection of 
martian meteorites, are similar to our experimental melts. Con-
versely, shergottites and the few volcanic rocks analyzed by the 
Curiosity rover in Gale crater present significant differences. In the 
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Fig. 7. Evolution of phase proportions with temperature: melts (open circles), 
clinopyroxene (triangles), orthopyroxene (squares), olivine (diamonds). Spinel is not 
plotted due to its low proportions (<2 wt.%). The dashed lines represent the tem-
peratures of sub-calcic augite to pigeonite transition and clinopyroxene disappear-
ance. Vertical error bars are 1σ of mass balance calculations. Horizontal error bars 
are the ±10 ◦C uncertainties on experimental temperatures.

following section, we compare these rocks to our experimental 
melts (Fig. 8) to discuss their origin and crystallization history.

5.3.1. Gusev plains: Adirondack-class basalts
The Adirondack-class basalts were rapidly recognized as poten-

tial primary basalts derived from the martian mantle given their 
high MgO content (Mg# = 76.5) and abundant olivine phenocrysts 
(McSween et al., 2006b). The experimental study by Monders et al.
(2007) confirmed that the average composition of the Adirondack 
basalts could represent a primary mantle melt as it is multiply sat-
urated with orthopyroxene and olivine at 1.0 GPa and 1320 ◦C.

Adirondack-class basalts are similar to our experimental melts 
produced between 1.0 and 2.0 GPa for 15–25 wt.%. This range 
in melt fraction corresponds to the transition from a lherzolitic 
to a harzburgitic residue, and Adirondack basalts plot along 
the junction between orthopyroxene–olivine and clinopyroxene–
orthopyroxene–olivine cotectic curves on projection diagrams 
(Fig. 6). Overall, we observe that the best match with Adirondack 
basalts is a liquid produced by 25 wt.% melting (1380 ◦C) at 1.5 GPa 
(135 km depth) that crystallized 5 wt.% of olivine. Monders et al.
(2007) proposed source conditions of 1.0 GPa and 1320 ◦C from 
the position of the olivine–orthopyroxene multi-saturation point 
(MSP) in their experiments. These different conditions of melt-
ing result from the higher FeO/MgO ratio of Adirondack basalts 
compared to our experimental melts. The difference between the 
FeO/MgO ratios might reflect a source slightly richer in iron or the 
fractionation of a small amount of olivine from the parental melt 
of the Adirondack-class basalts. An addition of 5 wt.% of olivine 
to a basaltic composition can move the MSP by up to 0.5 GPa 
and 90 ◦C towards higher pressure and temperature (Médard et al., 
2004). Accordingly, the source conditions proposed by Monders et 
al. (2007) represent lower-pressure/temperature limits, while our 
experimental conditions (1350–1400 ◦C; 1.5 GPa) likely represent 
upper-pressure/temperature limits. Our experiments confirm that 
Adirondack-class basalts are derived from a deep (∼90–135 km) 
and primitive mantle reservoir.

5.3.2. Columbia Hills: alkali basalts
In the Columbia Hills, Spirit analyzed the first alkali basalts 

on Mars. Irvine, Backstay and Humboldt Peak seem weakly af-
fected by secondary processes and are usually referred to as al-
kaline volcanic rocks or alkali basalts (McSween et al., 2006a;
Ming et al., 2008). They are aphanitic float rocks that likely contain 
olivine and pyroxene. Columbia Hills rocks share key characteris-
tics with experimental melts produced at low degrees of melting 
(8 to 12 wt.%) and plot very close to them on projection diagrams 
(Fig. 6). However, they are not identical in composition to the ex-
perimental melts. The most striking difference is the lower CaO 
contents of alkaline rocks compared to our melts (Fig. 8). Signif-
icant chemical diversity is also observed among the rocks from 
the Columbia Hills. Strictly speaking, Irvine is a sub-alkaline basalt 
that resembles Adirondack-class basalts but is much richer in K2O, 
slightly richer in Na2O and poorer in CaO and Al2O3. Conversely, 
Backstay contains more Al2O3 and has a higher Mg# (53.3) than 
Adirondack-class basalts (50.1), Irvine (46.2) and Humboldt Peak 
(49.7).

The lower CaO content of alkali basalts from Columbia Hills 
compared to our experimental melts could imply that they are not 
primary basalts and that their low CaO content was produced by 
crystallization of a mineral assemblage containing Ca-rich pyrox-
ene. However, the high variability of their Al2O3 concentrations 
(8.5 to 13.5 wt.%) for a limited range of MgO contents (8.5 to 
9.8 wt.%) challenges this scenario. Plagioclase must have appeared 
after different degrees of crystallization to produce residual liquids 
with variable Al2O3 contents. Irvine and Backstay are saturated 
with olivine on the liquidus (e.g. Nekvasil et al., 2009). Therefore, 
the crystallization of a large amount of plagioclase should be ac-
companied by significant olivine fractionation, which is inconstant 
with constant and elevated MgO contents. Invoking a refractory 
mantle source to account for the lower CaO content of Columbia 
Hills rocks is equally unsatisfactory. Our low-degree melts high-
light that mantle sources affected by a previous melting event 
should be more depleted in Al2O3 than in CaO relative to the 
PMM and could not produce a melt with an Al2O3 content as 
high as that of Backstay. In addition, a depleted mantle will start 
to melt at a higher temperature and, as long as clinopyroxene is 
present, the CaO/MgO ratio is not expected to change significantly. 
If Humboldt Peak, Irvine and Backstay all represent liquid compo-
sitions, a more complex scenario is necessary to account for their 
low CaO content and their variable Al2O3 contents. Mantle reser-
voirs with distinct Al2O3 contents but similar CaO contents in close 
proximity are expected from the crystallization and overturn of 
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Fig. 8. Variation diagrams of experimental melts and key martian igneous rocks. Color lines represent Martian rocks with the left extremities being the bulk rock compositions, 
the intermediate lines being the bulk rock +5% of olivine and the right extremities the bulk rock +10% of olivine. Equilibrium olivine was added assuming a K D Fe–Mg of 
0.35 (Filiberto and Dasgupta, 2011; this study) and increments of 0.1 wt.%. NWA 7034 M and PB correspond to the composition of the Matrix and Proto-Breccia clasts from 
McCubbin et al. (2015). NWA 7034 V is the vitrophyre from Udry et al. (2014). NWA BC 7034 is the average of basaltic clasts from Santos et al. (2015). The TiO2 content 
(2.3 wt.%) is out of the field. The compositions of other martian rocks are from Agee et al. (2013), Humayun et al. (2013), McSween et al. (2006b), Ming et al. (2008) and 
Stolper et al. (2013).
a magma ocean (Debaille et al., 2009; Elkins-Tanton et al., 2005;
Scheinberg et al., 2014). Another possibility, which could be re-
lated to the former, is that the mantle source of Columbia Hills 
rocks was re-fertilized by variable amounts of low-degree melts. 
Finally, if Columbia Hills rocks represent cumulates rather than liq-
uid compositions, the low CaO contents could reflect a late (post-
cumulus) appearance of Ca-rich pyroxenes relative to plagioclase 
(Francis, 2011).
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5.3.3. Gale crater: mugearite and other alkaline rocks
In early 2013, with the first results obtained at Gale crater by 

Curiosity (Stolper et al., 2013) and the description of a new me-
teorite type – the regolith breccias 7034/7533 (see next section) 
– alkaline magmatism was shown to be ubiquitous on Mars and 
of greater importance than previously thought (McSween et al., 
2009). Numerous rocks analyzed at Gale crater displayed extreme 
contents of alkali elements, particularly potassium. However, only 
a few samples have been argued to be of volcanic origin. Jake 
Matijevic (Jake_M), analyzed with both the APXS and ChemCam 
instruments, was described as the first martian mugearite. It is 
characterized by low MgO and FeO contents and high Al2O3 and 
alkali contents, and was interpreted as the product of extensive 
fractional crystallization of an alkali-basalt based on comparisons 
with terrestrial analogs (Stolper et al., 2013). Other potential vol-
canic rocks from Gale crater include the different rock types from 
the Bradbury Rise locality. These samples were only analyzed with 
the ChemCam instrument (laser-induced breakdown spectroscopy), 
and precise bulk rock compositions are not available. However, 
chemical analyses highlighted an important compositional diver-
sity ranging from basaltic to evolved and alkali-rich compositions 
similar to Jake_M (Sautter et al., 2014; Schmidt et al., 2014). Alkali-
basalts and tholeiitic basalts might coexist in the same locality, as 
also observed in Gusev Crater.

Jake_M is significantly richer in alkalis compared to our ex-
perimental melts and also has a higher K2O/Na2O ratio. Both of 
these characteristics might point towards extremely low degrees 
of melting (2–3 wt.%). The lowest-degree melts that we were able 
to measure range between 5 and 8 wt.% of melting. Thus, ex-
perimental trends must be extrapolated in order to discuss the 
potential origin of Jake_M as a primary melt. Between 0.5 and 
1.0 GPa, lower degree melts from the PMM would have lower 
FeO, MgO and CaO contents compared to Jake_M. On the other 
hand, higher pressure melts (∼1.5 GPa) would have similar abun-
dances of all the major elements except SiO2, and would also have 
much higher P2O5 and TiO2 contents. Jake_M is therefore more 
likely derived from melts that have undergone fractional crystal-
lization. In order to maintain a high Al2O3 content, the crystal-
lization should have occurred at depth or in the presence of wa-
ter, when the appearance of plagioclase is delayed (Stolper et al., 
2013). The extreme alkali and Al2O3 contents of Jake_M are eas-
ier to produce from a low degree melt (∼10 wt.%) produced at a 
pressure higher than 1.0 GPa. Metasomatism is often invoked to 
enrich the source of Jake_M in potassium (Schmidt et al., 2014;
Stolper et al., 2013). Alternatively, we suggest that low-degree 
melts, produced from a mantle not anomalously enriched, can frac-
tionate and eventually crystallize to form rocks similar to Jake_M. 
Experiments performed from the composition of Backstay illustrate 
how residual liquids rich in Al2O3 and poor in MgO can be derived 
from martian alkali basalts (Nekvasil et al., 2009).

5.3.4. NWA 7034/7533: martian crust-like meteorites
The paired meteorites NWA 7034 and 7533 are regolith breccias 

that have been argued to be more representative of the bulk mar-
tian crust than shergottites (Agee et al., 2013). They have a chon-
dritic CaO/Al2O3 ratio and are rich in alkali elements. The bulk-rock 
composition of NWA 7034 (Agee et al., 2013) and the composition 
of the basaltic clast VI from NWA 7533 (Humayun et al., 2013) are 
close to our low degree melts (Fig. 8). In particular, unlike alkali 
basalts from Columbia Hills, they are not depleted in CaO and have 
lower K2O/Na2O ratios. A vitrophyric clast in NWA 7034 is closer 
in composition to Humphrey (Adirondack-class) and thus to our 
higher-degree melts (Udry et al., 2014). The average composition 
of basalt clasts analyzed by Santos et al. (2015) is also within ex-
perimental trends with the exception of TiO2, which is more than 
twice as abundant (2.3 wt.%). Other components of NWA 7034 
exhibit low CaO/Al2O3 (∼0.5) ratios for relatively high MgO con-
tents compared to experimental melts (McCubbin et al., 2015). The 
complex texture of NWA 7034/7533 and the diversity of its com-
ponents make it difficult to argue that it represents a primitive 
melt or even a silicate liquid. The two clasts displaying magmatic 
textures, the basaltic clast (VI) of Humayun et al. (2013) and the 
vitrophyre of Udry et al. (2014), are impact melts contaminated 
by a CI chondrite as suggested by their high Ni and Ir contents. 
However, the chondritic contaminant is unlikely to have disturbed 
the composition in major elements. If no fractional melting or 
crystallization were associated with the impact, magmatic clasts 
could represent the composition of their protoliths. Olivine must 
be added to the two clasts to bring their FeO/MgO ratios closer to 
those of experimental melts (Fig. 8). When ∼8 wt.% of olivine is 
added to the composition of clast VI, it becomes almost identical 
to the melt of experiment DW10, which corresponds to a degree 
of melting of ∼10 wt.% (1300 ◦C) at 1.5 GPa. When ∼12 wt.% of 
olivine is added to the composition of the vitrophyre, it approaches 
the composition of another experimental melt (DW04), which cor-
responds to a degree of melting of ∼30 wt.% (1400 ◦C) at 1.5 GPa. 
The basaltic material that was incorporated in the regolith breccias 
might thus be derived from the PMM and represent near-primary 
melts formed at a depth of ∼135 km.

5.3.5. Shergottites: high CaO/Al2O3 basalts
Shergottites are the most abundant group of martian meteorites 

and the only group that contains olivine–bearing basalts. Some 
shergottites are believed to represent primitive melts (Gross et al., 
2013, 2011; Musselwhite et al., 2006; Peslier et al., 2010). How-
ever, they exhibit a significant depletion in aluminum when com-
pared to virtually all other analyses of martian rocks (McSween et 
al., 2009). They plot close to our melts produced at high degrees of 
melting (25–50 wt.%) on projection diagrams (Fig. 6). Shergottites 
also appear enriched in the clinopyroxene component and poorer 
in the plagioclase component relative to experimental melts. This 
reflects the high CaO/Al2O3 ratio that is characteristic of shergot-
tite bulk-rock compositions. The low Al2O3 content of shergottites 
seems in better agreement with the melting of a refractory mantle 
source. The melting is more likely to have occurred at high pres-
sure (>2 GPa) in order to produce the picritic compositions (i.e. 
high MgO contents) that are characteristic of shergottites at more 
realistic degrees of melting (<30 wt.%).

The influence of water has been invoked to account for the rela-
tively high SiO2 content of some shergottites (Balta and McSween, 
2013). However, our experiments show that liquids rich in MgO 
(15–20 wt.%) with 48 to 52 wt.% of SiO2 are produced under nom-
inally anhydrous conditions (<0.5 wt.%).

5.4. The Mg-number of martian mantle reservoirs

Most recent geochemical and geophysical models of the mar-
tian mantle converge towards a Mg# of 75–77 (Taylor, 2013). The 
starting composition used for our experiments is on the low end 
with a Mg# of 75 (Dreibus and Wanke, 1984). From 7 to 25 wt.% 
melting, melts have Mg# ranging from 50 to 55 and are in equilib-
rium with olivine containing 74 to 78 mol.% forsterite (Fo). Olivine 
megacrysts in LAR 06319 and NWA 1068, the most primitive en-
riched shergottites, have Fo contents that reach 77 mol.% (Basu Sar-
badhikari et al., 2009). After 15 to 25 wt.% melting, the residual 
assemblages (Mg# 77–79) contain an olivine with Fo76–78, simi-
lar to the olivines that would have initially crystallized from LAR 
06319, NWA 1068 and the parental melt of the Adirondack basalts. 
This indicates that the mantle sources of enriched shergottites and 
Adirondack-class basalts might have a similar FeO/MgO ratio to 
that of the PMM.
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The primitive depleted shergottites contain olivine as magne-
sian as Fo86 (Usui et al., 2008), which could be found in the residue 
of the PMM only after more than 50 wt.% melting. Such extensive 
melting is invoked for the production of komatiites on Earth but 
is unlikely for depleted shergottites due to their relatively young 
crystallization age. In addition, as discussed in the previous section, 
the high CaO/Al2O3 ratio of shergottites is not in agreement with 
our experimental melts. In order to produce melts with 18–20 wt.% 
of MgO in equilibrium with Fo86 olivine at a low degree of melt-
ing (8–15 wt.%) and at low pressure (1.2 GPa; Musselwhite et al., 
2006), the mantle source must have a Mg# in the range 82–85.

From the study of shergottites and Adirondack basalts, we ex-
pect mantle sources on Mars to vary in composition by at least 
7 units of Mg# (75–82). To produce this level of heterogeneity 
from the PMM, parts of the mantle must have been affected by 
more than 50 wt.% melting during one or several events. How-
ever, such refractory reservoirs are expected to produce melts with 
lower concentration of incompatible elements relative to the prim-
itive depleted shergottites (Gross et al., 2011; Usui et al., 2008). 
The crystallization of a magma ocean might more easily produce 
mantle sources with elevated Mg# (Elkins-Tanton et al., 2003).

6. Conclusion

Low degree melts produced from the primitive martian man-
tle between 0.5 and 2.2 GPa cover a wide compositional range 
from benmoreites and mugearites at low pressure to hawaiites and 
basanites at higher pressure. Melt compositions converge towards 
basalt at higher extents of melting. Due to its large diversity, the 
experimental dataset can be directly compared to most martian 
rocks that could represent primitive silicate liquid compositions. 
Among those, the Adirondack-class basalts and basaltic clasts from 
NWA 7034/7533 are close in composition to experimental trends 
and they can be inferred to derive from the PMM. However, other 
mantle reservoirs and the influence of fractional crystallization are 
necessary to retrace the crystallization history of other igneous 
rocks from the martian crust. The alkaline rocks from Columbia 
Hills are depleted in CaO relative to melts from the PMM, and we 
suspect that Al2O3 is not distributed homogeneously in their man-
tle source. Jake_M might be derived from an alkali-rich melt from 
the PMM but fractional crystallization must have occurred to ex-
plain its extreme K2O content. Shergottites have higher CaO/Al2O3
compared to melts from the PMM, and the depleted sub-group 
must derive from a more magnesian source with a Mg# of 82–84. 
Experimental melts from a nominally dry PMM cannot account for 
the composition of the entire collection of martian basalts and al-
kaline rocks, but rather represent a benchmark for the study of 
other igneous processes and mantle heterogeneities.
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