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Introduction: Primary basaltic magmas (i.e. melts 

in equilibrium with the mantle) are key to probe the 

chemistry of planetary interiors, understand the condi-

tions of magmatic differentiation and constrain the dy-

namic processes of mantle melting. Recognizing prima-

ry melts involves finding rocks with olivine and/or py-

roxene phenocrysts with Mg# ~90 for the Earth and 

>75 for Mars [1,2]. For rocks analyzed in situ by rov-

ers, the whole-rock composition is the only fully quan-

titative information available. In such cases, a whole-

rock Mg# of >50 is often considered as a potential liq-

uid in equilibrium with the Martian mantle. Additional 

tests are required to determine if the rock crystallized 

in a closed system or if it contains cumulate crystals or 

xenocrysts (e.g. [3]). Inverse experimental studies are 

frequently conducted to locate the position of multiple 

saturation points (MSPs) in pressure-temperature space 

[e.g. 4, 5]. If olivine and orthopyroxene are found at 

the MSP, the melt is inferred to be near-primary and 

the pressure-temperature (P-T) conditions of the MSP 

are interpreted as the melting conditions of the source.   

Here we show that, while this interpretation is rele-

vant in many cases [6], it is only valid for liquids pro-

duced by more than 10-15 wt.% of mantle melting. 

Due to the incongruent nature of the melting reactions, 

low-degree (alkali rich) primary magmas have no oli-

vine – orthopyroxene (ol-opx) or olivine – orthopyrox-

ene – clinopyroxene (ol-opx-cpx) MSP. The melting 

conditions of these low-degree melts cannot be re-

trieved by an inverse experimental approach and direct 

melting experiments are necessary. 

An important element in Martian melts is phospho-

rus. It is 10 times more abundant in the Martian mantle 

than in the Earth’s mantle [1] and is concentrated with 

alkalis in low-degree Martian primary magmas.  

We have extended the recent experimental study 

that characterized the melting behavior of a nominally 

anhydrous Martian mantle from 0.5 to 2.2 GPa [7] by 

directly melting a martian peridotite [1]. The additional 

experiments further constrain the melting reactions at 

low temperature, confirm that the compositions report-

ed in [7] are in equilibrium, and explore the effect of 

variable amounts of phosphorus on the melting condi-

tions of low-degree melts. 

Experimental methods: We performed two types 

of experiments – inverse and liquid-peridotite experi-

ments – from two previous experimental melts ob-

tained by directly melting a Martian mantle composi-

tion [7]. Experiments were performed with piston-

cylinder apparatus in Pt-graphite capsules following 

the method described in [7].  The composition of the 

multiply saturated liquid in experiment DW01 (1250 

°C – 1.0 GPa) [7] and D268 (1380 °C – 2.6 GPa) were 

used as starting materials. Inverse experiments were 

performed to test if the liquid compositions in DW01 

and D268 would be saturated with a peridotitic assem-

bly at the same P-T conditions as the direct melting 

experiments. Liquid-peridotite experiments consist of 

placing a mix of 50 to 33 % of the liquid composition 

(from DW01 and D268) and 50 to 67 % of the mantle 

composition [1] at the same P-T conditions to verify if 

the direct melting experiments reached equilibrium. 

Variable amounts of phosphorus were added to the 

starting compositions as phosphoric acid before drying 

the powder at 300 °C for 12 h. Detailed experimental 

conditions are reported in Table 1. 

 
Table 1. Summary of pressure (GPa) – temperature 

(°C) conditions, proportion of mantle composition 

(DW, [1]) to liquid composition from direct melting 

experiments (DW01 [7] and D268) in liquid-peridotite 

experiments, P2O5 content of the liquids (wt.%) and 

mineral assembly. 

 

Results: The phases in equilibrium with the liquid 

in each experiment are reported in Table 1. For inverse 

experiments, clinopyroxene alone is in equilibrium 

with the liquid at 1.0 GPa while olivine and clinopy-

roxene are present at 2.6 GPa.  This differs from the 

phases present in direct melting and liquid-peridotite 

experiments: ol-opx-cpx. The compositions of inverse 

and liquid-peridotite experiments overlap the trends 
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defined by direct melting experiments in variation dia-

grams (Figure 1). The new experimental melts with 

higher contents of phosphorus also have lower SiO2 

concentration (Figure 1) and higher CaO/Al2O3 ratios 

(by ~0.1).   

Melts at equilibrium: Liquid-peridotite experi-

ments at 1.0 GPa confirm that the melts reported in [7] 

reached conditions close to thermodynamic equilibrium 

with the Martian mantle. The melts in liquid-peridotite 

experiments are in equilibrium with the same mineral 

phases (Table 1) and have almost identical chemical 

compositions (Figure 1, circled in grey). 

Incongruent melting and MSP: Inverse experi-

ments confirm the incongruent nature of melting reac-

tions [7]. At 1.0 GPa, the orthopyroxene, clinopyrox-

ene and spinel react to produce a liquid, olivine and 

another clinopyroxene poorer in Ca. The bulk propor-

tion of clinopyroxene first increases as melting pro-

gresses. At higher temperature, the reaction becomes 

clinopyroxene + spinel  orthopyroxene + liquid (+ 

olivine), and clinopyroxene disappears rapidly. Olivine 

is present but is marginally involved in the reaction. 

Experiment DW01 represents the transition between 

those two regimes. When the liquid is isolated from its 

residue in inverse experiments, it crystallizes only the 

phases on the left hand side (LHS) of the equation 

(mainly clinopyroxene). At 2.6 GPa, the melting reac-

tion that produces the melt in experiment D268 is cli-

nopyroxene + olivine + spinel  orthopyroxene + liq-

uid. At this pressure too, only the phases on the LHS of 

the equation are present in inverse experiments. Oli-

vine and/or orthopyroxene can be absent from inverse 

experiments of low-degree primary melts.  

The major implication is that natural alkali rich 

basalts could lack ol-opx-cpx or ol-opx MSPs despite 

being near-primary. In addition, the presence of an ol-

cpx MSP could point towards lower P-T conditions 

relative to the actual conditions of melting. The MSP 

found in inverse experimental studies should be inter-

preted carefully for potential low-degree melts. 

Effect of phosphorus on melt compositions: 

Phosphorus has been argued to significantly modify the 

structure, composition and crystallization paths of sili-

cate melts [8]. In particular, phosphorus was suggested 

to decrease the silica activity and increase the 

CaO/Al2O3 ratios in martian environments [9]. Our 

preliminary calculations did not reveal a significant 

effect of phosphorus on SiO2 activity. The effect of 

phosphorus observed in Figure 1 (top) could be an in-

crease in the silica activity coefficient or a decrease in 

the MgO activity coefficient (resulting in a decrease in 

SiO2 and an increase in MgO concentrations). We also 

observe a slight increase (~0.1–0.15) of the CaO/Al2O3 

ratio for an increase of phosphorus in the liquid by 2-3 

wt.%. Overall, the impact of phosphorus on Martian 

melts seems to be an order of magnitude less important 

than anticipated from pMELTS calculations [9]. 
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Figure 1. Variation diagram comparing direct melting 

experiments at different pressures to inverse and liquid-

peridotite experiments at 1.0 and 2.6 GPa. The starting 

material is the Martian mantle [1] for direct melting 

experiments, the green circle/diamond for inverse ex-

periments and both for liquid-peridotite experiments. 

In the top figure, the phosphorus content of melts is 

reported for the starting compositions (DW 01 and 

D268 melts) and liquid-peridotite experiments.  
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