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Introduction: One of the most distinctive geo-

chemical characteristics of shergottites (young martian 

basalt, <0.6 Ga) is a marked aluminum depletion, 

which is expressed as super-chondritic CaO/Al2O3 rati-

os [e.g., 1] (Fig. 1). The CaO/Al2O3 ratio does not sig-

nificantly change by early stage of magmatic processes 

(e.g., olivine fractionation) at a depth range typical for 

basalt genesis (~<2 GPa), but these ratios can be frac-

tionated at higher-pressure (P) conditions where the 

aluminous phase garnet (or majorite) is stable in the 

mantle [2]. Agee and Draper [3] suggested that a sher-

gottite magma with a super-chondritic CaO/Al2O3 re-

quires high-P melting in the garnet stability field, prob-

ably occurring either within the martian magma ocean 

(MMO) or an upwelling mantle plume (Fig. 1). Thus, 

the most critical issue for shergottite petrogenesis is 

“when” the garnet fractionation occurred to form the 

super-chondritic CaO/Al2O3 ratio: either at the time of 

the formation of shergottite mantle source (~4.5 Ga 

ago) by MMO or the formation of shergottite magmas 

(<0.6 Ga ago) by a more recent mantle upwelling with 

a high potential mantle temperature.   

Here we report the results of high- P melting exper-

iments designed to search for a multiple-saturation 

point for a shergottite primary melt within the garnet 

stability field (>3 GPa). The identification of multiple 

saturation points (the “inverse approach”) is a powerful 

tool to determine melting conditions of a source mantle, 

provided that the bulk composition studied represents a 

bona fide mantle melt (as opposed to a crystal cumu-

late). This study employs a composition of the most 

magnesian olivine-phyric shergottite Yamato 980459 

(Y98) that is believed to closely approximate a martian 

primary melt composition [4]. This study provides the 

first liquidus phase relations of such a melt composi-

tion in the garnet stability field. 

Experiments:  Multiple-saturation experiments 

were conducted using a Quickpress non end-loaded 

piston-cylinder apparatus at Johnson Space Center 

(JSC) with a pressure assembly composed of a BaCO3 

cell, MgO internal parts and a graphite furnace and 

sample capsule. The synthetic Y98 composition [5] 

contained 11 major elements (Si, Ti, Al, Cr, Fe, Mn, 

Mg, Ca, Na, K, P) with an addition of ~500 ppm of 20 

trace elements (e.g., REEs, Rb, Sr, Th, Hf); note that 

these trace elements were added for future mineral/melt 

trace element partitioning experiments. Experimental 

conditions are summarized in Table 1. To obtain large 

crystals, the compositions were first heated above the 

liquidus temperature for 15 – 30 minutes before rapidly 

dropping to the target temperatures. Experimental 

charges were mounted in epoxy and polished for elec-

tron microprobe analyses (Cameca SX-100) at JSC.   

 

Gusev basalt
~3.5 Ga

Y-980459, ~0.5 Ga

 
Figure 1: Al2O3 versus CaO/Al2O3 (wt.%) diagram showing 

compositions of Mars mantle liquid compositions with vari-

ous degrees of partial melting at 1.5 () and 5 () GPa. 

Shown also are the compositions of Y98 [4] and Gusev bas-

alt [6]. The chondritic value is shown as yellow. Modified 

after Agee and Draper [3]. 

 

Table 1: Summary of the experiments 
P (GPa) T (°C) t (hr) Phases(wt% mode) ∑r2 

2 1625 3 glass - 

2 1600 3.5 glass - 

2 1575 18.5 glass - 

2 1550 24 glass (96), opx (4) 0.117 

2 1525 25 glass (90), opx (10) 0.003 

     

4 1800 1 glass - 

4 1750 1 glass - 

4 1700 3 glass - 

4 1675 7 glass (69), opx (31) 0.115 

4 1650 6 glass (69), opx (31) 0.053 

4 1600 21 glass (55), opx (45) 

grt (trace) 

0.119 

∑r2 is the sum of squares of residuals arising from mass-

balance mineral modes. Abbreviations: opx = orthopyroxene, 

grt = garnet.   

 

Results and Discussions:  Experimental charges 

consist of homogeneous orthopyroxene (En80-88Wo2-6),  

typically >100 µm in longest dimension, and glass 

(Mg# = 60 to 71) (Fig. 2). Trace garnet is present in 
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the lowest-T (1600 °C, ~100° below the liquidus) ex-

periment at 4 GPa. Melt fraction varies from 55 to 100 

wt. %. No spinel is present in either the 2 GPa or 4 

GPa run products. The Fe-Mg exchange coefficient 

(KdFe-Mg = DFe/DMg) values between orthopyroxene and 

glass (~0.28-0.36) suggest that the experiments closely 

approached equilibrium. Moreover, mass-balance sums 

of the squares of residuals (∑r
2
) are reasonably low 

(<0.1), suggesting that all the experiments were con-

ducted in closed systems and losses of alkalis during 

the electron probe analysis were insignificant.   

 

 
Figure 2: Backscattered electron (BSE) image of a run 

product (4 GPa, 1650 °C). Capsule contains low-Ca pyrox-

ene (orthopyroxene ‒ dark gray) and quenched glass (light 

gray). 

 

Our high-P experiments show that garnet is not a 

liquidus phase; orthopyroxene is on the liquidus in-

stead. Moreover, no multiple-saturation point appears 

between 2 to 4 GPa (Fig. 3). In contrast, a high-P mul-

tiple-saturation experiment [7] indicates that an Al-

depleted lunar picrite composition (similar to Y98) is 

multiply saturated with garnet and pyroxene on the 

liquidus at 3 GPa, and that garnet is a liquidus phase at 

around 3-4 GPa. This difference is probably due to 

lower Al2O3 contents in Y98 (5.2 wt%) than in the lu-

nar picrite (7.7 wt%) with almost identical CaO/Al2O3 

weight ratios (~1.1) [7].   

Our high-P experiments on the Y98 composition 

also suggest that the liquidus at 2-4 GPa is at distinctly 

lower temperature than that estimated by extrapolating 

results from Y98 crystallization experiments below 2 

GPa [8]. The lowering of the high-P liquidus curve is 

likely due to the effect of garnet to strongly change the 

Clapeyron slope when the garnet is a liquidus or near-

liquidus phase [9]. The effect of garnet results in a less-

steep liquidus surface on a T-P phase diagram as seen 

in Fig. 3, and the presence of garnet in the 1600 °C 

charge (Table 1) suggests garnet may appear on or just 

below the liquidus at pressures as low as ~6 GPa.  

No multiple-saturation point has been found so far 

above 2 GPa. On the other hand, Musselwhite et al. [8] 

reported that the Y98 melt is multiply saturated with 

olivine and orthopyroxene at 1.2±0.5 GPa and 

1540±10 °C (Fig. 3), which is a distinctly lower-P than 

the typical garnet stability field (>~3 GPa). This low-P 

multiple-saturation suggests that the super-chondritic 

CaO/Al2O3 signatures of shergottites reflect their gar-

net-free mantle source. However, geochemical studies 

based on Lu-Hf and Sm-Nd systematics suggest that 

the depleted shergottite mantle should contain ~10% 

garnet and should have experienced partial melting in 

the depth range of 250-400 km (~2.5-4.0 GPa) [e.g., 

10]. Such a melting condition is consistent with a geo-

physical model assuming adiabatic decompression 

melting in a convective upwelling plume [11] but dis-

tinctly deeper than the low-P multiple-saturation point 

at ~1.2 GPa [8].  

 

 
Figure 3: T-P diagram summarizing high-pressure phase 

relations of Y98 (solid symbols) and incorporating previous 

results of Musselwhite et al. [8] (open symbols).  Dashed 

line is simple extension of low-pressure liquidus determined 

by [8] (open symbols); note that this extension substantially 

overestimates the liquidus T at 2.0 GPa and above. Change 

in liquidus slope most likely reflects presence of garnet as 

liquidus or near-liquidus phase at higher pressures.  
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