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Abstract. Anhydrous partial melting experiments, at 10 
to 30 kbar from solidus to near liquidus temperature, 
have been performed on an iron-rich martian mantle 
composition, DW. The DW subsolidus assemblage from 
_< 5 kbar to at least 24 kbar is a spinel lherzolite. At 
25 kbar garnet is stable at the solidus along with spinel. 
The clinopyroxene stable on the DW solidus at and 
above 10 kbar is a pigeonitic clinopyroxene. Pigeonitic 
clinopyroxene is the first phase to melt out of the spinel 
lherzolite assemblage at less than 20~ above the solidus. 
Spinel melts out of the assemblage about 50~ above the 
solidus followed by a 150 ~ to 200~ temperature interval 
where melts are in equilibrium with orthopyroxene and 
olivine. The temperature interval over which pigeonitic 
elinopyroxene melts out of an iron-rich spinel lherzolite 
assemblage is smaller than the temperature interval over 
which augite melts out of an iron-poor spinel lherzolite 
assemblage. The dominant solidus assemblage in the 
source regions of the Tharsis plateau, and for a large 
percentage of the martian mantle, is a spinel lherzolite. 

Introduction 

Primary melt compositions are liquid compositions in 
equilibrium with their source region, that is, unmodified 
by fractionation or other subsequent melting processes. 
Previous partial melting studies have explored the effect 
of source region characteristics on primary melt produc- 
tion for numerous conditions; i.e. pressures of up to 
140 kbar, near solidus to near liquidus temperatures, car- 
bonate-free, carbonate-rich, anhydrous, H20 oversatu- 
rated and H20 undersaturated, and mixed volatiles (e.g. 
Kushiro 1968; Green 1973; Millhollen et al. 1974; Mysen 
and Kushiro 1977; Eggler 1978; Presnall et al. 1978; 
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Jaques and Green 1980; Takahashi and Kushiro 1983; 
Takahashi 1986; Falloon et al. 1988). Synthetic starting 
compositions derived from models for the Earth's 
primitive upper mantle or natural lherzolite nodules were 
used in those studies. These compositions are iron-poor, 
with mg~s  greater than 87 (mg~ = atomic [Mg/ 
(Mg + Fe2+)*100]). The mg#s  of naturally occurring 
lherzolites are largely within the range 87 to 92 (Maaloe 
and Aoki 1977), but individual samples with mg~s  as 
low as 83 have been found (Jackson and Wright 1970). 
The occurrence of iron-rich primitive volcanic rocks, fer- 
ropicrites, also suggests that more iron-rich local source 
regions exist (Hanski and Smolkin 1989). A source region 
whose iron-rich character may have exerted a strong con- 
trol over magma production on a planetary scale is the 
martian mantle. The purpose of our study has been to 
provide partial melting data for an iron-rich mantle. The 
composition we chose for study was a model martian 
mantle composition. 

Models for the bulk composition of Mars predict a 
mantle whose major element abundances are similar to 
the Earth's except for iron (Table 1). Proposed models for 
the martian mantle are iron-rich with mg~s  ranging 
from 75 to 80 (McGetchin and Smyth 1978; Morgan and 
Anders 1979; BVSP 1981; Goettel 1983; Dreibus and 
Wanke 1985). These models are either based on cosmo- 
chemical arguments (e.g. equilibrium condensation mod- 
el), or derived by the addition of iron to a terrestrial 
mineral assemblage. With one exception (Dreibus and 
Wanke 1985), they predict the abundance of iron from 
calculations of mantle density. 

Calculations of mantle density depend on knowledge 
of the mean moment of inertia of Mars (Johnston et al. 
1974; Johnston and Toksoz 1977; Okal and Anderson 
1978; Goettel 1981). This value is poorly constrained and 
recently an estimate which would result in a more Earth- 
like mantle iron abundance has been proposed (Bills 
1989). However, there is a group of petrologically and 
geochemically distinct meteorites, the SNCs (shergottites, 
nakhlites, chassignites), that constrain the martian com- 
position independent of estimates of mantle density, if 
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Table 1. Bulk mantle compositions 

MARS EARTH 

McGetchin & Smyth a Goettel b DW KLB a Pyrolite e 
Dreibus & Wanke ~ 

PHN1611 f 

wt % 
SiO 2 40.04 45.07 44.40 44.48 45.0 43.70 
TiO 2 0.63 - 0.14 0.16 0.2 0.25 
AI203 3.14 3.26 3.02 3.59 4.4 2.75 
FeO 18.85 15.07 17.90 8.10 7.6 10.05 
MnO 0.12 - 0.46 0.12 0.11 0.13 
MgO 33.22 32.08 30.20 39.22 38.80 37.22 
CaO 2.73 3.03 2.45 3.44 3.4 3.26 
Na20 0.51 1.40 0.50 0,30 0.4 0.33 
K20 0.12 0.12 - 0,02 - 0.14 
PaOs 0.05 - 0.16 0.03 - 
Cr203 0.38 - 0.76 0.31 0.5 0.28 
NiO 0.18 - - 0.25 - - 
Total 99.59 100.03 99,99 100.02 100.41 98.11 

mg ~ 75.8 79.1 75.0 89.6 90.1 86.8 

a McGetchin and Smyth (1978) after Morgan and Anders (1979); b Goettel (1983); ~ Dreibus and Wanke (1985); d Takahashi (1986); ~ Green 
et al. (1979); and f Mysen and Kushiro (1977) 

Mars is the proposed parent body of the SNC meteorites 
(Wood and Ashwal 1981). Dreibus and Wanke (1985) 
used element correlations between measured ratios in 
SNCs and chondritic abundances to predict a SNC par- 
ent body with a mantle enriched in iron relative to the 
earth (Table 1). Our experiments are performed with the 
anhydrous SNC martian mantle composition DW 
(Dreibus and Wanke 1985). 

Previous experimental work with an iron-rich martian 
composition in the system CaO-MgO-FeO-AI203-SiO2 
(CMFAS) indicated that a mantle with a mg =~ of 77 
would have garnet stable as a subsolidus aluminous 
phase at a pressure 5 kbar lower than in the iron-flee 
CMAS system, at the same temperature (Patera and Hol- 
loway 1982). Bertka and Holloway (1988) experimentally 
determined that the near solidus melt composition in 
equilibrium with an iron-rich (mg ~ = 78) garnet lherzo- 
lite source region at 23 kbar is a picritic alkali basalt. 
Subsolidus mineralogy and partial melting products of 
an iron-rich mantle have also been predicted from theo- 
retical studies. By using a mantle norm algorithm, 
McGetchin and Smyth (1978) predicted the mineral as- 
semblage of the martian mantle. A similar approach was 
taken by Stolper (1980) who projected iron-rich bulk 
compositions into experimentally determined phase re- 
gions of the CMAS system. Wood and Holloway (1982) 
used thermodynamic calculations in the Na20-CMFAS 
system to predict subsolidus assemblages. In the theoret- 
ical studies, the primary melt compositions produced 
from partial melting of the assemblages were modelled 
after terrestrial primary melts in equilibrium with the 
same assemblage. 

The melting reaction which takes place at the solidus 
of a mantle composition is determined by the coexisting 
mineral assemblage (e.g. Mysen and Kushiro 1977). The 
success of modelling iron-rich partial melting processes 

after results from iron-flee or iron-poor systems depends 
on the accuracy with which we can predict the effect of 
iron on the coexisting mineral assemblage of a multi- 
phase, multicomponent mantle system. The normative 
approaches assume a simple substitution of FeO for 
MgO in solid solution minerals and melts. The thermo- 
dynamic calculations, due to a lack of appropriate data, 
must often approximate complex solution behavior with 
simple models. The results of our study demonstrate the 
significance of pigeonitic clinopyroxene, a phase previ- 
ously overlooked by both the normative and thermody- 
namic based approaches, to partial melting processes in 
an iron-rich mantle. Previous theoretical studies of iron- 
rich mantle assemblages that do not include pigeonitic 
clinopyroxene in their determination of stable mineral 
assemblages or partial melt compositions are incomplete. 

The results of our study are presented in two parts. In 
this paper, the near solidus mineral compositions for the 
DW mantle from 10 to 30 kbar and details of the melting 
phase relations from 10 to 20 kbar, that is the tempera- 
ture interval over which the mineral phases melt out of 
the assemblage, are reported. These results are compared 
with previous partial melting studies with more Mg-rich 
compositions. In part II, Bertka and Holloway (1993a, 
this volume), primary melt and coexisting mineral com- 
positions for increasing degrees of partial melting in the 
spinel lherzolite field at 15 kbar are reported. These re- 
sults are also compared with previous partial melting 
studies with more Mg-rich compositions. Finally, impli- 
cations for basalt petrogenesis on Mars as well as for 
iron-rich terrestrial source regions on Earth are dis- 
cussed. 
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Fig. la--d. Backscattered electron images of run products at 
15 kbar. Individual mineral phases are distinguished by a change in 
gray scale, a Subsolidus run DWF-52 (1150~ From lightest to 
darkest the mineral phases are spinel, olivine, clinopyroxene, and 
orthopyroxene. The smaller dark areas are void spaces, b Super- 
solidus run DWF-23 (1300~ The outlines of individual grains are 
distinct and interstitial glass areas are present. From lightest to 
darkest the mineral phases are spinel, olivine and orthopyroxene, e 
Supersolidus run DWF-27 (1360~ The outlines of individual 

grains are distinct and interstitial glass as well as glass+quench 
crystal areas (left side of figure) are present. From lightest to darkest 
the mineral phases are olivine, and orthopyroxene, d Supersolidus 
run DWF-39. The outlines of individual grains are distinct and 
interstitial glass areas are present. This charge was first equilibrated 
at 1400~ well above the solidus, and then lowered to 1300~ the 
solidus temperature. From lightest to darkest the mineral phases 
are spinel, olivine, clinopyroxene and orthopyroxene 

Experimental approach 

Solidus mineralogy and melting phase relations 

The starting material for the partial melting experiments was a 
sintered oxide mix of the DW composition (Table 1). The DW 
composition was synthesized from spectroscopically pure oxides 
and carbonates ground under ethanol in an agate mortar for one 
hour, and reduced in a gas mixing furnace (1000~ jo_, at QFM-1 
log unit) for 24 h. The sintered oxide mix was reground in a tung- 
sten-carbide container to less than 5 gm. Experimental charges used 
to locate the pressure, near solidus temperatures, of the spinel to 
garnet transition were seeded with ~ 5 wt% garnet crystals in order 
to encourage garnet growth. 

The solidus temperature of the DW composition from 10 to 
20 kbar was located by comparing the appearance of backscattered 

electron images of a sequence of run products from increasing tem- 
perature (Fig. 1). Phase relations within 60~ of the solidus were 
bracketed with runs that had closely spaced, 20~ temperature 
intervals. The melting temperature interval and the composition of 
the first phase to melt out of the assemblage were also confirmed 
with experiments initially run at temperatures well above the 
solidus and then lowered to solidus temperatures. Run duration 
varied from 48 h at near solidus temperatures to 1 h at near liquidus 
temperatures. 

Oxygen fugacity 

Approximately 10 mg of starting material was loaded into a 3.5 mm 
long graphite capsule and placed into an outer 3 mm O.D. platinum 
capsule that was welded closed. The inner graphite crucible weighed 
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approximately 20 mg and the outer Pt capsule 245 mg. The graphite 
crucibles were fired to red heat prior to loading the starting material 
and the loaded capsule, Pt + graphite + starting material, was 
heated to 400~ before being welded closed. 

The inner graphite capsule helps prevent iron loss from the 
starting material to the outer platinum capsule (see also Bertka and 
Holloway 1988), and it constrains the maximum fo2 of the charge 
(Holloway et al. 1992). By including a small, 0.15 rag, platinum wire 
in the charge, thefQ of the experiment could be calculated from the 
iron-quartz-fayalite buffer reaction, provided residual olivine and 
orthopyroxene were present (Bertka and Holloway 1988; Gud- 
mundsson and Holloway t988,1993): 

02 + 2Fe + S i O  2 = F e 2 S i O  4 

a ol 
Fe2SiO4 

f o 2  ~ system Pt  2 
( K Q F I )  ( a s i o 2 ) ( a F e )  

where 
a oI 

Fe2SiO 4 

KQF I = 

system 
a s i o 2  

Pt 
a F e  = 

(1) 

de " ol 2 n activity of fayalite in olivine; fined by (XFe2SiO4), a a- 
lyzed mole fraction of fayalite in olivine; 
equilibrium constant for the iron-quartz-fayalite buffer 
reaction after O'Neill (1987), with a pressure correction 
applied; 
activity of SiO2 in the system, constrained by the coexis- 
tence of olivine and orthopyroxene after Nicholls (1977), 
with a pressure correction applied; 
activity of iron in platinum; calculated from the product 
of XPt e, the analyzed mole fraction of iron in the platinum 

Pt wire and, 7F~, the activity coefficients of iron in platinum, 
determined by Gudmundsson and Holloway (1993). 

phase relations, and quanitative chemical analyses, were obtained 
at Arizona State University with a JEOL JXM-8600 electron mi- 
croprobe equipped with both wavelength and energy dispersive 
detection systems. Operating conditions for the wavelength disper- 
sive analyses were 15 kV accelerating potential and 10 nA beam 
current. A 2 gm diameter beam was used to analyze mineral phases. 
Standards for the analyses were natural oxides and silicates. The 
data were reduced using the Bence and Albee (1968) correction 
method. 

The iron content of the platinum wires was analyzed with a 
2 pm beam placed within 10 gm of the Pt wire-silicate interface.The 
iron content of the Pt wires increased by < 1 wt% from core to rim. 
These data were reduced using the ZAF correction method (Reed 
1975). 

Approach to equilibrium 

Experimental run times. One experimental test of an approach to 
equilibrium is to identify the minimum run time at which no further 
change in the composition of a phase occurs. Previous workers have 
shown that when natural minerals are used as the starting material 
for partial melting experiments the pyroxene grains are zoned, with 
out of equilibrium cores, even after run durations of several days 
(Takahashi and Kushiro 1983; Fujii and Scarfe 1985). The near 
solidus partial melting experiments of our study had run durations 
of 48 h. The pyroxene grains that grew from the sintered oxide mix 
have core compositions, after 48 h, that are nearly identical to those 
from an 8 day experiment. The only notable difference between the 
pyroxene compositions after 48 h and those after 8 days is the CaO 

Apparatus 

Experiments were performed in an end-loaded, solid-media, piston- 
cylinder apparatus similar to that described by Boyd and England 
(1960) with a 0.5" diameter cell assembly. The assembly consisted of 
a graphite tube furnace encased in a pyrex glass and outer NaC1 
sleeve. The sample container, centered in the hot spot of the 
graphite furnace, was surrounded by powdered alumina and the 
remaining space in the furnace was filled with A1SiMag spacers. All 
assembly materials, except the pyrex glass and NaC1 sleeves, were 
fired to red heat prior to loading. The pyrex glass and NaC1 sleeves 
were dried at 400~ 

Temperature was measured with a Pt-Pt10%Rh thermocouple 
that was encased in an 99.998 % alumina insulator. The thermocou- 
pie junction was in contact with the top of the Pt capsule. No 
correction for the effect of pressure on the EMF output of the 
thermocouple was made. The temperature gradient across the 
length of a 3.5 mm capsule is _<20~ (Boyd and England 1960, 
1963). One experiment at 15 kbar, 1320~ was run with tempera- 
ture monitored by both a Pt-Pt l0%Rh and a W5%Re-W26%Re 
thermocouple for 48 h. The difference between the two thermocou- 
ples was <_ 15~ No drift in the emf of the Pt-Ptg0Rhl0 thermocou- 
ple was recorded. 

Pressure calibrations were based on the ferrosilite-quartz-fay- 
alite reaction as determined by Bohlen et al. (1980). Pressure, with 
a friction correction of 10% applied to nominal values, has an 
uncertainty of _+ 1 kbar. All experiments were performed using the 
hot, "piston out" method. The pressure was initially raised ~ 10% 
higher than the required run pressure and maintained while the 
sample was brought to run temperature. Then the pressure was 
reduced to the desired value. 

Analytical technique 

Longitudinal sections of the experimental charges were mounted 
and polished. Backscattered electron images used to determine 
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Fig. 2. CaO and AI203 abundances in pyroxenes in DW composi- 
tions run at 15 kbar and 1280~ Shown are rim to rim analyses of 
single grains at 48 h and average core abundances of grains at 48 h 
and 8 days. The error bars on the analyses of core compositions are 
the standard deviation of abundances in those runs. Microprobe 
analyses of CaO and AI203 abundances in the pyroxenes are precise 
to 1% relative. The values plotted are represented by symbols that 
are larger than this analytical uncertainty 
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T ~ C 1280 ~ 1280 ~ 1280 ~ 1280 ~ 1300 ~ 1300 ~ (1400)" 1300 ~ (1400) a 

Run 
Duration 48 h 8 days 48 h 8 days 48 h 48 h 48 h 

Phase sp 4-1 a sp 4- 1 ~7 cpx + 1 a cpx _+ 1 a sp 4-1 a sp _+ 1 a cpx 4-1 

SiO2 0.78 0.61 0.79 0.08 51.9 0.5 52.8 0.5 0.67 0.16 0.44 0.07 51.8 0.5 
TiO 2 0.62 0.02 0.72 0.03 0.14 0.04 0.16 0.02 0.53 0.01 0.50 0.03 0.13 0.02 
A1203 24.6 1.8 29.7 1.4 4.36 0.12 4.41 0.37 22.4 0.9 27.8 1.2 4.32 0.47 
FeO 24.5 0.5 23.9 0 11.3 0.2 11.6 0.5 24.1 0.1 23.2 0.2 12.4 0.3 
MnO 0.35 0.03 0.38 0.06 0.41 0.09 0.39 0.03 0.34 0 0.35 0.07 0.46 0.06 
MgO 10.9 0.3 1 t.8 0 20.4 0.3 20.3 0.7 11.0 0.4 11.6 0.3 21.5 0.6 
CaO * * 9.37 0.15 8.20 0.83 * * 7.35 0.65 
Na20 * * 0.81 0.03 0.94 0.10 * * 0.63 0.07 
Cr203 38.3 1.2 32.7 1.4 1.34 0.10 1.25 0.15 40.9 1.2 36.2 0.9 1.36 0.26 

mg ~ 44.3 46.8 76.2 75.7 44.9 47.1 75.6 

Reported analyses are normalized averages of at least three grains. Standard deviation is reported as absolute wt % 
* Indicates that the measured value is zero within analytical precision 
a This charge was first equilibrated at 1400 ~ C and then lowered to 1300 ~ C 

abundance in clinopyroxene which decreases after 8 days by 
1 wt%, but still overlaps with the estimated range of core compo- 

sitions from 48 h runs. Furthermore, the pyroxene grains are un- 
zoned. In Fig. 2 the CaO and A1203contents from rim to rim, after 
48 h, of a single orthopyroxene and clinopyroxene grain are shown, 
along with the average abundance of these oxides in pyroxene cores 
from experiments with run durations of both 48 h and 8 days, all at 
15 kbar, 1280~ The variation in CaO and A1203 abundance from 
rim to rim falls within or close to the range of average core values, 
except for A1203 in the clinopyroxene grain. Although this grain is 
not zoned in A1203it has an A1203 content which falls outside the 
average A1203content of dinopyroxenes in this experimental 
charge. The mg ~ s of the analyses of the single clinopyroxene grain, 
from rim to rim, are identical; those of the single orthopyroxene 
grain, from rim to rim, differ by < 1 mg@. We conclude that the 
subsolidus pyroxene grains have approached equilibrium by 48 h. 
Olivine compositions after 48 h and 8 days are also nearly identical, 
but after 8 days spinel compositions are 5 wt% richer in A1203, 
6 wt% poorer in Cr203 and have higher mg@s, 46.8 vs 44.3 (Table 
2). 

Reversal experiments. The composition of the solidus spinel and 
clinopyroxene phases, and the melting interval of clinopyroxene, 
were confirmed with experimental charges that were first equilibrat- 
ed at temperatures well above the solidus and then lowered in 
temperature to within 40~ of the solidus. The initial temperatures 
of these reversal experiments were not within the clinopyroxene or 
spinel stability fields. The ctinopyroxenes and spinels that crystal- 
lized in these charges grew from the melt phase. 

At near solidus temperatures the clinopyroxene compositions 
were virtually identical to the subsolidus clinopyroxenes that grew 
from the sintered oxide mix; SiO2, FeO and MgO abundances dif- 
fered by _<1.2 wt%, A1203 abundances by _<0.5 wt% and CaO 
abundances by _<2.0wt% (Table 2). The results of these experi- 
ments also confirmed that clinopyroxene melts out of the DW as- 
semblage within 20~ of the solidus. Spinels that crystallized out of 
the melt at 40~ above the 15 kbar solidus had major element 
abundances similar to those which grew from the sintered oxide mix 
at the same temperature; FeO and MgO abundances differed by 
_< 1 wt%, A1203 and Cr203 abundances by <2.5 wt%. At tempera- 
tures closer to the solidus at 15 kbar, FeO and MgO abundances 
differed by _< 1 wt%, but A1203 and Cr203 abundances differed by 
5 wt% (Table 2). At 10 kbar, near solidus temperatures, differences 
in A1203 and Cr203 abundances arc even greater, up to 7.6 wt%. 
The spinels which crystallized out of the melt phase are judged to 
have a closer approach to equilibrium than those that grew from 

the sintered oxide mix, because the rate of cation diffusion is slower 
in crystalline phases than in a melt phase. Spinels, in some of the 
subsolidus runs at least, may not have reached equilibrium. 

Fe/Mg partitioning. A comparison of previously calculated and 
measured Fe/Mg partition coefficients for the pairs olivine/orthopy- 
roxene (ol/opx), and olivine/spinel (ol/sp), to the values experimen- 
tally determined in this study suggests that Fe-Mg exchange reac- 
tions between these pairs have approached equilibrium in our ex- 
periments. Sack and Ghiorso (1989) calculate ol/opx Fe/Mg K D as 
a function of the mole fraction of fayalite in olivine, and of pressure 
and temperature. Like previously measured values, ours are lower, 
KD = 1.1-1.25, than those calculated by Sack and Ghiorso (1989), 
KD = 1.4-1.5, for similar mgqf olivine-orthopyroxene pairs at the 
same pressure and temperature conditions. Our values compare 
favorably with other experimental values cited in Sack and Ghiorso 
(1989) from similar rag#  olivine-orthopyroxene pairs, KD = 1.2. 

Olivine re-equilibrates faster to changes in melt Fe/Mg ratio 
than does orthopyroxene (Takahashi and Kushiro 1983), apparent- 
ly because of differences in Fe-Mg diffusion rates in olivine and 
orthopyroxene. This difference aids in the identification of experi- 
mental charges that suffered iron loss when the melt phase came 
into contact with the Pt capsule through cracks in the graphite 
crucible. In these charges the orthopyroxenes retain an m g #  that is 
lower than the equilibrium value. This results in ol/opx Fe/Mg 
partition coefficients that are too low. Likewise, in a reversal exper- 
iment, in which the charge is first equilibrated at a temperature 
higher than the final run temperature, the orthopyroxenes retain the 
higher temperature mg 44- resulting in ol/opx Fe/Mg partition coeffi- 
cients that are too high. In our experiments iron loss was suspected 
if ol/opx Fe/Mg K D was < 1.1. When melt compositions were ob- 
tained in our partial melting experiments (Bertka and Holloway 
1993a), mass balance calculations were performed to determine the 
mode of the phase assemblage. The results of these calculations are 
in agreement with those ol/opx KDS that suggest iron loss occurred. 
The calculated modes yield bulk compositions that match the start- 
ing DW composition, except for an iron deficiency. The amount of 
iron lost from the starting bulk composition in these experiments is 
between 2.5% and 12% relative; resulting in a minor change in bulk 
m g ~  from 75.0 to _<77.4. 

O'NeilI and Wall (1987) derived an expression for the olivine- 
spinel Mg-Fe 2+ exchange geothermometer. They did not define the 
uncertainty in the temperatures calculated from their geother- 
mometer, but compared their values with the temperatures of ex- 
perimentally equilibrated olivine-spinel pairs (Roeder et al. 1979). 
The calculated temperatures were up to 90~ too low. The geother- 
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Table 3. Experimental conditions and run products of partial melt- 
ing experiments 

Run ~ a P kbar T ~ C b Time h Run Products c 

DWF-42 5 1125 48 o1+ opx + cpx+sp +liq 
DWF-50 10 1100 48 ol+opx+cpx+sp 
DWF-12 10 1200 48 ol+opx+cpx+sp 
DWF-41 10 1200 (1300) 24 ol+opx+cpx+sp 
DWF-29 10 1220 48 ol+opx+cpx+sp+liq? 
DWF-54 10 1220 (1300) 48 ot+opx+cpx+sp+liq 
DWF-33 10 1240 48 ol+opx+sp+liq 
DWF-32 10 1260 48 ol+opx+sp+liq 
DWF-74 10 1280 48 ol+opx+sp+liq 
DWF-9 10 1300 18.3 ol + opx + liq 
DWF-2 10 1400 4 ol + opx + liq 
DWF-5 10 1500 3 ol + opx + liq 
DWF-14 10 1550 0.75 ol+liq 
DWF-52 15 1150 48 ol+opx+cpx+sp 
DWF-57 15 1150 168 ol+opx+cpx+sp 
DWF-46 15 1200 40.5 ol+opx+cpx+sp 
DWF-20 15 1280 48 ol+opx+cpx+sp 
DWFC-61 15 1280 192 ol+opx+cpx+sp 
DWF-23 15 1300 48.25 ol + opx + sp + liq 
DWF-39 15 1300 (1400) 48 ol+opx+cpx+sp+liq 
DWF-22 15 1320 48 ol+opx+sp+liq 
DWF-55 15 1320 (1400) 48 ol+opx+sp+liq 
DWF-25 15 1340 48 ol+opx+sp+liq 
DWF-27 15 1360 48 ol + opx + liq 
DWF-73 15 1400 24 ol + opx + liq 
DWF-37 15 1500 5 ol + opx + liq 
DWF-38 15 1550 5 ol+liq 
DWFS-47 18 1300 46 ol + opx + cpx + sp 
DWF-8 20 1300 24 ol + opx + cpx + sp 
DWF-13 20 1300 48 ol+opx+cpx+sp 
DWFS-62 20 1320 48 ol+opx+cpx+sp 
DWF-24 20 1340 48 ol + opx + cpx + sp 
DWF-19 20 1360 48 ol+opx+sp+liq 
DWF-26 20 1360 (1500) 48 ol+opx+sp+liq 
DWF-21 20 1380 48 ol + opx + liq 
DWF-58 20 1380 (1450) 48 ol+opx+sp+liq 
DWF-6 20 1400 24 ol + opx + liq 
DWF- 1 20 1500 4 ol + opx + liq 
DWF-30 20 1550 4 ol + liq 
DWF-4 20 1600 2 ol + liq 
DWFS-49 22 1350 48 ol+opx+cpx+sp 
DWFS-69 24 1320 48 ol+opx+cpx+sp+gt 
DWFS-64 26 1350 42 ol+opx+sp+gt+liq? 
DWFS-66 28 1350 36 ol+opx+sp+gt+liq? 
DWF-10 30 1300 24 ol+opx +cpx+sp+gt 
DWF-31 30 1450 24 ol + opx + liq 

a Starting material: DWF=DW oxide mix; DWFS=DW oxide 
mix + garnet seeds; DWFC = DW oxide mix + augite seeds 
b Where initial temperature differs from final temperature initial 
temperature is given in parenthesis 
~ Run products: ol = olivine; opx = orthopyroxene; 
cpx=clinopyroxene; sp=spinel; gt =garnet; liq=melt 

mometer may underestimate the temperature of equilibration. In 
general the temperatures calculated for the experimental olivine- 
spinel pairs of this study are also low, although most of the calculat- 
ed temperatures differ from the experimental temperatures _< 50~ 

Results 

The experimental conditions and the run products of the 
partial melting experiments are listed in Table 3. The 
melting phase relations of the DW bulk mantle composi- 

tion are illustrated in Figure 3. The compositions of the 
near solidus minerals, at pressures of 10 to 24 kbar, are 
given in Table 4. The composition of near solidus liquids 
is a topic discussed in a separate paper (Bertka and Hol- 
loway 1993a). 

Subsolidus mineral assemblages 

The temperature at which melting began was estimated 
by comparing backscattered electron (BSE) images of the 
run products. Grain boundaries between subsolidus sili- 
cate minerals are marked only by a change in gray scale. 
However, if the assemblage began to melt then the out- 
lines of individual grains are more distinct (Fig. 1). 

The stable assemblage near the solidus, determined 
from 10 to 22 kbar, is a spinel lherzolite: olivine + or- 
thopyroxene + clinopyroxene + spinel. In the BSE im- 
ages spinel appears as bright euhedral grains, usually less 
than 10 ~tm in diameter. These grains have the lowest 
r ag#s ,  ~45, and are chrome-rich, 31 to 38 wt% Cr20 3. 
The light gray crystals in the BSE images are olivines, 
m g #  ~ 75. The olivine grains are 10 to 20 gm in diame- 
ter and are compositionally similar within any charge. 
The darkest, mg 4t= ~ 78, and largest crystals, 10 to 35 gin, 
are orthopyroxene. They have A1203 contents of 2.4 to 
5.4 wt% and CaO contents of 1.7 to 4.6 wt%. Clinopy- 
roxene occurs in close association with orthopyroxene. 
Clinopyroxene has mg # ~ 76; in the BSE images it ap- 
pears slightly lighter than orthopyroxene and it is diffi- 
cult visually to distinguish the two minerals in subsolidus 
charges. The A120 3 contents of the clinopyroxene are 3.2 
to 5.8 wt% with CaO contents from 6.6 to 10.2 wt%. The 
evidence used to identify these clinopyroxene grains as 
pigeonitic clinopyroxene, and the implications of their 
presence for partial melting processes, are topics covered 
in a separate paper (Bertka and Holloway 1993b). 

Garnet is stabilized between 20 and 24 kbar at 
1320~ At 24 kbar the cores of garnet seeds, mg ~ = 70, 
are rimmed by more iron-rich, mg 4~ = 67, garnet over- 
growths. At 20 kbar the final run product contains no 
evidence of the original garnet seed crystals. At 26 and 
28 kbar, 1350~ garnet seeds are also rimmed by more 
iron-rich garnet overgrowths. The location of the solidus 
at these pressures has not been bracketed with a sequence 
of subsolidus to near solidus runs. However, the experi- 
mental results are consistent with extrapolation from the 
lower pressure data and the work of Patera and Hol- 
loway (1982) on the pressure-temperature slope of the 
spinel to garnet transition in the CMFAS system, which 
suggests that garnet is stable at the solidus along with 
spinel between 24 and 26 kbar at _< 1350~ (Fig. 3). At 
and above 24 kbar the spinel grains are < 3 gm in diame- 
ter and were not analyzed. The transition of the sub- 
solidus assemblage to a plagioclase lherzolite was not 
observed to occur for composition DW at solidus tem- 
peratures, even at pressures as low as 5 kbar. 

Melting phase relations of DW 

With increasing degrees of melting above the solidus of 
DW, interstitial pools of melt form. These quench to glass 
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Run 10 kbar, 1220 ~ C (Tsolidu s = 1220 ~ C_+ 10) 

Phase ol _+1(7 opx +1~ cpx _+la sp 

15 kbar, 1280 ~ C (Tsolidu s = 1290 ~ C_+ 10) 

+lcr ol _+1~ opx ___l~z cpx _+la sp _+1(7 

wt % 
SiO2 38.0 0 52.7 1.0 52.7 0.3 0.59 0.26 37.4 0.2 53.2 0.5 51.9 0.5 0.43 0.06 
TiO 2 * 0.16 0.08 0.15 0.02 0.74 0.05 * 0.06 0.05 0.14 0.04 0.62 0.02 
A1203 0.17 0.09 3.92 1.52 3.56 0 . 3 6  28.2 0.4 0.09 0 3.40 0.62 4.36 0 . 1 2  24.6 1.8 
FeO 22.9 0.3 13.4 0.7 12.4 0.3 23.8 0.2 22.7 0.1 13.1 0.2 11.3 0.2 24.5 0.5 
MnO 0.40 0.04 0.43 0.05 0.43 0.02 0.38 0.07 0,42 0.02 0.38 0.03 0.41 0.09 0.35 0.03 
MgO 38.0 0.7 25.2 2.5 21.2 0.4 11.2 0.2 38.9 0.2 26.6 0.2 20.4 0.3 10.9 0.3 
CaO 0.31 0.04 3.12 1.45 7.83 0.74 * 0.28 0 2.13 0.02 9.37 0.15 * 
Na20 * 0.39 0.36 0.64 0.04 * * 0.22 0.05 0.81 0.03 * 
Cr203 0.18 0.04 0.50 0.19 1.07 0.08 33.9 2.0 0.15 0.05 1.02 0.13 1.34 0 . 1 0  38.3 1.2 

mg # 74.7 77.0 75.3 45.8 75.3 78.4 76.2 44.3 

Run 

Phase 

20 kbar, 1340 ~ C (Tsolidu s = 1350 ~ C_+ 10) 24 kbar, 1320 ~ C (Tsolidu s ~ 1350 ~ C) 

ol _+l~r opx +1or cpx _+1or sp _+1~ ol _+l~r opx + l a  cpx _+la gt _+1 

wt % 
SiO 2 37.8 0.4 52.1 0.4 52.2 1.0 0,67 0.08 38.9 0.2 53.4 0.2 52.6 0.3 41.3 0.6 
TiO 2 * 0.13 0.01 0.10 0.02 0.68 0.02 * 0.13 0.01 0.15 0.04 0.21 0.09 
A1203 0.13 0.01 4.54 0.44 4.19 0.85 30.2 0.1 0.12 0.04 4.87 0.18 5.17 0.63 21.0 0.2 
FeO 22.9 0.1 13.3 0.4 12.4 0.3 25.1 0.3 21.9 0.4 13.0 0.1 10.6 0.4 13.4 0.2 
MnO 0.46 0.02 0.41 0.05 0.46 0.03 0.39 0.06 0.41 0.06 0.37 0.02 0.43 0.01 0.68 0.04 
MgO 38.3 0.5 25.9 0.5 21.8 0.8 11.8 0.03 38.2 0.5 25.0 0.4 18.9 0.8 15.1 0.4 
CaO 0.27 0.01 2.08 0.05 6.77 0.13 * 0.20 0.02 2.10 0.19 9.54 0.69 5.30 0.07 
Na20 * 0.34 0.03 0.95 0.09 * * 0.39 0.02 1.30 0.06 * 
Cr203 0.13 0.18 1.14 0.13 1.13 0.33 31.1 0.5 0.20 0.04 0.83 0.12 1.24 0.01 2.93 0.13 

mg # 74.9 77.6 75.8 45.5 75.6 77.5 76.0 66.7 

Reported analyses are normalized averages of at least three grains. Standard deviation is reported as absolute wt % 
Spinels in 24 kbar assemblage not analyzed 
* Indicates that the measured value is zero within analytical precision 
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Fig. 3. Melting phase relations of the DW bulk mantle composition. 
The inferred location of the solidus, above 20 kbar and below 
10 kbar, and subsolidus aluminous phase boundaries are shown 
with dashed lines. Filled triangles, ol + opx + cpx + sp _+ gt; filled dia- 
monds, ol + opx § sp + liq; filled squares, ol + opx + liq; open squares, 
ol+liq. O1, olivine; opx, orthopyroxene; cpx, clinopyroxene; sp, 
spinel; gt, garnet; and liq, liquid. The cpx-out curve falls <20~ 
above the solidus. The slope of the subsolidus garnet-in curve is 
calculated from Patera and Holloway (1982) 

and  quench  crystals which grow on  the rims of stable 
crystals (Fig. 1). The first phase to melt  out  of the spinel 
lherzolite assemblage is c l inopyroxene.  Cl inopyroxene  is 
absent  above the solidus except in two exper imental  
charges one at 10 and  one at 15 kbar  (see Table 3). These 
charges were equi l ibra ted at tempera tures  well above the 
solidus and  then lowered in tempera ture  to the solidus. 
Their  c l inopyroxene composi t ions  are similar to those 
found  in the subsol idus exper imental  charges. The data  
indicate that  c l inopyroxene  melts out  of the spinel lher- 
zolite assemblage within 20~ of the solidus. As the de- 
gree of mel t ing increases spinel is removed from the as- 
semblage at abou t  50~ above the solidus. This change in 
phase relat ions is followed by a large tempera ture  inter-  
val, 150 ~ 200~ where melts are in equi l ib r ium with only 
olivine and  or thopyroxene.  In  this interval  the melt  
quenches to a mixture  of quench  crystals and  glass 
(Fig. 1). 

fo2 calculat ions 

The results of thefo2 calculat ions at 10, 15 and  20 kbar  
are shown in a plot  of log fo2, relative to N N O ,  versus 
tempera ture  in Fig. 4. The f Q  buffer curves for Q F M ,  
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Fig. 4. Log fo2 of partial melting experiments, relative to NNO, 
calculated from the QFI buffer reaction with the Pt-wire technique. 
fo2 buffer curves: QFM, IW, WM, and NNO, Huebner (1971); CCO, 
Saxena and Fei (1987). Filled circles, fo; of partial melting experi- 
ments 

WM, IW, NNO (Huebner 1971), and graphite-CO-CO2 
(Saxena and Fei 1987) are also shown. The results shown 
in Fig. 4 are plotted with a symbol size that represents an 
estimate of the total analytical uncertainty in logfQ. An- 
alytical uncertainty results in uncertainties of 

Pt - ~ 7 % .  A ot = +3%, a system - +6%, and ave _ 
aFe2SiO4 - -  s io2  - -  - -  
propagation of these uncertainties, assuming they are in- 
dependent and random, suggests the calculated fo~S are 
accurate to within +_ ~0.1 log units. When alternative 
sources of thermodynamic data are used in the calcula- 
tions, the calculated fo2 s fall within 0.2 log units of the 
values shown in Fig. 4. 

Thompson and Kushiro (1972) suggested that the use 
of graphite capsules in piston cylinder experiments would 
constrain thefo 2 of the charges to fall within the stability 
field of wustite. Holloway et al. (1992) point out that the 
presence of graphite in a capsule does not alone buffer the 
fo~ but instead only places a limit on the maximum fQ 
obtainable, i.e. the value reached when a CO-CO2 fluid 
phase is present. Without a fluid phase the fo2 of the 
charge is dependent on the ferric/ferrous ratio of the 
starting material and the reaction between this material 
and the graphite capsule. 

The calculatedfo2S fall above the CCO buffer curve, a 
discrepancy which cannot be accounted for by analytical 
uncertainty alone. Gudmundsson and Holloway (person- 
al communication) have also observed erroneously high 
fQ values using the Fe-Pt technique in the presence of 
graphite and believe this may be due to the effect of dis-- 
solved carbon on the activity coefficient of iron in Pt. If 
they are correct, the values reported here are subject to 
the same overestimate offo~. However, within analytical 
uncertainty, most of the fo2S calculated for the partial 
melting experiments of this study fall within the stability 
field of wustite. The ferric iron content of the experimen- 
tal charges was minimal. 

D i s c u s s i o n  

Subsolidus mineral assemblages and melting phase 
relations; iron-rich vs iron-poor source regions 

Terrestrial spinel lherzolite KLB has a major element 
composition that is similar to the DW mantle except that 
KLB is iron-poor (mg~: = 90) and 0.5 wt% and 1 wt% 
richer in A1203 and CaO, respectively (Table 1). The cal- 
culated modal abundances of clinopyroxene and spinel in 
the two mantle compositions are about the same, but the 
DW composition has more orthopyroxene and less 
olivine (Table 5). 

The partial melting phase relations of KLB up to 
30 kbar (Takahashi 1986) are shown in Fig. 5. KLB 
solidus temperatures are about 50~ higher than DW 
solidus temperatures at these pressures; this is a reason- 
able result because increasing the FeO/MgO ratio lowers 
the melting temperature of an assemblage. The stable 
subsolidus assemblage in both mantle compositions, 
from at least 10 to 25 kbar, is a spinel lherzolite, above 
25 kbar, both compositions yield garnet lherzolite. This 
observation is an initially surprising result because in- 
creasing FeO increases the stability of garnet and lowers 
the pressure of the spinel- to garnet-lherzolite transition 
(e.g. Patera and Holloway 1982). 

Patera and Holloway (1982) experimentally deter- 
mined the pressure of the spinel- to garnet-lherzolite 
transition, at subsolidus temperatures, in an iron-rich 
martian mantle composition. At the same temperature, 
the transition occurred about 5 kbar lower in the iron- 
rich system (mg~ = 76.8) than in the iron-free CMAS 
system. O'Neill (1981) calculated the effect of FeO on this 
transition. Based on these calculations we can predict 

Table 5. Mantle modes 

K L B  a D W  b 

wt % 
Olivine 58 41.9 
Orthopyroxene 25 37.9 
Clinopyroxene 15 16.2 
Spinel 2 4.0 
Garnet 

a Observed, Carter (1970) 
b Calculated from 15 kbar, 1280 ~ C assemblage 
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Fig. 5. Melting phase relations of the KLB bulk mantle composition 
after Takahashi (1986). Subsolidus aluminous phase boundaries are 
shown with dashed lines. Filled triangles, ol + opx + cpx + A1 phase; 
filled diamonds, ol+opx+cpx+A1 phase+liq; open diamonds, 
ol + opx + cpx + liq; filled squares, ol + opx + liq; and open squares, 
ol+liq. O1, olivine; opx, orthopyroxene; cpx, clinopyroxene; sp, 
spinel; gt, garnet; and liq, liquid 

that if the KLB and DW mantle compositions were sim- 
ilar, except for l e O  abundances, then at a fixed tempera- 
ture the transition would occur 3 kbar lower in the DW 
mantle than in the KLB mantle. However, the DW 
mantle composition is also richer in Cr203 (0.76 wt%) 
than KLB (0.31 wt%). O'Neill (1981) also calculated the 
effect of Cr203on the transition. If the only difference 
between the mantle compositions was Cr20 3 abun- 
dances, then the transition would occur 5 kbar higher in 
the DW mantle. The results of experimental work with 
peridotite mineral mixtures of varying Cr20 3 contents 
(MacGregor 1970) are in good agreement with these cal- 
culated results. The effects of increased Cr203 and FeO 
abundances in the DW mantle, over their abundance in 
the KLB mantle, cancel one another. The spinel to garnet 
transitions in these mantle compositions, at solidus tem- 
peratures, occur within _+ 1 kbar of each other near a 
pressure of 25 kbar. 

With increasing temperature above the spinel lherzo- 
lite solidus, clinopyroxene melts out of the KLB assem- 
blage over a 60~ melting interval (Takahashi 1986); this 
is a much larger temperature interval than the melting 
interval for clinopyroxenes in DW, < 20~ As discussed 
in a separate paper (Bertka and Holloway 1993b), the 
difference in melting interval is attributed to the stability 
of pigeonitic clinopyroxene at the solidus of DW, rather 
than augite, the stable clinopyroxene at the solidus of 
KLB. A difference in clinopyroxene mineralogy results in 
a difference in the melting reaction at the solidus: Bertka 
and Holloway (1993b) describe the melting reaction by 
graphically illustrating the location of the partial melt in 
relation to the tetrahedron formed by the residual mantle 
minerals in a spinel-olivine-orthopyroxene-wollastonite 
compositional space. The melting reaction for KLB is 
Opx + Cpx + Sp -- O1 + Liq; for DW the melting re- 
action is C p x +  Sp = O 1  + O p x +  Liq (Bertka and 
Holloway 1993b). In the DW mantle composition both 
olivine and orthopyroxene are in a reaction relation with 
the melt, whereas in the KLB composition, only olivine is 
in a reaction relation with the melt. With the onset of 
partial melting of the DW composition, the modal abun- 
dance of olivine and orthopyroxene in the partially melt- 

ed assemblage increases. At the end of the first 60~ melt- 
ing interval, both the DW and the KLB mantles consist 
of residual orthopyroxene and olivine. However, the or- 
thopyroxene + olivine melting interval is much smaller 
in the KLB mantle, (~-, 100~ than in the DW mantle 
(~  200~ 

Implications for  basalt petrogenesis on Mars 

At solidus temperatures, the transition from a spinel- to 
garnet-lherzolite assemblage occurs at a similar pressure 
in both the DW martian mantle composition and the 
KLB terrestrial mantle composition. Because the diame- 
ter of Mars is about 1/2 that of the Earth this pressure 
corresponds to a much greater depth in the martian 
mantle (~  208 kin) than in the Earth's mantle ( ~  85 kin). 
Therefore, the solidus assemblage over a large volume 
and mass percentage of the martian upper mantle, from 
< 83 km to 208 kin, is a spinel lherzolite. 

One of the youngest volcanic centers on Mars is the 
Tharsis plateau (Greeley and Spudis 1981). The depth of 
magma source regions on Mars has been calculated from 
the relief of the central volcanoes in the Tharsis region 
(e.g. Carr 1976; Blasius and Cutts 1976; Thurber  and 
Toks6z 1978). The calculated depths correspond to pres- 
sures of 13 to 30 kbar. Solomon and Head (1990) calcu- 
lated the lithospheric thermal gradients underlying the 
volcanoes of the Tharsis region. Most of the calculated 
gradients intersect the DW solidus at pressures of 10 to 
26 kbar. These results are in excellent agreement with the 
source region pressures predicted from the heights of the 
volcanoes. We conclude that the dominant near solidus 
assemblage in fertile source regions of the Tharsis plateau 
is a spinel lherzolite. The melt compositions produced by 
partial melting of an iron-rich spinel lherzolite are report- 
ed in part II of this study (Bertka and Holloway 1993a). 
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