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Introduction:  All basaltic martian meteorites have 

superchondritic CaO/Al2O3, ranging from ~1.0-1.7 
compared to ~0.8 for chondrites.  If bulk Mars is es-
sentially chondritic, martian basalt source rocks were 
depleted in primordial Al by up to 60% [1], possibly 
from early garnet (gt) crystallization in a martian 
magma ocean (MMO) [2, 3] (although martian basalt 
source regions are not gt-bearing [4]).  Early-formed gt 
would raise CaO/Al2O3 in residual liquids; later crys-
tallization of olivine and pyroxene should leave this 
ratio relatively unperturbed [5-8].  But gt undergoes 
important compositional changes with pressure that  
may constrain the minimum depth of the initial MMO. 

Effect of pressure on gt composition:  The pres-
sure-induced transition of gt to majorite (maj) increas-
es Si from the canonical 3.0 atoms per formula unit 
(pfu) and decreases Al from the canonical 2.0 pfu.  For 
gt in Mg-rich systems (Mg# ~90), the maj shift is fair-
ly abrupt, and occurs at ~15 GPa.  In contrast, Al pfu 
in more Fe-rich lunar and chondritic compositions 
(Mg# ~80, e.g. [9]) drops more gradually. This change 
in Al content will in turn affect CaO/Al2O3 of liquids 
residual to early gt removal in a MMO.  The more 
gradual change in Al pfu with pressure helps constrain 
the depth at which initial gt removal took place. 

Effect of maj content on CaO/Al2O3:  More ma-
joritic gt requires a larger percent crystallization to 
produce a liquid of a given CaO/Al2O3, as summarized 
in Fig. 1. Ranges are shown for all the shergottites 
(~1.1-1.7, grey box), and for their calculated parent 
liquids [10-15] (~1.05-1.3, blue box).  The virtually 
identical values (~1.2) for QUE94201 and Yamato 
980459, thought to represent liquid compositions [16, 
17], are denoted by the narrow red band; the green 
band is the chondritic value.  Black curves represent 
loci of CaO/Al2O3 in liquids remaining after removal 
of gt having a particular Al content with the fraction 
crystallized denoted on each curve.  For example, a 
residual liquid with CaO/Al2O3 of 1.2 will be produced 
by 5% crystallization of gt having ~1.65 Al pfu, or by 
7% crystallization of gt with 1.25 Al pfu, and so forth.   

CaO/Al2O3 of martian basalt source regions: 
Within the range of CaO/Al2O3 values for martian ba-
saltic meteorites, the value of ~1.2 for QUE and Y98, 
thought to represent liquids rather than crystal ac-
cumlates, is particularly significant.  These two com-
positions occupy opposite ends of the spectrum of 
martian basalt compositions, with Y98 being the most 
primitive and QUE one of the most evolved.  Their 
identical CaO/Al2O3 suggests that this value is a signa-
ture of early gt crystallization and reflects that of the 

upper-mantle source for martian basalts. We can thus 
evaluate the range of gt maj contents, and hence pres-
sures, over which this signature was imparted. 

Magma ocean depth constraints. To estimate 
pressures of MMO early gt formation, Al pfu contents 
that produce liquids having CaO/Al2O3 ~1.2 can be 
matched with the ranges in that parameter with pres-
sure described above.  Doing so implies that the mini-
mum pressure of early gt crystallization is ~9-10 GPa 
(~900 km depth) with ~5% crystallization of gt having 
~1.65 Al pfu, and a maximum of ~20 GPa (~1500 km) 
with 7-8% crystallization of gt having ~1.15 Al pfu. 
These depths probably do not correspond to the base 
of the magma ocean, however.  Vigorous convection 
could lead to an inertial zone capable of suspending 
early-formed crystals (as suggested for the Moon by 
Spera [18]).  Even deeper crystallization could occur 
in which γ-olivine is an important early phase [6], but 
it would not perturb the chondritic CaO/Al2O3.  The 
depths inferred here are thus minimum estimates. Cal-
culated REE contents of residual liquids after early gt 
fractionation using our predictive models [19, 20] in-
dicate that the best-fit conditions are in about the mid-
dle of the range outlined here, at ~15 GPa with 6-7% 
crystallization of gt having Al pfu = 1.2-1.4. 
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Figure 1. CaO/Al2O3 of liquids remaining after removal of gt
having range of maj contents. Curves labeled with percent gt 
removed. See text for discussion. 
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