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To investigate the chemical composition of possible primitive melts of the Martian mantle, we performed melt-
ing experiments of a model Martian mantle derived by Dreibus and Wänke (DWM) at pressures from 1.0 to 4.5 
GPa. The chemical compositions of partial melts are systematically related to pressure. The partial melts at 
pressure of 1.0 GPa in spinel stability field show high Al2O3 and low FeO contents. The partial melts at higher 
pressure in garnet stability field are, however, characterized by a relatively high FeO content, low Al2O3 content 
and high CaO/Al2O3 ratio. In garnet stability field, clinopyroxene (= Ca-rich phase) contribute significantly to 
melt formation near the solidus temperature, although garnet (= Al-rich phase) is stable at temperature above 
solidus. Therefore Al-poor and Ca-rich partial melt are formed at higher pressure. Comparing the shergottite 
chemistry with the chemical trends of the partial melts obtained by the experiments, we suggest that one of ba-
saltic shergottite with a high Al2O3 and low CaO/Al2O3 ratio, QUE94201, resembles the composition of the 
DWM partial melts in major-element chemistry in a low degree (<20%) partial melt of DWM at pressure of 1.0 
GPa and temperature of 1360 °C. We conclude that the olivine-poor (or olivine-free) basaltic magma with low 
CaO/Al2O3 ratio and high Al2O3 could be primitive melts derived from the upper mantle of Mars if the actual 
Martian mantle is similar in composition to DWM.
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INTRODUCTION

The structure and chemical composition of the Martian 
interior have been constrained by both geophysical (mo-
ment of inertia, average density), and geochemical data 
(shergotteite, nakhlite and chassigny (SNC) meteorites, 
Martian soil and basalts) (e.g., Longhi et al., 1992). The 
SNC meteorites provide a strong constraint for the chemi-
cal composition of the Martian interior because they are 
igneous rocks considered to have originated from Mars 
(e.g., Pepin, 1985; Grimm and McSween, 1982). These 
meteorites are divided into distinct classes; shergottites, 
nakhlites, chassignites, and ALH84001. Shergottites are 
of particular use in estimating the chemical composition 
of the Martian mantle because they contain both cumulate 

and basaltic rocks, while the other three sets of Martian 
meteorites are only cumulate rocks. The basaltic shergot-
tites vary significantly in chemistry and petrology, and are 
classified according to mineral assemblages into two sub-

groups; of olivine-phyric and olivine-free basalts (Go-
odrich, 2002). The olivine-phyric shergottite is character-
ized by the presence of large olivine crystals in a fine-
grained groundmass. The olivine-free shergottite consists 
of pyroxenes and plagioclase with basaltic or diabasic 
textures.

Of the sub-groups within shergottites, the olivine-
phyric shergottites are considered to be the most primitive 
(e.g., Zipfel et al., 2000; Irving et al., 2002, 2010b; Go-
odrich, 2003) and thus present the best opportunity to in-
vestigate possible Martian parental liquid compositions. 
However, several researchers (e.g., McSween and Jarose-
wich, 1983; Wadhwa et al., 2001; Barrat et al., 2002; Fili-
berto et al., 2010) have interpreted the olivine megacrysts 
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in some olivine-phyric shergottites as exotic xenocrysts 
or cognate xenocrysts mixed into the olivine-free (or oliv-
ine-poor) basaltic magma by other processes. Despite the 
considerable number of studies conducted regarding the 
igneous origin of basaltic shergottites, the primitive (par-
ent) magma composition of the Martian mantle remains 
controversial (e.g., Goodrich, 2002; Greshake et al., 2004; 
Shearer et al., 2008; Usui et al., 2008; Sarbadhikari et al., 
2009; Peslier et al., 2010; Filiberto and Dasgupta, 2011).

Martian basaltic rocks are enriched in FeO compo-
nent and depleted in Al2O3 (Fig. 1) relative to terrestrial 
basalts. On the basis of chemical compositions of Martian 
basaltic meteorites and chondritic meteorites, Dreibus and 
Wänke (1985) derived a Martian mantle composition, re-
ferred to as DWM in this work, which is also enriched in 

iron compared with Earth’s mantle (Table. 1). For many 
years, the DWM has been considered to be one of most 
common model Martian mantle compositions (e.g., Bert-
ka and Holloway, 1994; Bertka and Fei, 1997). To evalu-
ate the ʻparent-child relationshipʼ between DWM and ba-
saltic shergottites, Bertka and Holloway (1994a, 1994b) 
performed partial melting experiments by using the DWM 
composition at 1.5 GPa, and Agee and Draper (2004) per-
formed melting experiments on the Homestead L5 ordi-
nary chondrite at 5.0 GPa, which has similar composition 
as that of DWM. The compositions of low-degree melts 
at 1.5 GPa studied by Bertka and Holloway (1994b) were 
more enriched in Al than the shergottites parent melt (e.g., 
Stolper and McSween, 1979; McCoy et al., 1991; Hale et 
al., 1999). At 5 GPa, the low-degree melt produced by 

Figure 1. Chemical compositions of olivine-free and ol-
ivine-phyric basaltic shergottites,  Martian mantle 
(DWM), pyrolite and N-MORB. Data for shergottites 
are after Zipfel et al. (2000), Barrat et al. (2001), Folco 
et al. (2000), Taylor et al. (2002), Dreibus et al. (2002), 
Ikeda et al. (2006), Meyer (2003), Rubin et al. (2000), 
Barrat et al. (2002), Gross et al. (2010), Irving et al. 
(2010a), Irving et al. (2010b), Dreibus et al. (1996), 
Warren et al. (1999), Kring et al. (2003), Anand et al. 
(2008), Dreibus et al. (2000), McCarthy et al. (1974), 
Stolper and McSween (1979), Dreibus et al. (1982), 
Barret et al. (2001), Misawa (2004), Easton and Elliot 
(1977), Stolper and McSween (1979), McCoy et al. 
(1991), Haramura (1995), Kong et al. (1999), Barrat et 
al. (2001), BasuSarbadhikari et al. (2009) and Bunch et 
al. (2009). Data for Martian mantle, pyrolite, and N-

MORB are after Dreibus and Wänke (1985), Ring-
wood (1966), and Schilling et al. (1983), respectively.
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Agee and Draper (2004) was depleted in Al and Ca and 
enriched in Fe and Mg relative to parent melts of shergot-
tite. Therefore, neither study could show that parent melts 
of shergottites can be produced from DWM under their 
respective pressure conditions. Based on the melting 
study of DWM, Agee and Draper (2004) concluded that 
DWM is too Fe-rich to represent the Martian mantle. This 
conclusion is supported by Musselwhite et al. (2006). 
However, the experimental condition of Agee and Draper 
(2004) is limited at 5 GPa in pressure, which condition 
may be too high to represent the uppermost mantle in the 
Mars. Consequently, a definitive model for primitive Mar-
tian mantle composition has not been developed.

In this study, we have performed partial melting ex-
periments on the DWM composition revisited at pressures 
ranging from 1.0 to 4.5 GPa under oxygen fugacities esti-
mated from Martian meteorites (e.g., Goodrich et al., 
2003; Righter et al., 2008). Our purpose was to obtain the 
phase relations and melt compositions as a function of de-
gree of melting at a wide pressure range. We then directly 
compared the chemical trends of partial melts obtained in 
our high-pressure experiments with those of shergottites 
in an attempt to determine which, if any, basaltic shergot-
tites actually represent a primitive (parent) melt of the 
Martian mantle. 

EXPERIMENTAL METHOD

Starting material

The Martian mantle composition proposed by Dreibus 
and Wänke (DWM; 1985) was selected as the target com-
position of the starting material in this study. We synthe-
sized the DWM within the SiO2-TiO2-Al2O3-Cr2O3-FeO-

MgO-CaO-Na2O system. Table 1 shows the DWM 
composition and the synthesized starting material compo-
sition. The starting material was prepared from reagent 
grade SiO2, TiO2, Al2O3,Cr2O3, Fe2O3, MgO, CaCO3, and 
Na2CO3, which were mixed in an appropriate ratio and 
ground in an agate mortar and pestle under ethanol. The 
mixture was then dried and decarbonated in a 1-atm fur-
nace at 800-1000 °C for 20 h in air. The dried sample was 
ground again in ethanol, and reduced in a 1-atm furnace 
at 1000 °C for 5 h and quenched with oxygen fugacity 
controlled at the QFM-1 buffer using CO2/H2 gas mixture. 
The reduced sample was ground in ethanol again and was 
kept in glass vials in a 110 °C oven. The amount of H2O 
and CO2 remaining in the synthesized starting material 
was measured via Fourier transform infrared spec-
troscopy (FTIR). No H2O or CO2 peaks were detected, 
which indicates that H2O and CO2 were not included in 
the starting materials.

In general, Pt capsule which is refractory enough to 
conduct high-temperature experiments have been used for 
melting experiments of the refractory materials such as 
peridotites (e.g., Jaques and Green, 1980) for a long time. 
But it is well known that the amount of Fe lost from sili-
cate melts to Pt capsule is significant. Therefore, Agee 
and Draper (2004) used a graphite sleeve as a sample 
container to eliminate Fe-loss in high-temperature experi-
ments, though the use of the graphite capsule imposed a 
low fO2 on the sample (e.g., Matsukage and Kubo, 2003). 
In this study, Re/Pt double capsule was used instead of 
graphite as sample container to eliminate the Fe-loss 
(Matsukage and Kubo, 2003). The starting material was 
loaded into a Re container with an inner diameter of 1.4 
mm constructed from Re foil 0.025 mm thick, which was 
then encased in a sealed Pt tube with an inner diameter of 
1.6 mm and thickness of 0.2 mm. This double capsule 
system has been shown to provide an fO2 between QFM 
and QFM-3 in high-pressure and -temperature melting 
experiments (Matsukage and Kubo, 2003) and was there-
fore used to maintain an oxygen fugacity close to that in-
ferred for the Martian mantle of between QFM and QFM-

4 (Goodrich et al., 2003).

Table 1. Chemical compositions of model Earth (pyrolite), and 
Martian (DWM) mantles, and experimental starting material

a Mg/(Mg + Fe) atomic ratio.
b wt ratio.
c After Ringwood (1966).
d Martian model mantle by Dreibus and Wänke (1985).
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High-pressure and -temperature experiments

High-pressure and -temperature experiments at 3.0 GPa 
and 4.5 GPa were conducted by using a Kawai-type 
multi-anvil apparatus (Orange 1000) installed at Geody-
namics Research Center, Ehime University. Pressure was 
generated by eight 26 mm tungsten carbide anvils (Toshi-
ba F grade) with a truncated edge length of 11 mm. A Co-

doped semi-sintered MgO octahedron with an 18 mm 
edge length was used as a pressure medium. A graphite 
sleeve was used as a heater and was inserted in a LaCrO3 
thermal insulation sleeve to reduce potential temperature 
gradients. The sample container was electrically insulated 
from the furnace by enclosing it in an MgO sleeve, and 
was placed in the central hot spot part of the furnace. 
Pressure was estimated by using load-pressure calibra-
tion, and temperature for each experiment was measured 
by a thermocouple. The pressure calibration was per-
formed by using the phase transitions of Bi (2.55 GPa and 
7.7 GPa) at room temperature and the quartz-coesite 
phase transition at 1200 °C and 3.2 GPa (Akaogi et al., 
1995). Temperature was measured by a W3Re-W25Re 
thermocouple. The error in the pressure estimate origi-
nates from uncertainties in the absolute pressure scale and 
the imperfect reproducibility in the experiments. It was 
estimated to be less than ~ 0.5 GPa. The temperature gra-
dient in the sample capsule was estimated to be less than 

about ~ 50 °C.
The experiments at 1 GPa and 2.5 GPa were con-

ducted by using a non-end-loaded piston-cylinder appa-
ratus (ET type) and a Boyd-England-type piston-cylinder 
apparatus installed at the Magma Factory, Tokyo Institute 
of Technology (Takahashi, 1993). The pressure-load rela-
tions for the piston-cylinder apparatuses were presented 
by Matsukage and Kubo (2003). The experiments were 
performed with a 1/2 inch diameter cell assembly. The as-
sembly included a talc and Pyrex glass outer sleeve and 
ALSIMG (Al and Si-doped MgO) inner sleeve with a 31 
mm-long straight graphite sleeve heater with 5 mm inner 
diameter and 1 mm wall thickness. Temperature was mea-
sured by a W5Re-W26Re thermocouple.

Chemical analysis

The run products were sectioned longitudinally and were 
polished for analysis. Residual minerals and quenched 
partial melts, which are a mixture of glass and quenched 
crystals, were analyzed by using a scanning electron mi-
croprobe analyzer (JEOL-JSR1000) with an energy dis-
persive spectrometer (Oxford) at Ehime University under 
a 15 kV accelerating voltage, a 0.85 × 10−8A beam cur-
rent, an integration counting time of 100 s, and a working 
distance of 20 mm with ZAF correction. Standards used 
were wollastonite for Si and Ca, rutile for Ti, corundum 

Figure 2. Images of run product (OD879) before (a), (c) and after (b), (d) image processing through Adobe Photshop CS3. (c), (d) are enlarge-
ments of the rectangular area in (b). Color version of Figure 2 is available online from http://japanlinkcenter.org/DN/JST.JSTAGE/
jmps/120820.

http://japanlinkcenter.org/DN/JST.JSTAGE/jmps/120820
http://japanlinkcenter.org/DN/JST.JSTAGE/jmps/120820
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for Al, chromian spinel for Cr, hematite for Fe, periclase 
for Mg, albite for Na, and nickel oxide for Ni. A focused 
beam was chosen for analysis of residual minerals. The 
quenched partial melts became mixtures of quenched 
crystals and glasses. Therefore these mixtures were ana-
lyzed by scanning the beam across 20 × 20 μm to 200 × 
200 μm raster areas depending on size of the melt pools 
that segregated from residual minerals (Fig. 2a). 

Determination of degree of partial melting

Degree of partial melting was determined by two different 
methods; mass balance calculation and area counting. The 
mass balance method used compositions of the coexisting 
phases and bulk composition, and the degree of partial 
melting (M melt) and modal composition of solid phases  
(M j) were calculated by solving the following equation:

 (1)

where Xi, bulk, Xi, melt and Xi, j are weight % of components i 

in bulk rock, melt phase, and coexisting solid phases j, re-
spectively, in the run products. SiO2, TiO2, Al2O3, Cr2O3, 
MgO, CaO, and Na2O were used as components i in the 
calculation. Although the Re/Pt double capsules mostly 
eliminate Fe-loss, it is possible to react slightly with Fe in 
partial melt at higher temperature (Matsukage and Kubo, 
2003). Therefore we did not use the FeO component for 
mass balance calculation. To compare the calculated bulk 
FeO with the FeO in the starting material, the degree of 
Fe-loss was estimated (Table 2).

The area counting method analyzed sections of run 
products by using Back-Scattered Electron Imaging (BEI) 
combined with compositional mapping of characteristic 
X-rays of Si, Mg, Fe, Ca, and Al. The resolution of the 
BEI was 1280 × 960 pixels. Figure 2 (color version is 
available online from http://japanlinkcenter.org/DN/JST.
JSTAGE/jmps/121125) shows an example of images be-
fore and after image processing through Adobe Photoshop 
CS3. The partial melt was generally distributed between 
grain boundaries of residual crystals in run products (Figs. 
2c and 2d). In those at higher temperature and thus higher 
degree of melting, the partial melt existed in segregated 

Abbreviations: AC = area counting method; MBC = Mass balance calculation method.
a Temperature was estimated by relation between temperature and power in heating of other experiments.
b KD = XMg(liq)*XFe(ol)/XMg(ol)*XFe(liq)

Table 2. Run condition and results of melting experiments on DWM

http://japanlinkcenter.org/DN/JST.JSTAGE/jmps/121125
http://japanlinkcenter.org/DN/JST.JSTAGE/jmps/121125
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melt pool in addition to grain boundaries (Figs. 2a and 
2b). The interstitial melts and segregated melts were inter-
connected in all run products. The degree of partial melt-
ing was taken as the sum of the segregated melt and the 
interstitial melt. As listed in Table 2, degrees of melting 
obtained by the two methods were in reasonable agree-
ment. In this study, we used the results of mass balance 
calculation method for discussion.

RESULTS

Melting phase relation of DWM

Table 2 lists the run conditions, phase relations and degree 
of melting of run products for each experiment conducted 
in this study. The melting phase relations of DWM are 
summarized in Figure 3. The subsolidus assemblage at 
pressure less than 2.5 GPa was olivine + orthopyroxene + 
clinopyroxene + spinel, while at 4.5 GPa the assemblage 
was olivine + orthopyroxene + clinopyroxene + garnet. 

The initiation of partial melting was identified by a 
small amount of interstitial glass and quenched crystals at 
grain boundaries between residual minerals. Solidus tem-
perature increased with increasing pressure from 1300 °C 
at 1.0 GPa to ~ 1500 °C at 4.5 GPa. Above the solidus, 
clinopyroxene melted preferentially relative to olivine and 
orthopyroxene. Spinel was the major Al-bearing phase at 
lower pressure, and its stability field extended up to 1400 
°C at less than 3.0 GPa. At 3.0 GPa and 1396 °C, garnet 
was the dominant Al-bearing phase, although it coexisted 
with small amounts of fine grained chromian spinel of 
less than 2 μm in diameter. Therefore the phase boundary 
between the spinel and garnet stability fields existed at ~ 

3.0 GPa. The upper temperature stability limit of garnet 
increased with increasing pressure. At all pressures, the 
phase assemblage changed from olivine + orthopyroxene 
+ liquid to olivine + liquid with increasing degree of melt-
ing.

Chemistry of partial melts and residual solids

Table 3 lists the chemical compositions of all run prod-
ucts. In this study, we estimated the amount of Fe loss via 
the mass balance calculation method by using the chemi-
cal composition of coexisting phases in run products to 
determine the percentage of Fe lost to the capsule. As list-
ed in Table 2, we established that the degree of Fe loss of 
our run products was less than 1.2 wt% except for OD903 
(4.5 GPa, 1750 °C) and P815 (2.5 GPa, 1650 °C). This 
result indicates that the Re foil effectively eliminated the 
reaction between the Pt capsule and Fe in the sample in 
all but the highest temperature experiments.

Figure 4 plots chemical composition of partial melts 
of DWM at 1.0, 3.0 and 4.5 GPa, excluding OD903. Con-
tour lines of degree of melting and chemical trends at 
each pressure, which were calculated by the method of 
Herzberg and Zhang (1996), are also shown in Figure 5. 
The chemical compositions of partial melts were system-
atically related to pressure. The low-degree melt at a low-
er pressure of 1.0 GPa was characterized by a high Al2O3 
content and a low CaO/Al2O3 ratio (Fig. 5a). At higher 
pressures of 3.0 GPa and 4.5 GPa, the Al2O3 content in 
partial melt was reduced remarkably with increasing pres-
sure, although the CaO content did not change signifi-
cantly (Fig. 5b). Therefore, the CaO/Al2O3 ratio increased 
with increasing pressure. The influence of the Al-rich sol-
idus phase can be considered as the most important cause 
of the pressure dependence of Al2O3 content in low-de-
gree melts. In the spinel stability field, Al in spinel was 
dominantly distributed into the partial melt. Therefore the 
formation of Al2O3-rich melt was accompanied by the 
formation of Cr-rich residual spinel (Table 3 and Fig. 4). 
The residual chromian spinel was more refractory relative 
to the Al-rich spinel so that its stability field spreaded to 
higher temperature (Fig. 3). Above 3 GPa, on the con-
trary, garnet was stable as a solidus phase instead of spi-
nel. In this case, Al remained in the residual garnet (Table 
3 and Fig. 4), which coexisted with Al-poor partial melt. 
Garnet would become more refractory with increasing 
pressure. The low-degree melts had low Mg# [= Mg/(Mg 
+ Fe) atomic ratio], which increased with increasing de-
gree of melting (Figs. 5c and 5d). Both FeO and MgO 
contents in the partial melts increased with increasing 
pressure (Fig. 5d). It is noteworthy that partial melts at 
higher pressures were characterized by a relatively high 

Figure 3. Melting phase relations of Martian mantle (DWM). Soli-
dus and liquidus lines obtained inour study are compared with 
those of previous studies. Abbreviations: B&D, Borg and Draper 
(2003); A&D, Agee and Draper (2004); B&H, Bertka and Hollo-
way (1994).
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FeO content (Fig. 5c). The melt compositions approached 
that of the starting material with an increasing degree of 
melting.

As listed in Table 3, the Mg# of residual olivine, py-
roxenes and garnet gradually increased with increasing 
degree of melting (increasing temperature). The CaO con-
tent of clinopyroxene was lower than that observed in the 
terrestrial mantle and tended to decrease with increasing 
temperature. As described above, the Cr# [= Cr/(Cr + Al) 
atomic ratio] of spinel increased with increasing degree of 
melting, from 0.37 at subsolidus condition to 0.82 at more 
than 30% of degree of melting. The garnet was rich in 
components of pyrope (Mg3Al2Si3O12) and almandine 
(Fe3

2+Al2Si3O12), with small amounts of uvarovite 
(Ca3Cr2Si3O12) and andradite (Ca3Fe2

3+Si3O12) components. 
The Cr# of garnet did not change with increasing degree 
of melting (Table 3).

DISCUSSION AND CONCLUSION

Comparison with previous melting studies of the Mar-
tian mantle

Figure 3 compares the melting phase relations from this 
investigation with those of previous studies (Bertka and 
Holloway, 1994a; Borg and Draper, 2003; Agee and 
Draper, 2004). Bertka and Holloway (1994a) determined 
the solidus temperature of DWM at pressure less than 3 
GPa, while Borg and Draper (2003) and Agee and Draper 
(2004) reported the solidus and liquidus temperatures of L 
chondrite Homestead L5 at pressure more than 5 GPa and 
3 GPa, respectively. In experimental studies by Borg and 
Draper (2003) and Agee and Draper (2004), Homestead 
L5 was used as analog of the Martian mantle because the 
chemistry of Homestead L5 is similar to that of DWM. 
Our results are in good agreement with those of Bertka 
and Holloway (1994a) but contradict those of Borg and 
Draper (2003) (Fig. 3). The difference in solidus tempera-
ture observed in this research and that in the previous 
study on Homestead L5 is approximately 80 °C at 4.5-5 
GPa. At present, the reason for this discrepancy remains 
unclear; however, it is likely the result of compositional 
differences in starting materials. The difference of melt 
detection method could be an addition factor in this dis-
crepancy.

Figure 5 compares the chemical compositions of 
partial melts observed in this work with those of previous 
studies (Bertka and Holloway, 1994b; Agee and Draper, 
2003). As described in the results section, the chemical 
compositions of partial melts changed markedly with 
pressure, whereby Al2O3 decreased and FeO increased as 
pressure increased (Figs. 5a and 5c). This pressure depen-

dence is consistent with the results of previous studies. 

Comparison with Martian basaltic rocks

To evaluate whether basaltic shergottites are representa-
tive of a partial melt of DWM, the bulk chemistries of the 
shergottites (Fig. 1) were compared with the chemical 
trends of partial melts of DWM obtained from our experi-
ments at 1.0-4.5 GPa (Fig. 6). As previously described, 
basaltic shergottites are divided into olivine-bearing and 
olivine-free basalts. The olivine-bearing shergottites gen-
erally have a porphyritic texture characterized by the 
presence of larger olivine crystals in a fine-grained matrix 
of pyroxenes and plagioclase crystals ± glass (olivine-
phyric shergottites of Goodrich, 2002). Not all olivine-
bearing shergottites, however, exhibit such a texture. For 
example, the grain size of olivine in NWA5990 is only 
slightly larger than the coexisting pyroxene (Irving et al., 
2010b). Olivine-phyric and olivine-free shergottites are 
also clearly divided in their bulk chemistries. In general, 
the contents of Al2O3 and CaO are higher, and MgO is 
lower in olivine-free shergottites than those in olivine-
phyric shergottites. However, the FeO content is compa-
rable between the two types of basaltic shergottites (Fig. 
1).

Because of the high Mg# in the bulk rock composi-
tion (Fig. 1b), several researchers consider that some of 
the olivine-phyric shergottites are primitive melts origi-
nating from the Martian mantle (e.g., Zipfel et al., 2000; 
Irving et al., 2002, 2010b; Misawa, 2004). Figure 6 com-
pares the partial melt trends of DWM with the bulk com-
position of Yamato980459, which is composed of coarse 
olivine and pyroxene crystals with high-Mg# in a fine-
grained glassy groundmass. Yamato980459 is character-
ized by a low Al2O3 content and high CaO/Al2O3 ratio. 
Therefore, on the basis of the relationship between CaO 
and Al2O3 contents, Yamato980459 would be estimated as 
~ 30-40% partial melt of DWM at pressures of 3-4.5 GPa 
(Figs. 6a and 6b). However, this result is not consistent 
with the estimation resulting from the Mg# and FeO rela-
tionship (Fig. 6c), which suggests that it would have 
formed as a ~ 60-70% melt of DWM at ~ 1 GPa. Thus, 
our results indicate that it is difficult to form a melt with 
the composition of Yamato980459 via partial melting and 
subsequent melt extraction processes if actual Martian 
mantle composition is similar to that of DWM. It also 
suggests that some of the other olivine-phyric shergottites 
with bulk chemistry of major elements resembling that of 
Yamato980459 are also unlikely to be primitive melts of 
DWM. If olivine-phyric shergottite with low Al2O3 and 
high CaO/Al2O3 is truly a direct mantle melt composition, 
a mantle composition other than that of DWM must be 
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Table 3. Chemical and modal compositions of experimental liquid and residual mineral phases

Abbreviations: Liq, liquid; Ol, olivine; Opx, Mg-rich pyroxene; Cpx, Ca pyroxene; Sp, chromian spinel; Gt, garnet; Mg#, Mg/(Mg + Fe) 
atomic ratio.
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the source (e.g., Musselwhite et al., 2006).
The results of this study suggest that two shergot-

tites, NWA5990, QUE94201, could have the primitive 
melt compositions of DWM (Fig. 6). NWA5990 is an ol-
ivine-bearing diabasic igneous rock composed mainly of 
clinopyroxene, plagioclase and olivine with accessory 
opaque minerals such as chromian spinel (Irving et al., 
2010b). NWA5990 differs from other olivine-bearing 
shergottites in major element chemistry (Figs. 1 and 6). 
The Mg# and CaO/Al2O3 are lower while Al2O3 and FeO 
contents are higher in NWA5990 than in those of Yama-
to980459. By using the relationship of degree of melting 
and chemical trends of partial melts obtained in our ex-
periments (Fig. 6), NWA5990 could have originated as a 
possible melt formed by 30-40% partial melting of DWM 
at ~ 2 GPa. However, this theory is not plausible because 
such a large degree of melting requires special circum-
stances to prevent the melt from separating from the sur-
rounding crystals (e.g., Longhi, 1995). QUE94201 is an 
olivine-free basaltic shergottite dominated by pyroxenes 
and plagioclase (Kring et al., 2003). On the basis of petro-
graphic and chemical observations, QUE94201 is consid-
ered to represent a bulk melt rather than a cumulate frac-
tion. In this sample, the Mg# and CaO/Al2O3 are lower 
than those in olivine-bearing shergottites, while its Al2O3 
content is higher (Figs. 1 and 6). These compositional 
features of QUE94201 can be reproduced in a low-degree 
(<20%) partial melt of DWM formed at low pressure (~ 1 
GPa; Fig. 6). The melting condition is estimated at ap-
proximately 1355 °C at 1.0 GPa for QUE94201-like melt, 
if the actual Martian mantle is similar in composition to 
that of DWM.

Basaltic rocks have been described from the Spirit 
landing site at Gusev Crater (McSweenet at., 2004), and 
their petrological features have been reported precisely by 
McSween et al. (2006). The Gusev basalts are estimated 
to be mainly composed of olivine, pyroxenes and plagio-
clase, which is comparable to the mineralogy of olivine-
phyric shergottites. The chemistries of the Gusev basalts, 
however, differ strongly from those of olivine-phyric 
shergottites, with the former having a higher Al2O3 con-
tent and lower Mg# (Fig. 6). As shown in Fig. 6, these ba-
salts may be consistent with a ~ 20-30% partial melt of 
DWM in the spinel stability field at ~ 1.0 GPa, although 
the CaO/Al2O3 ratio is slightly lower than the melt trend 
at that pressure. To understand the formation conditions 
of the Gusev basalts, Monders et al. (2007) and Filiberto 
et al. (2008) performed crystallization experiments on 
synthetic Gusev basalts at high pressure. Monders et al. 
(2007) reported that one of the Gusev basalts, Adiron-
dack, is multiply saturated with olivine (Mg# = 0.74), or-
thopyroxene (Mg# = 0.77) and spinel (Cr# = 0.59) near 
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its liquidus at 1320 °C and 1.0 GPa. In our experiments at 
1300 °C and 1.0 GPa, the residual mineral assembly of 
DWM is olivine (Mg# = 0.76) + orthopyroxene (Mg# = 
0.79) + spinel (Cr# = 0.58; see Table 3). Although the 

constituent minerals and Cr2O3 content in spinel agree 
well with each other, the MgO content in olivine and or-
thopyroxene of Adirondack basalt are lower than those of 
residual minerals of DWM. It is widely accepted that the 

Figure 4. Chemical compositions of 
partial melts and residual minerals 
produced by partial melting of Mar-
tian mantle (DWM) at 1, 3 GPa and 
4.5 GPa. Abbreviations: Mg, Fe-py, 
Mg and Fe-rich pyroxene; Ca-py, 
Ca-rich pyroxene.

Figure 5. Chemical compositions of 
liquids produced by partial melting 
of Martian mantle (DWM) at 1, 3 
and 4.5 GPa, compared with previ-
ous studies at 1.5 GPa by Bertka 
and Holloway (1994) and at 5 GPa 
by Agee and Draper (2004). Broken 
lines and solid lines indicate con-
tour lines of degree of melting and 
chemical trends of each pressure, 
respectively. 
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Cr# of spinel coexisting with olivine ± pyroxene in basal-
tic magma is nearlyconstant with a rapid decrease in the 
Mg# of olivine ± pyroxene by even a small degree of 
crystal fractionation at the early stage of the fractionation 
process (e.g., Arai, 1994). Therefore, if the actual Martian 
mantle is similar in composition to that of DWM, the Ad-
irondack basalts can be explained as a melt that experi-
enced a small amount of crystal fractionation in the shal-
lower Martian mantle (Filiberto et al., 2008). 

As mentioned in the Introduction, resent estimations 
have suggested that the Martian mantle may actually have 
a higher Mg# (0.77-0.80) than that of DWM (0.75) (e.g., 
Yoder et al., 2003; Agee and Draper, 2004; Musselwhite 
et al., 2006; Minitti et al., 2007); however, its actual val-
ues remain uncertain. We consider the influence of Mg# 
on the primary partial melt composition. In our experi-
ments of Fe-rich DWM at less than 5GPa, modal compo-
sition of garnet was comparable to that of clinopyroxene 
at temperature above the solidus (Fig. 3). However, in the 
partial melting of Fe-poor peridotite such as primitive 
lherzolite of the Earth, the modal garnet was lower than 
that of clinopyroxene above solidus (Walter, 1998). These 
observations suggest that the CaO/Al2O3 ratio in the par-
tial melts at garnet stability filed decreases and Al2O3 in-
creases when the Mg# of the mantle increases (Fig. 5a; 
Herzberg and Zhang, 1996) because the modal ratio of 
solidus garnet (= Al-rich phase) and clinopyroxene (= 
Ca-rich phase) control the CaO/Al2O3 ratio of coexisting 

partial melt (Figs. 4a and 6a). Consequently it is difficult 
to consider the olivine-phyric shergottites with a high-

CaO/Al2O3 ratio and low-Al2O3 content (Fig. 1) as a 
primitive partial melt at the uppermost mantle if the actual 
Martian mantle has a higher Mg#.

Possible igneous process in the Martian uppermost 
mantle

If the conclusion is correct that the olivine-poor or -free 
basaltic magma with low CaO/Al2O3 ratio and high Al2O3 
content are possible primitive melts, there is no reason-
able crystal fractionation process that can produce the ol-
ivine-phyric shergottites with low Al2O3 and FeO concen-
trations, such as Yamato980459. If a partial melt separates 
and migrates upward from the residual upper mantle and 
cools at a shallower level in the mantle or crust, olivine is 
initially saturated followed by clinopyroxene crystalliza-
tion. If the crystallized minerals fractionate out of the 
melt, the Al2O3 concentration in the fractionated melt 
would increase because the Al2O3 component is incom-
patible in olivine and not an essential structural constitu-
ent of clinopyroxene crystals.

Here, we consider that the olivine-poor or -free ba-
saltic magmas react with the wall rocks during migration 
to the surface. In the Earth, reaction textures between 
primitive basaltic (gabbroic) magma and its surrounding 
wall rock peridotites are frequently observed in various 

Figure 6. Comparison of chemical 
compositions of partial melt trends 
of DWM with Gusev basalts, oliv-
ine-free and olivine-phyric basaltic 
shergottites. Data for Gusev basalts 
and primitive partial melts of KLB-

1 at 3-5 GPa are after McSween et 
al. (2006) and Herzberg and Zhang 
(1996), respectively. References for 
shergottites are the same as those 
listed in Figure 1. Numbers with 
and without parenthesis indicate 
pressure and degree of melting, re-
spectively.
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tectonic settings (e.g., Quick, 1981; Kelemen et al., 1992; 
Arai and Abe, 1995; Arai and Matsukage, 1996). If a 
high-pressure melt ascends and then comes in contact 
with peridotite at a lower pressure, pyroxenes in the wall 
rock should be dissolved into melt from the latent heat re-
leased by the crystallization of olivine (e.g., Quick, 1981; 
Kelemen, 1990). High-pressure melts are generally un-
dersaturated with pyroxene and oversaturated with olivine 
at low pressure (Kushiro, 1969); thus, this crystallized ol-
ivine may be entrained by the melt in the form of xeno-
crysts as it ascends. Through this process, a primary melt 
in the mantle of Mars can be modified during its migra-
tion to the surface of the planet. In this case, the olivine 
crystals in olivine-phyric shergottites can be considered 
as a mixture of xenocrysts from the melt/wall rock reac-
tion and phenocrysts crystallized from the melt. Filiberto 
et al. (2010) discussed a similar process for olivine accu-
mulation in olivine-phyric shergottite, NWA1068. Mafic 
to ultramafic rocks with low Al2O3 and high CaO/Al2O3 
are required as wall rocks for the formation of Al2O3-poor 
olivine-phyric shergottite to occur in the Martian mantle 
through the melt/wall rock reaction process. Considering 
the results reported by Agee and Draper (2004) and those 
presented here, we suggest that the cumulate crystalline 
residue from a melt originating at higher pressure of more 
than 4.5GPa is one candidate for wall rock materials be-
cause the chemistry of partial melts at higher pressures 
are characterized by a low Al2O3 content and high CaO/
Al2O3 ratio.
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