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Introduction:  During the last decade, our under-

standing of the Martian surface evolution has been 

revolutionized by orbital spectroscopic observations in 

the visible-near-infrared (OMEGA and CRISM), and 

in the thermal-infrared (TES and THEMIS). The sur-

face mineralogy has been documented at various 

scales, and a global picture of the crustal petrology 

emerges. These observations reveal a surface dominat-

ed by igneous rocks with a mineralogy broadly similar 

to that of basaltic rocks on Earth, with plagioclase [1] 

and pyroxene [2,3] with or without olivine [4, 5]. 

Here, we explore the idea that global mineralogical 

trends at the Martian surface may be explained by the 

slow cooling of the Martian mantle during its history 

[6]. Spectroscopic observations and modal abundances 

of olivine, and plagioclase are considered in addition 

with the pyroxene signatures. Given the limited obser-

vational constraints on the Amazonian mineralogy 

because of dust cover, we will focus on the Noachian 

and Hesperian periods. Mineralogical observations are 

reviewed first. pMELTs and MELTs are then used to 

model the formation of volcanic rocks, as in [6,7]. The 

comparison of observations with predictions of miner-

alogical assemblages resulting from the crystallization 

of primary melts extracted from a homogeneous primi-

tive mantle shed light on our current understanding of 

Martian volcanic history.  

Mineralogical compositions from Noachian to 

Hesperian period:  Some key orbital spectroscopic 

observations obtained thanks to spectrometers (TES, 

THEMIS, CRISM, OMEGA) operating from visible to 

thermal infrared wavelength ranges and with different 

spatial resolutions are summarized in Table 1. Theses 

observations are sorted according to identified mineral, 

and the proposed possible origin(s) are also indicated. 

LCP is mainly observed in old terrains: at depth (crater 

central peak [8] and bottom of Valles Marineris wall 

[9]) likely associated to the buried ancient/primitive 

crust, and in the Noachian terrains that formed the ma-

jor part of the southern highlands surface. In these 

Noachian terrains, LCP is likely mixed with HCP with 

a LCP/(HCP + LCP) ratio > 0.3 [1,2,10,11,12]. HCP is 

observed in higher abundance in younger terrains such 

as early Hesperian volcanic provinces (e.g. Syrtis Ma-

jor), with a LCP/(HCP + LCP) < 0.3 [1,11,13].  

At a global scale, most of olivine deposits observed 

on the Martian surface can be related to early Hesperi-

an fissural volcanism (crater floors, intra-crater plains 

and a large part of the northern plains lavas) [5, 14, 15, 

16,17]. However, olivine is not widely detected in 

large early Hesperain volcanic provinces associated 

with pateras such as Syrtis Major, except in low abun-

dance in some crater ejecta [3,5] and in the Nili Patera 

caldera [18], suggesting that these pateras could have 

nevertheless undergone some olivine-enriched volcan-

ic stage in their history. Furthermore, olivine is not 

observed in the Noachian terrains of the southern high-

lands suggesting an abundance <~10% [4,5,3,11]. 

Conversely, olivine seems present at depth as revealed 

by identification of this mineral in some crater central 

peaks (often associated with LCP and hydrated miner-

als) [8,17, 19] and in crustal outcrops [5]. Olivine is 

also observed in outcrops in the floor of Valles 

Marineris [5,20] and in dikes crossing the LCP-rich 

part of its walls [21], and in the region of Nili Fossae 

[22,23,24], but the origin of these deposits is still not 

well constrained and could be related to either Noachi-

an or Hesperian intrusive or extrusive magmatism.  

The third major mineral phase, plagioclase, is hard-

ly detectable with NIR spectroscopy and its abundance 

on the Martian surface is thus less constrained. Plagio-

clase (with minor high silica phases (~10-20%)) is 

nevertheless detected and modeled with an abundance 

ranging from 40 to 60% with perhaps a small increase 

of its abundance from Noachian to Hesperian terrains 

[1,11]. Felsic rocks seem rare but recently detected 

from orbit in localized areas such as in crater floors, in 

the Nili Patera region or in distinct crustal outcrops 

[25-27] suggesting that more evolved magmatism or 

plagioclase-rich cumulate are present on Mars.  

pMELT derived mineralogical composition and 

discussion:  The composition of primary melts formed 

at the base of the lithosphere and their crystallization 

sequence at the surface are calculated with pMELTS 

following the procedure described in [7]. Calculated 

mineral abundance in the solid crystallizing at surface 

conditions from primary mantle melts are plotted in a 

P-T diagram on Figure 1A for olivine and feldspar and 

in [7] for pyroxene (LCP vs HCP). These simulations 

show that the apparent decrease of the 

LCP/(LCP+HCP) ratio is a natural consequence of the 

evolution of primary melt compositions over time, 

considering continuous cooling and growth of the lith-

osphere [28] with an Urey number (ratio of heat pro-

duction over heat losses) lower than 1. A rapid 

thicknening of the lithosphere, associated with the 

formation of magma at large depths, would imply a 

sudden increase in the olivine content in magma crys-

tallizing at the surface. Such evolution is consistent 
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with the evolution of the olivine content between Noa-

chian and Hesperian terrains. We however cannot ex-

clude that this particular olivine-enrichment of the 

early Hesperian fissural volcanism could be due to 

specific condition during a ponctual event. On the oth-

er hand, the olivine-poor content of the Noachian ter-

rains could be due to an alteration process or be the 

result of a more evolved volcanism (e.g. evolved vol-

canic ash from Tharsis [29]). The fractionation of oli-

vine through segregation at depth could also explain 

why early Hesperian volcanic provinces associated to 

pateras seem to have undergone stages of both olivine-

poor (but HCP-rich) and possibly olivine-rich volcan-

ism. Overall, the existence of olivine-rich and olivine-

poor volcanism during the Hesperian era, as well as 

the presence of olivine in depth, is not compatible with 

the simple view of primary mantle melts extracted be-

low a lithosphere that thickens with time. Chemical 

heterogeneities in the mantle, spatial variations in the 

conditions of partial melting and magma fractionation 

should be considered. 

Plagioclase derived abundance from TIR and NIR 

data modelings is in agreement with modal abundances 

in crystallized primary melts of 30-45% for the Noa-

chian and Hesperian periods (figure 1). However, re-

cent studies on the new > 4 Gy Martian meteorite 

NWA7034 [30] and Gale crater rocks  [31] suggest 

that the Noachian southern highlands could be more 

felsic that previously expected.  A plagioclase-rich 

component may be easily formed by a shallow and 

small degree melting of a primitive-mantle source. 

More than 50 wt. % feldspar may be formed under this 

conditions and would be associated with 20-30 wt.% 

of mafic minerals (Figure 1). A higher content of pla-

gioclase in the southern highlands terrains is in agree-

ment with the recent recalculated density of the basal-

tic component of the Martian crust at 3100-3300kg/m3, 

which suggests either a thick basaltic crust >100km, 

or, alternatively, a thin (40-50 km), but more felsic 

crust [32]. Alternatively, this could be explained by a 

buried felsic or anorthositic component in the southern 

hemisphere of Mars [32], in agreement with the obser-

vation of anorthosite in old uplifted outcrops [26]. 

 
Figure 1. Olivine (A) and feldspath (B) modal abundance (wt%) in 

the solid crystallizing at surface condition from a primary mantle 

melts in function of P-T conditions (calculated with pMelts [7]). 

Dashed lines correspond to different scenario for the Noachian vol-

canism (NV) for different Urey number (Ur = 0.3->1.0).Scenario 

proposed by [6] for Hesperian volcanism (HV) is also indicated. 
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Table 1. Summary of some key orbital spectroscopic observations obtained thanks to spectrometers TES, THEMIS, CRISM and OMEGA, 

and their proposed origin(s). Pink lines correspond to large-scale observations while blue lines correspond to more local observations. 
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