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Abstract 8 

Tests show that terrestrial mineral+liquid geothermobarometers are not well 9 

equipped for use on martian rocks, which tend to have much higher FeO and lower 10 

Al2O3. Here, we present new calibrations of thermometers and barometers using 11 

experimental data on martian samples from the literature. These new models recover P-T 12 

conditions with a greater accuracy compared to models calibrated using terrestrial 13 

compositions. We applied these new calibrations to primitive martian mantle derived 14 

melts Yamato 980459 (Y98) and Northwest Africa (NWA) 6234 and several surface 15 

basalts (Gusev). Our new models yield similar P-T conditions for NWA and Y98 16 

compositions of 1.4-1.7 GPa and 1500-1550 °C, which are close to estimates by most 17 

prior studies. Our models yield somewhat lower P estimates compared to Lee et al. 18 

(2009), apparently because our Si-activity model (from Beattie 1993) includes an Al2O3-19 

correction (where lower Al2O3, as in martian samples, leads to lower P estimates). For 20 

Gusev basalt compositions, our new models yield P-T estimates of 1.0-1.3 GPa and 1340-21 

1390 °C; furthermore, we also obtain P = 1.03 GPa and T = 1340 °C, for a Gusev 22 

composition from Monders et al. (2007), which comes very close to the Monders et al. 23 

(2007) estimate for multiple saturation, of 1.0 GPa and 1325 °C, derived from phase 24 

saturation relationships. Given the different ages of these meteorites, with Gusev at 3.65 25 

Ga (Greeley et al. 2005) and Y98 at 4.3 Ga (Bouvier et al. 2005, 2008, 2009; Werner et 26 
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al. 2014), their thermal contrasts may represent secular cooling of Mars. We estimate a 27 

mantle potential temperature difference of ~200 °C, with mantle potential temperatures of 28 

1450 ± 50 °C for Gusev and 1650 ± 50 °C for Y98; this implies a cooling rate of 300 29 

°C/Ga. This would appear to be a much more rapid rate of cooling compared to Earth, as 30 

may be expected by Mars’ higher surface/volume ratio. 31 

Keywords: geothermobarometry, thermobarometry, martian meteorites, experimental 32 

petrology, martian geology, thermometer, barometer, Mars, petrology, SNC meteorites 33 

Introduction 34 

Geothermobarometers are useful tools as they lend insights into the inner 35 

workings of planetary bodies (see Essene, 1989; Brey and Köhler, 1990; Putirka et al., 36 

1996; Putirka, 2008). This was illustrated during the Apollo era, when return samples 37 

from the Moon gave scientists unique opportunities to apply geothermobarometry to a 38 

planetary body other than Earth (see McCallum and Schwartz, 2001; Lee et al., 2009). 39 

For example, workers discerned lower to middle crustal depths of recrystallization and 40 

partial melting in lunar samples (McCallum and Schwartz, 2001), which bolstered 41 

arguments for convective overturn of the lunar mantle early in its history (Lee at al., 42 

2009). However, as indicated by Filberto and Dasgupta (2011) and as we show below, 43 

thermobarometers calibrated on terrestrial compositions (Putirka et al. 1996; Putirka 44 

2008) are poor predictors of P and T when applied to experiments performed on martian 45 

bulk compositions. We thus calibrate new thermometers and barometers that are specific 46 

to martin bulk compositions. 47 

Martian meteorites 48 
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Martian meteorites are primarily comprised of basalts and basaltic cumulates 49 

(Shergottites), Ca-rich clinopyroxene cumulates (Nakhlites), and Dunites (Chassignites) 50 

in addition to other unique samples such as orthopyroxenite ALH84001 (Papike et al., 51 

2009) and a porphyritic basaltic monomict breccia NWA7034 (Agee et al., 2013). 52 

Shergottites themselves are typically further subdivided into basaltic, lherzolitic, and 53 

olivine-phyric shergottites (Goodrich, 2002). Furthermore, the literature shows that 54 

martian bulk compositions are different from common terrestrial samples in a number of 55 

ways. For example, Papike et al. (2009) compared the bulk silicate compositions of 56 

Earth, Mars, the Moon, and Vesta (see Papike et al., 2009; their tables 5 and 6) and 57 

showed that martian basalts are enriched in FeO and depleted in Al2O3 when compared to 58 

terrestrial samples. Papike et al. (2009) estimated that average martian basaltic 59 

compositions for Al2O3 and FeO were 6.55 wt% and 18.0 wt% respectively. We show 60 

similar contrasts between the two rock types using total FeO (FeOt) in liquids from 61 

partial melting experiments on martian bulk compositions, with an average of 16.6 ± 4.29 62 

wt% FeOt is compared to 8.60 ± 3.15 wt% FeOt when terrestrial bulk compositions are 63 

used (Fig. 1a). We also illustrate that liquids equilibrated from martian samples have less 64 

Al2O3, with an average 10.6 ± 3.12 wt% Al2O3 as compared to 14.8 ± 3.92 wt% Al2O3 for 65 

terrestrial basalts (Fig. 1b).  66 

Since the bulk of martian meteorites are cumulates, there has been no pressing 67 

need for new mineral-liquid thermobarometers. But, with new martian rover and potential 68 

future sample return missions, accurate mineral-liquid thermometers and barometers are 69 

likely to prove quite useful for understanding martian magmatic processes. As we show 70 
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below, the contrasts between martian and terrestrial samples lead to problems when 71 

models calibrated using terrestrial samples are used to predict P and T for martian rocks. 72 

For example, when we applied a two-pyroxene barometer from Putirka (2008) to 73 

experimental martian meteorite data (n = 39), it obtained an R2 value of 0.08, with a root 74 

mean square error (RMSE) of 0.62 GPa. We thus calibrate new thermometers, and 75 

barometers, following Putirka (2008), using equilibria that involve clinopyroxene (Cpx), 76 

orthopyroxene (Opx), and olivine (Ol).  77 

Methodology 78 

The models in this study follow the thermodynamic approach presented in Putirka 79 

(2008), where P and T are related to equilibrium compositions using an equilibrium 80 

constant (Keq), which is in turn related to the Gibbs free energy of pure substances at a 81 

standard state (∆G° in units of J/mole) through the familiar expression: ∆G°=-RTlnKeq 82 

(where R equals the gas constant J/K·mole and T is temperature in K). This equation can 83 

be expanded to derive equations that express P as a function of T and composition (see 84 

Putirka, 2008). Regression analyses are performed using JMP statistical software (SAS 85 

Institute Inc., 2010). Calculations of liquid and mineral components are as in Putirka 86 

(2008; Tables 1-3), where liquid components are treated as cation fractions. The 87 

pyroxene components were calculated using a normative scheme, as the cations are 88 

calculated on the basis of six oxygens (see examples in Putirka, 2008). 89 

Experimental data collected from the literature span a wide array of P, T, and 90 

liquid compositions (Table 1); these data range from 1 atm to 2.3 GPa and 950-1540 °C, 91 

with liquid compositions covering 40.2-66.16 wt% SiO2, 0.62-24.52 wt% MgO, 2.80-92 
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30.2 wt% FeO, 2.97-20.5 wt% Al2O3, and 0.19-6.77 wt% total alkalis.  The total number 93 

of data (n) for various equilibria are as follows: cpx+liquid, n=63; opx+liquid, n=89; 94 

ol+liquid, n=115. In each case, we use approximately 83% of the data for calibration and 95 

withhold 17% for use as test data. After testing various percentages, the ratio of 96 

calibration to test data was chosen to have a test data set large enough to verify accuracy, 97 

but still retain a calibration data set that included the widest possible range of liquid 98 

compositions and P-T conditions to produce precise models. In addition to mineral-liquid 99 

equilibria, we also calibrate 1) a two-pyroxene thermometer and barometer (n=39) and 2) 100 

a Si-Activity barometer (n=29), where 21% and 24% of the data are respectively reserved 101 

for test purposes. Because of the limited amount of total data for these models we 102 

increased the percentage of the test data sets to insure the accuracy of the models. 103 

Volatile bearing samples were used in the calibration and testing of the models and were 104 

treated the same as the other experimental data. Because of the sensitivity of the Ol+Liq 105 

thermometers to volatiles, figure 6 shows the distribution of hydrated data (from Dann et 106 

al. 2001, Filiberto 2008, and McCubbin et al., 2008) and Cl-rich data (from Filiberto and 107 

Treiman, 2009) used in the model. Experimental data on martian compositions are from: 108 

(Bertka and Holloway, 1989; Dann et al., 2001; Filberto, 2008; Filberto et al., 2008, 109 

2009; Filberto and Treiman, 2009; Herd et al., 2002; Longhi and Pan, 1989; McCanta et 110 

al., 2004; McKay et al., 1986; McCoy and Lofgren, 1999; McCubbin et al., 2008; 111 

Medard and Grove, 2006; Minitti and Rutherford, 2000; Monders et al., 2007; 112 

Musselwhite et al., 2006; and Singletary and Grove, 2008). 113 

New models 114 
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Equations (1) and (2) are calibrated using clinopyroxene-saturated partial melting 115 

experiments on martian bulk compositions; mineral and liquid components are calculated 116 

as in Putirka (2008):  117 

(1) 118 

 

119 

The term XJd
cpx is equal to XAl(VI)

cpx or XNaO0.5
cpx, whichever is less and if excess 120 

XAl(VI)
cpx remains then XCaTs

cpx = XAl(VI)
cpx - XJd

cpx (from Putirka, 2008). Eqn. (1) 121 

reproduces P for the calibration data with an R2 = 0.91 and an RMSE = ± 0.17 GPa, and 122 

predicts P for test data with R2 = 0.94 and an RMSE of  ± 0.22 GPa (Fig. 2). 123 

(2)

 

124 

1
T (K )

= 7.463×10−4 −1.855×10−5 ln XJd
cpx ⋅ XCaO

liq ⋅ XFm
liq

XDiHd
cpx ⋅ XNaO0.5

liq ⋅ XAlO1.5

liq

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

−7.417×10−4 XTiO2

liq⎡⎣ ⎤⎦+1.981×10−4 XAlO1.5

liq⎡⎣ ⎤⎦− 9.346 ×10−4 XMgO
liq⎡⎣ ⎤⎦

−6.891×10−4 XNaO0.5

liq⎡⎣ ⎤⎦+1.605×10−3 XCrCaTs
cpx⎡⎣ ⎤⎦  

125 

Eqn. (2) is based on the Jadeite–Diopside/Hedenbergite exchange equilibrium 126 

presented in Putirka et al., 1996. In Eqn. (2), the terms XCrCaTs
cpx = XCrO1.5

cpx/2; XDiHd
cpx = 127 

(XCaO
cpx – [XAl(IV)

cpx – XCaTs
cpx]/2 – XCaTs

cpx – XCrCaTs
cpx); and XFm

liq = XFeO
liq + XMgO

liq. 128 

The calibration data for Eqn. (2) recovered T with an R2 = 0.96 and an RMSE of ± 22 K, 129 

while T for the test data was predicted with R2 = 0.90 and an RMSE of ± 41 K (Fig. 3). 130 

The next set of models is based on orthopyroxene-liquid equilibria. 131 

P(GPa) = −412.7 + 9.667 ×10−6T(K)ln
XJd

cpx

XAlO1.5

liq ⋅ XNaO0.5

liq ⋅ (XSiO2

liq )2

⎡

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 

+ 722.1[XSiO2

liq ] +

5.496[XMgO
liq ] −195.0ln[XSiO2

liq ] − 334.7[(XSiO2

liq )2] + 686.3[(XTiO2

liq )2]+

30.77[(XAlO1.5

liq )2] − 57.14[(XCaO
liq )2]
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(3)

  

132 

P(GPa) = −5.050 + 35.05 XTiO2

liq⎡⎣ ⎤⎦+ 6.458 XAlO1.5

liq⎡⎣ ⎤⎦−10.67 XCaO
liq⎡⎣ ⎤⎦

+1.438 Mg # liq⎡⎣ ⎤⎦− 20.74 XTiO2

opx⎡⎣ ⎤⎦− 6.188 XAlO1.5

opx⎡⎣ ⎤⎦

+0.01915 DMgO
opx/liq⎡⎣ ⎤⎦+1.111

XAlO1.5

opx

XAlO1.5

liq +
XNaO0.5

opx

XNaO0.5

liq +
XSiO2

opx

XSiO2

liq

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 133 

(4) 134 

 

1
T (K )

= 2.234 ×10−4 − 3.982 ×10−6 DMgO
opx/liq⎡⎣ ⎤⎦− 9.394 ×10−4 XNaO0.5

opx⎡⎣ ⎤⎦

−2.058×10−4 ln XMgO
liq⎡⎣ ⎤⎦+ 3.564 ×10−5 ln XCaO

liq⎡⎣ ⎤⎦+ 2.186 ×10−4 ln XMgO
opx⎡⎣ ⎤⎦

−1.958×10−5 ln XAl(IV )
opx⎡⎣ ⎤⎦+ 0.002298 XAl (IV )

opx⎡⎣ ⎤⎦
2

 135 

In the orthopyroxene-liquid models the term DMgO
opx/liq = XMgO

opx/XMgO
liq and the 136 

term XAl(IV)
opx = 2 – XSiO2

opx. In Eqn. (3), P is recovered for the calibration data with R2 = 137 

0.89 and an RMSE = ± 0.20 GPa, while P is predicted for test data with R2 = 0.91 and 138 

RMSE = ± 0.21 GPa (Fig. 4).  Equation (4) reproduces T for calibration data with an R2 = 139 

0.94 and RMSE = ± 33 K, while T is predicted for test data with R2 = 0.96 and an RMSE 140 

= ± 27 K (Fig. 5).

 

141 

We also calibrate a thermometer based on olivine + liquid equilibria. 142 

 (5) 143 

1
T (K )

= 6.529 ×10-4 − 6.425×10-4 XTiO2

liq⎡⎣ ⎤⎦−1.049 ×10-3 XMgO
liq⎡⎣ ⎤⎦

−4.206 ×10-5 ln XFeO
liq⎡⎣ ⎤⎦− 4.121×10-5 ln XNaO0.5

liq⎡⎣ ⎤⎦+ 2.047×10-3 XNaO0.5

liq⎡⎣ ⎤⎦
2

−8.807×10-4 XSiO2

ol⎡⎣ ⎤⎦
2

+ 2.299 ×10-6 DMgO
ol/liq⎡⎣ ⎤⎦  144 

 145 
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where DMgO
ol/liq = XMgO

ol/XMgO
liq. In Eqn. (5) the calibration data are reproduced with R2 146 

= 0.88 and an RMSE = ± 48 K, while T for the test data is predicted with R2 = 0.90 and 147 

an RMSE = ± 38 K (Fig. 6). Because many martian samples appear to be cumulates, we 148 

also calibrate a two-pyroxene thermometer and barometer, with components calculated as 149 

in Putirka (2008):  150 

(6)151 

 152 

(7) 153 

154 
1

T (K )
= 6.644 ×10−4 − 2.757×10−5 P(GPa)[ ] +1.499 ×10−3 XNaO0.5

opx⎡⎣ ⎤⎦−1.640 ×10−4 X
Fe2+
cpx⎡⎣ ⎤⎦

+6.664 ×10−5 XDiHd
cpx⎡⎣ ⎤⎦

2
+ 2.611×10−4 XFeO

opx⎡⎣ ⎤⎦
2

− 6.602 ×10−8 1
XCaTs

cpx

⎡

⎣
⎢

⎤

⎦
⎥+ 6.869 ×10−8 1

XNaO0.5

opx

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

−1.166 ×10−8 1
XFmAl2SiO6

opx

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 155 

The parameter XFe2+
cpx = XFeO

cpx – XFe3+
cpx where the term XFe3+

cpx is based on the 156 

calculation from Papike et al. (1974) and is calculated as: XFe3+
cpx = XAl(IV)

cpx + XNaO0.5
cpx 157 

– XAl(VI)
cpx – XCrO1.5

cpx – 2XTiO2
cpx. Equation (6) reproduced P for the calibration data with 158 

R2 = 0.93 and RMSE = ± 0.17 GPa, while P is predicted for test data with R2 = 0.96 and 159 

an RMSE = ± 0.16 GPa (Fig. 7). In Eqn. (7) the calibration data are reproduced with R2 = 160 

0.99 and an RMSE = ± 12 K, while T for the test data are predicted with R2 = 0.95 and an 161 

RMSE = ± 37 K (Fig. 8). 162 

P(GPa) = −3.764 + 0.6739[XCaO
cpx ]+ 33.45[XJd

cpx ]+ 4.033[XDiHd
cpx ] − 5.945[XDi

opx ]+ 3.320 XEnFs
cpx

XFm2Si2O6

opx

⎡ 

⎣ 
⎢ 
⎢ 

⎤

⎦
⎥
⎥

+40.34[XAlO1.5

cpx ⋅ XAlO1.5

opx ] − 75.80[(XAlO1.5

cpx ⋅ XNaO0.5

cpx ) + (XAlO1.5

opx ⋅ XNaO0.5

opx )]
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The Si-activity barometer uses the liquid components in which only ol and opx 163 

have formed (see Putirka, 2008). 164 

(8) 165 

 166 

In Eqn. (8), the activity of SiO2 is calculated from Beattie (1993): aSiO2
liq = 167 

(3XSiO2
liq)-2 · (1-XAlO1.5

liq)7/2 · (1-XTiO2
liq)7; the calibration data are reproduced with R2 = 168 

0.91 and RMSE = ± 0.16 GPa , while P is predicted for the test data with R2 = 0.92 and 169 

an RMSE = ± 0.18 (Fig. 9). 170 

Fe-Mg Exchange Equilibria and Tests of Equilibrium 171 

As a test of inter-phase equilibrium, we consider one of the classic means of 172 

evaluation, the Fe-Mg exchange coefficient as established by Roeder and Emslie (1970): 173 

(9) 174 

KD(Fe-Mg)min-liq = [XFeO/XMgO]mineral/[XFeO/XMgO]liquid 175 

where Xi are mole fractions of FeO or MgO in a silicate liquid (liq) and a co-existing 176 

silicate mineral (min). This equilibrium constant is known from prior studies to be 177 

slightly sensitive to T, P, and composition (e.g., Longhi et al. 1978; Herzberg and O’Hara 178 

1998; Toplis 2005; Matzen et al., 2011), but such variations are quite small and over 179 

limited compositional and P-T ranges, this equilibrium constant is independent of such 180 

variables. It thus provides an important and useful means for establishing whether a given 181 

ferromagnesian silicate mineral is in equilibrium with a putative liquid composition.  182 

P(GPa) = −11.16 −184.3[XMnO
liq ] − 5.268[XMgO

liq ] + 21.18[aSiO2

liq ]+ 4.961[XNaO0.5

liq + XKO0.5

liq ]

−3.577 ×10−3T(K)ln[aSiO2

liq ]
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Like Filiberto and Dasgupta (2011) we find that the equilibrium constant 183 

describing Fe-Mg exchange between olivine and liquid, KD(Fe-Mg)ol-liq (Roeder and 184 

Emslie, 1970), is significantly higher for martian than terrestrial systems (Filiberto and 185 

Dasgupta, 2011 found a KD(Fe-Mg)ol-liq = 0.35 ± 0.01), and it is also sensitive to the 186 

model used to calculate F2O3/FeO in a liquid when fO2 is given. We calculated KD(Fe-187 

Mg)ol-liq using Kress and Carmichael (1988), Kress and Carmichael (1991; Eqns. 6 and 188 

7), Borisov (2010) and Jayasuria et al. (2004; Eqn. 12). We obtained a low and a high for 189 

the mean KD(Fe-Mg)ol-liq for martian samples using Kress and Carmichael (1991; Eqn. 7), 190 

which yields KD(Fe-Mg)ol-liq = 0.366 ± 0.023 and Jayasuria et al. (2004; Eqn. 12), which 191 

produces KD(Fe-Mg)ol-liq = 0.385 ± 030 (n=95). Experiments by Filiberto (2008) yield 192 

liquids with unusually high K2O contents compared to other martian silicate liquids, but 193 

even removing these, the mean KD(Fe-Mg)ol-liq values are 0.363 ± 0.023 and 0.383 ± 0.03 194 

using the Kress and Carmichael (1991) and Jayasuria et al. (2004) models respectively.  195 

We use the Kress and Carmichael (1991; Eqn. 7) model for all calculations of 196 

Fe2O3/FeO in experimental liquids. Absent the high K2O samples, we find that KD(Fe-197 

Mg)ol-liq values are quite nearly independent of melt composition, P and T. We obtain a 198 

slight positive dependence of the KD(Fe-Mg)ol-liq on Ti: 199 

(10) 200 

 KD(Fe-Mg)ol-liq = 0.356 + 0.012[TiO2 wt. %]liquid.  201 

But this equation captures <5% of the total variation of KD(Fe-Mg)ol-liq (R2 = 0.03), so for 202 

practical purposes, KD(Fe-Mg)ol-liq may be considered a constant and a useful test of 203 

equilibrium. Ignoring compositional effects, we recommend an equilibrium value of  204 
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 (11) 205 

KD(Fe-Mg)ol-liq  = 0.36 ± 0.02. 206 

Unlike KD(Fe-Mg)ol-liq, the coefficient for orthopyroxene + liquid equilibrium,  207 

KD(Fe-Mg)opx-liq, is much more sensitive to liquid composition. The global mean is 208 

KD(Fe-Mg)opx-liq  = 0.303 ± 0.010. But variations in K2O account for 30-45% or more of 209 

the variation of KD(Fe-Mg)opx-liq (depending upon which data are excluded from the 210 

regression), and so we do not recommend that the mean value be used as a test of 211 

equilibrium. Instead, it is best to use:  212 

(12) 213 

KD(Fe-Mg)opx-liq = 0.32 – 0.05[K2Oliq wt. %]liquid 214 

where R2 = 0.45, the standard error of estimate (SEE) = ± 0.03, and we use the Kress and 215 

Carmichael (1991; Eqn. 7) model to calculate Fe2O3/FeO in the silicate liquid. After 216 

accounting for this compositional effect, no other compositional parameter, nor P and T, 217 

describes more than 3% of remaining variation in KD(Fe-Mg)opx-liq. 218 

 Interestingly, values for KD(Fe-Mg)cpx-liq for martian clinopyroxene-liquid pairs 219 

are rather close to their terrestrial counterparts, with a mean of about 0.26 ± 0.05. 220 

However, like orthopyroxene, KD(Fe-Mg)cpx-liq is also sensitive to alkali content: 221 

 (13) 222 

KD(Fe-Mg)cpx-liq = 0.32 – 0.02[Na2O + K2Oliq (wt. %)]liquid.  223 

where KD(Fe-Mg)cpx-liq  is calculated using Fe2O3/FeO ratios in the liquid from Kress and 224 

Carmichael (1991: Eqn. 7). This model explains ~30% of the variation of KD(Fe-Mg)cpx-225 

liq , and the SEE = ±0.03, when those samples falling further than 3σ away from the mean 226 
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(n = 43) are excluded.  227 

 Finally, we calibrate an Fe-Mg exchange coefficient for clinopyroxene and 228 

orthopyroxene: 229 

 (14) 230 

KD(Fe-Mg)cpx-opx = [XFeO/XMgO]cpx/[XFeO/XMgO]opx  231 

The global mean is KD(Fe-Mg)cpx-opx = 0.942 ± 0.144, but as might be expected from the 232 

mineral-liquid exchange equilibria, this coefficient is sensitive to composition.  In this 233 

case, however, the compositional effects appear to be a proxy for a somewhat stronger 234 

thermal variation. While it would be more thermodynamically correct to use a regression 235 

equation of the form lnK = f(1/T), this empirical relationship describes a slightly greater 236 

fraction of the variation: 237 

 (15) 238 

KD(Fe-Mg)cpx-opx = 0.115 + 7.693x 10-4[T(oC)] 239 

where R2 = 0.44 and SEE = ± 0.09 (n = 38). We do not recommend this as a “weak” 240 

thermometer but instead KD(Fe-Mg)cpx-opx can be used as a check in the application of a 241 

geothermometeric result. As a T-independent test, the following compositionally 242 

dependent model may be more useful:  243 

 (16) 244 

KD(Fe-Mg)cpx-opx = 1.262 – 0.023[CaO (wt.%)]cpx 245 

where the CaO content of clinopyroxene serves as a proxy for T and the model explains 246 

about 30% of the variation amongst 39 experimental data, with an SEE of ± 0.10. 247 

Comparisons of the new mineral+liquid models 248 
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Table 2 shows the regression statistics of the new models compared with those in 249 

table 3 that shows the statistics for models from Putirka et al. (1996) and Putirka (2008), 250 

when using martian compositions to predict T or P. This comparison highlights the result 251 

that the new models yield lower errors and better precision. For example, the new cpx-liq 252 

barometer (Eqn. 1) predicts a P for martian samples with half the error (± 0.22 GPa) 253 

compared to Eqn. 32a from Putirka (2008; ± 0.40 GPa). The increased precision is even 254 

greater for orthopyroxene-liquid equilibria, and the new models are significantly more 255 

precise for each of the equilibria examined. 256 

Discussion and Implications 257 

Yamato 980459 (Y98) is one of the few martian meteorites that is thought to 258 

represent a primitive mantle derived melt (Lee et al., 2009; Filiberto and Dasgupta, 2011) 259 

along with Northwest Africa (NWA) 6234 (Gross et al., 2013). Y98 is most similar to the 260 

olivine-phyric shergottites, although it lacks plagioclase (likely due to the presence of 261 

glassy mesostasis) and has highly magnesian mineral components (Mikouchi et al., 262 

2004). Dalton et al. (2005) described Y98 compositionally as comprised of 48% 263 

pyroxene, 26% olivine, 25% mesostasis, and 1% other minerals. Y98 is thought to 264 

represent a primitive martian magma derived from a highly reduced mantle (Mikouchi et 265 

al., 2004). Indeed, Y98’s olivine composition has the highest MgO of any of the martian 266 

meteorites (Fo84) and so Y98 appears to be the most primitive martian magma found to 267 

date (Dalton et al. 2005, 2007). NWA 6234 is also an olivine-phyric shergottite, with 268 

olivine crystals set in a finer grained groundmass of pyroxene, maskelynite, and 269 

accessory minerals (Filiberto et al., 2012; Gross et al., 2013). NWA 6234 is unique 270 
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among the olivine-phyric shergottites because it is the only one thought to be from a 271 

primitive ferroan magma with a source region located deeper than other martian basalts 272 

(Gross et al., 2013). As a test, we apply our new calibrations to Y98 and NWA 6234.  273 

Presented here are only the P-T estimates of mineral-liquid pairs for Y98 and 274 

NWA 6234 that passed our tests of equilibrium. When calculating pressures and 275 

temperatures for Y98, the Si-activity barometer (Eqn. 8) was combined with the olivine 276 

thermometer (Eqn. 5) and a simple empirical MgO thermometer: 277 

T(oC) = 1011 + 29.8[MgO wt. %] .   (17) 278 

A KD(Fe-Mg)ol-liq for Y98 was determined by pairing the “bulk chemistry for Y 980459” 279 

composition (used as the liquid component) from Greshake et al.’s (2004) table 6 with 280 

the “olivine core” composition (Fo84), the highest Fo olivine from their Table 3. This 281 

olivine-whole rock pair yields a KD(Fe-Mg)ol-liq of 0.40 at QFM-3 (Herd, 2006) and a 282 

temperature in the range of 1400-1500 °C, well above the expected value of 0.36 from, 283 

Eqn. 10. At KD = 0.36, the equilibrium olivine would be Fo87, and Eqn. 4 from Putirka et 284 

al. (2007) and this study’s Eqn. 8 together yield a T of 1476 °C and P = 1.15 GPa (and a 285 

nearly identical T of 1480°C is obtained using Beattie, 1993). Our Eqn. 17 yields a T of 286 

1550 °C but this T is probably too high given the more precise model of Putirka et al. 287 

(2007). For NWA 6234, if the whole rock is a liquid, then it would precipitate olivine of 288 

Fo85 composition, with KD = 0.37, and at T-P conditions of 1499 °C and 1.34 GPa, using 289 

the same models as applied to Y98.  290 

As shown in Figure 10 our new P-T estimates for Y98 are similar to those of prior 291 

studies: Blinova and Herd, 2009 (1.35 GPa and 1460 °C) and just slightly lower than 292 
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estimated by Musselwhite et al., 2006 (1.2 GPa and 1540 °C), but while our T estimates 293 

are similar to Lee et al. (2009) we obtain a significantly lower P compared to their 294 

estimate of 1.7 GPa. We attribute our lower P estimate to the use of an Al-activity 295 

modifying term in the Beattie (1993) Si-activity model; the Lee et al. (2009) model lacks 296 

such a term, and the inclusion of such yields lower pressure estimates as Al2O3 decreases. 297 

For NWA 6234, our models lower T conditions from Gross et al., 2013 (1600 °C). 298 

However, our P estimates are significantly lower than the P estimate from Gross et al. 299 

(2013), who obtained a P = 2.7 GPa by applying the models of Putirka (2005) and Lee et 300 

al. (2009). As with Y98, we suspect that the Al-activity term in the Beattie (1993) Si-301 

activity expression, which we use in our Eqn. (8), is responsible for this difference.  302 

We also examined martian surface basalt compositions. Filberto (2011) also 303 

found that martian surface basalts have a larger range of bulk compositions than the 304 

shergottites, and the Gusev “recalibrated” composition reported by Monders et al. (2007) 305 

is of special interest. Monders et al. (2007) show that this composition is multiply 306 

saturated at 1 GPa and 1325 °C. Our Eqn. Si-activity barometer paired with Beattie 307 

(1993) or Putrika et al. (2007; Eqn. 4) yields a higher T estimate of 1381 °C with a P 308 

estimate of 1.33 GPa for this composition; while the T estimate is higher, the P estimate 309 

is well within model error. But our simpler (although less precise) Eqn. (17), when 310 

combined with our Si-activity barometer, comes remarkably close to their reported 311 

conditions, with a P-T estimate of 1.1 GPa and 1340 °C, both within 1σ error of the 312 

reported values. We thus tentatively conclude that Eqn. (17) might prove to be useful, 313 

perhaps especially at lower temperatures.   314 
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These results support the idea that two different mantle processes (acting at 315 

different P-T conditions), rather than shallow level magma processing, are responsible for 316 

generating the meteorite and surface basalt populations. If this were the case, the Y98 317 

source would appear to be characterized by olivines with distinctly higher Fo content 318 

(Fo84), while the remaining basalts (including the NWA source, even though it yields 319 

similar P-T conditions compared to Y98) would have sources characterized by olivines 320 

with Fo80 compositions. Another possibility is that the surface-derived compositions are 321 

fractionated. It is not a necessary condition that multiply saturated basalts are mantle-322 

derived, but if our pressure estimates (ca. 1 GPa) are accurate then that would imply that 323 

the crust must be >85 km thick, which has been suggested by others (see Gross et al., 324 

2011). The other possibility, as noted by Monders et al. (2007) is that the martian mantle 325 

contains a range of mantle compositions, unhomogenized by mantle convection, which 326 

would be quite different from Earth, where sub-oceanic basalts converge to Fo91.5, 327 

regardless of whether they derive from mantle plume or spreading ridge localities 328 

(Putirka et al., 2011). In any case, we obtain mantle potential temperatures of 1450 ± 50 329 

°C at Gusev and 1650 ± 50 °C for Y98 (depending upon melt fraction which we assume 330 

is between 0.2 and 0.4). These estimates may have bearing on martain secular cooling 331 

rates. The Gusev samples are estimated to be 3.65 Ga (Greeley et al. 2005). In contrast, 332 

there has been some controversy regarding the age dates of Y98 and other shergottites, 333 

but new evidence appears to indicate an age ~4.3 Ga for this meteorite and shergottites 334 

generally (Bouvier et al. 2005, 2008, 2009; Werner et al. 2014). If we accept these ages, 335 

then the implied cooling rate is ~300 °C/Ga (≈ 200 °C/[4.3Ga -3.65Ga]), which is a much 336 
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faster rate than what is inferred for Earth (Herzberg et al. 2010) but perhaps reasonable 337 

given Mars’ much greater surface-area-to-volume ratio.  338 
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Figure Captions 739 

 740 

Figure 1.  Comparison of basaltic liquid compositions between martian and terrestrial 741 

compositions (in weight %).  These comparisons show distinct compositional differences.  742 

Grey crosses represent terrestrial samples while black circles represent martian samples.  743 

Martian data sources are outlined in Table 4 and terrestrial data sources are from: Bulatov 744 

et al. (2002), Draper and Green (1997, 1999), Draper and Johnston (1992), Dunn and Sen 745 

(1994), Elkins-Tanton and Grove (2003), Elkins-Tanton et al. (2007), Falloon et al. 746 

(1997, 1999, 2001), Gaetani and Grove (1998), Gee and Sack (1988), Grove et al. (1982), 747 

Grove and Bryan (1983), Grove and Juster (1989), Grove et al. (1992), Grove et al. 748 

(2003), Holbig and Grove (2008), Johnson (1998), Kennedy et al. (1990), Keshav et al. 749 



 

 

34

(2004), Kogiso and Hirschmann (2001), Kogiso et al. (1998, 2003), Laporte et al. (2004), 750 

McDade et al. (2003), Parman et al. (1997), Parman and Grove (2004), Pertermann and 751 

Lundstrom (2006), Pichavant et al. (2002), Putirka (1998), Putirka et al. (1996, 2003), 752 

Robinson et al. (1998), Schwab and Johnston (2001), Takahahshi et al. (1998), Tsuruta 753 

and Takahashi (1998), Villiger et al. (2004), and Walter (1998). 754 

 755 

Figure 2.  Pressures in GPa recovered from model 1. The data are separated into 756 

calibration data (open gray circles) and test data (closed black circles). A one-to-one 757 

correlation line is presented as the dashed gray line. 758 

 759 

Figure 3 Temperatures in K recovered from model 2. The data are separated into 760 

calibration data (open gray circles) and test data (closed black circles). A one-to-one 761 

correlation line is presented as the dashed gray line. 762 

 763 

Figure 4.  Pressures in GPa recovered from model 3. The data are separated into 764 

calibration data (open gray circles) and test data (closed black circles). A one-to-one 765 

correlation line is presented as the dashed gray line. 766 

 767 

Figure 5.  Temperatures in K recovered from model 4. The data are separated into 768 

calibration data (open gray circles) and test data (closed black circles). A one-to-one 769 

correlation line is presented as the dashed gray line. 770 

 771 

Figure 6.  Temperatures in K recovered from model 5. The data are separated into 772 

calibration data (open gray circles) and test data (closed black circles). Hydrated 773 

calibration data is shown in closed grey circles while hydrated test data is presented as a 774 
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closed black square. Cl-rich calibration data is shown in closed grey diamonds and Cl-775 

rich test data is presented as a closed black diamond. A one-to-one correlation line is 776 

presented as the dashed gray line. 777 

 778 

Figure 7.  Pressures in GPa recovered from model 6. The data are separated into 779 

calibration data (open gray circles) and test data (closed black circles). A one-to-one 780 

correlation line is presented as the dashed gray line. 781 

  782 

Figure 8.  Temperatures in K recovered from model 7. The data are separated into 783 

calibration data (open gray circles) and test data (closed black circles). A one-to-one 784 

correlation line is presented as the dashed gray line. 785 

 786 

Figure 9.  Pressures in GPa recovered from model 8. The data are separated into 787 

calibration data (open gray circles) and test data (closed black circles). A one-to-one 788 

correlation line is presented as the dashed gray line. 789 

 790 

Figure 10. The Si-Activity barometer (Eqn. 8) is combined with the olivine thermometer 791 

(Eqn. 5) (grey symbols) and then with the empirical MgO thermometer (Eqn. 17) (black 792 

symbols) to produce pressures and temperatures for Y98459 (closed circles), NWA 6234 793 

(closed squares), NWA 1068 (closed diamonds), and a martian surface basalt (Gusev) 794 

(closed triangle) using sample data from Greshake et al (2004), Gross et al (2013), 795 

McSween (2004), and Monders et al. (2007) respectively. Our models are compared to P-796 

T conditions found in: Musselwhite et al. (2006), Blinova and Herd (2009), and Lee et al. 797 

(2009) for Y98 (open circles); Gross et al. (2013) for NWA 6234 (open square); and 798 
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Monders et al. (2007) for the Gusev basalt (open triangle). The grey line represents the 799 

martian mantle solidus, estimated from Kiefer et al. (2007).  800 

 801 

Tables 802 

 803 

Table 1.  Experimental studies on martian meteorites and their analogs used in this study.  804 

Shown in this table are their respective pressure and temperature ranges as well as their 805 

mineral phases. 806 

Source Pressure Ranges (GPa) Temperature Ranges (˚C) Cpx Opx Ol 

Bertka and Holloway (1987) 2.3 1400-1440 X X X 

Dann et al. (2001) 0.0001-0.2 960-1175 X X X 

Filberto and Treiman (2009) 0.57-1.17 1200-1315  X X 

Filberto et al. (2008) 0.0001-1.57 1200-1385  X X 

Filberto et al. (2009) 0.77-1.37 1300-1390  X X 

Filberto et al. (2010) 0.01-2.07 1390-1520  X X 

Filberto (2008) 0.43-0.93 972-1232 X X X 

Herd et al. (2002) 0.0001 1150-1250 X  X 

Longhi and Pan (1989) 0.0001013 1215-1300 X  X 

McCanta et al. (2004) 0.0001013-0.02 1110-1165  X  

McCay et al. (1986) 0.0001013 1140-1171 X X  

McCoy and Lofgren (1999) 0.0001013 1050-1175 X X  

McCubbin et al. (2008) 0.93 1100-1250 X X X 

Medard and Grove (2006) 1.0-1.5 975-1000 X X  

Minitti and Rutherford (2000) 0.0001-0.02 950-1130 X X  

Monders et al. (2007) 0.0001-1.55 1105-1360  X X 



 

 

37

Musselwhite et al. (2006) 0.45-1.38 1410-1540   X 

Singletary and Grove (2008) 0.0001-0.1 950-1050 X   

  807 

Table 2.  A summary of useful statistic for the models created in this study separated into 808 

calibration and test data results for each model.  The statistics in this table were 809 

calculated by JMP statistical software version 9.0.1. 810 

 811 

Model  R2 RMSE n 

Clinopyroxene+Liquid 

1) Calibration 0.91 0.17 GPa 42 

     Test 0.94 0.22 GPa 9 

2) Calibration 0.96 22 K 42 

     Test 0.90 41 K 9 

Orthopyroxene+Liquid 

3) Calibration 0.89 0.20 GPa 75 

     Test 0.91 0.21 GPa 14 

4) Calibration 0.94 33 K 74 

     Test 0.96 27 K 14 

Olivine+Liquid 

5) Calibration 0.88 48 K 95 

     Test 0.90 38 K 20 

Two-Pyroxene 

6) Calibration 0.93 0.17 GPa 31 

     Test 0.96 16 GPa 8 

7) Calibration 0.99 12 K 24 
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     Test 0.95 37 K 5 

Si-Activity 

8) Calibration 0.91 0.16 GPa 22 

     Test 0.92 18 GPa 7 

 812 

Table 3.  A summary of useful statistic for the previously published models from Putirka 813 

et al. (1996) and Putirka (2008) when applied to the same experimental martian meteorite 814 

data used in the creation of the models in this study.  The statistics in this table were 815 

calculated in JMP statistical software version 9.0.1.  Pressures in GPa have been 816 

converted from their original units of kbar. 817 

 818 

Model  R2 RMSE n 

Clinopyroxene+Liquid 

Puritka (2008) Eq. 32a 0.55 0.40 Gpa 59 

Putirka  et al. (1996) Eq. T1 0.76 52 K 50 

Orthopyroxene+Liquid 

Puritka (2008) Eq. 29c 0.22 0.59 GPa 32 

Two-Pyroxene 

Putirka (2008) Eq. 38 0.08 0.62 GPa 39 

Putirka (2008) Eq. 36 0.49 75 °C 39 

Si-Activity 

Putirka (2008) Eq. 42 0.81 0.24 GPa 29 

 819 
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