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The primary oxygen fugacity (fO2) of basaltic melts reflects the mantle source oxidation state, dictates
the crystallizing assemblage, and determines how the magma will evolve. Basalts examined by the Spirit
Mars Exploration Rover in Gusev Crater range from the K-poor Adirondack class (0.02 wt% K2O) to K-rich
Backstay class (up to 1.2 wt% K2O) and exhibit substantially more variation than observed in martian
basaltic meteorites. The ratios of ferric to total iron (Fe3+/FeT) measured by the Mössbauer spectrometer
are high (equivalent to −0.76 to +2.98 �QFM; quartz-fayalite-magnetite buffer as defined by Wones
and Gilbert, 1969), reflecting secondary Fe3+ phases. By combining the Fe3+/FeT of the igneous minerals
(olivine, pyroxene, and magnetite) determined by Mössbauer spectrometer, we estimate primary fO2 for
the Gusev basalts to be −3.6 to 0.5 �QFM. Estimating the fO2 as a function of the dependence of
the CIPW normative fayalite/magnetite ratios on Fe3+/FeT yields a slightly smaller range of −2.58 to
+0.57�QFM. General similarity between the fO2 estimated for the Gusev basalts and ranges in fO2 for
the shergottitic meteorites (−3.8 to 0.2 �QFM; Herd, 2003; Goodrich et al., 2003) suggests that the
overall range of fO2 for the martian igneous rocks and mantle is relatively restricted. Like the shergottites
(Herd, 2003), estimated fO2 of three Gusev classes (Adirondack, Barnhill and Irvine) correlates with
a proxy for LREE enrichment (K2O/TiO2). This suggests mixing between melts or fluids derived from
reservoirs with contrasting fO2 and REE characteristics. Oxygen fugacity estimates for the martian interior
suggest that tectonic processes have not led to sufficient recycling of oxidized surface material into the
martian interior to entirely affect the overall oxidation state of the mantle.

© 2013 Published by Elsevier B.V.
1. Introduction

Oxygen fugacity (fO2) is an important factor in magma petro-
genesis because it critically controls mineral stability, depth of the
mantle solidus, how the magma may evolve by fractional crystal-
lization, and C–O—H fluid speciation. The distribution of fO2 in the
interior of a planet may further allow insight to planetary differ-
entiation processes, as well as the extent of recycling of surface
materials by subduction. As such, the range and distribution of fO2
in the martian interior is essential for understanding the character
and evolution of the planet.

The fO2 of the martian mantle may be constrained by examin-
ing primary mantle melts because in an ideal closed system their
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fO2 reflects the oxidation state of the source at the time of extrac-
tion. In reality however, fO2 of basaltic magma may be modified
by secondary igneous processes, such as fractional crystallization,
crustal assimilation, metasomatism, or degassing. Mixing between
melts derived from reduced (mantle) and more oxidized (late-stage
fractionated or crustal) reservoirs is thought to be the cause of an
increase of up to 3 log unit range in fO2 among martian shergot-
tite meteorites (Herd, 2003). Differences between early and late
crystallizing assemblages for certain shergottites have been inter-
preted as mixing of reduced and oxidized mantle-derived melts
(e.g., NWA 1068/1110; Herd, 2006) or alternatively, oxidation dur-
ing closed-system crystallization (e.g., LAR 06319; Peslier et al.,
2010).

Variable fO2 among terrestrial primary basalts is linked both to
the depth of mantle melting as well as to heterogeneities formed
by tectonic processing of the upper mantle. Within the Earth’s
mantle, fO2 decreases with depth; the fO2 of the outer man-
tle ranges from ∼ −0.4 log units relative to the quartz–fayalite–
magnetite oxygen buffer (QFM as defined by Wones and Gilbert,
1969) for the MORB source in the upper mantle to ∼ −4 log units
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relative to QFM for the deepest garnet peridotites from ∼6 GPa
(Frost and McCammon, 2008). Subarc mantle xenoliths are typi-
cally more oxidized, ranging up to +2 log units relative to QFM
(Parkinson and Arculus, 1999) – a characteristic likely linked to the
mass exchange between the surface and the interior during tec-
tonic processing. The exact process for the oxidation of the subarc
mantle wedge is a source of debate and may involve the influx of
oxidized sediments and hydrothermal magnetite in the subducted
slab or the reduction of sulfate in subduction fluids (e.g., Kelley
and Cottrell, 2009; Lécuyer and Ricard, 1999).

The conceptual framework for the distribution of fO2 in the
martian interior is much less developed than for the Earth and for
this reason, the martian meteorites are invaluable for detailed de-
termination of magmatic fO2 conditions. Multiple methods have
been employed, including oxybarometry by olivine–pyroxene–
spinel or Fe–Ti oxides (e.g., Herd et al., 2001; Herd, 2003; Goodrich
et al., 2003), rare earth elements (REE) in augite (Wadhwa, 2001;
McCanta et al., 2009) and REE in merrillite–whitlockite (Shearer
et al., 2011). The range in fO2 of basaltic and olivine-phyric sher-
gottites by olivine–pyroxene–spinel oxybarometry, for example, is
QFM −3.8 to +0.3 (Herd, 2003, 2006). These microanalytical tech-
niques provide extreme detail for each sample and the results may
be interpreted as capturing the fO2 along a liquid line of descent
as other or new techniques are applied (e.g., Goodrich et al., 2003;
Peslier et al., 2010). While the advantages to such investigations
are clear, the source region for martian meteorites is unknown
and they represent a tiny (albeit important) subset of the whole
planet.

Relatively unaltered basaltic rocks examined in situ by the
Spirit Mars Exploration Rover in Gusev Crater represent a com-
plementary dataset to examine the range of fO2 of the martian
interior at an estimated Early Hesperian mantle-extraction age
(Greeley et al., 2005). The level of detail for the Gusev basalts is
much less than what is known for the SNC meteorites. Even so,
whole rock major and minor elemental compositions determined
by Alpha Particle X-Ray Spectrometer (APXS; Gellert et al., 2006;
Ming et al., 2008) and iron-bearing mineral assemblages deter-
mined by Mössbauer spectrometer (Morris et al., 2006a, 2006b,
2008) indicate that the Gusev basalts are a diverse lot. Composi-
tions range from the K-poor Adirondack class (0.02 wt% K2O) to
K-rich Backstay and Humboldt Peak classes (up to 1.2 wt% K2O).
In addition, the Opportunity rover in Meridiani Planum examined
one exotic basaltic rock called Bounce Rock that is similar to the
basaltic shergottites in major element composition and Fe-bearing
mineralogy (Zipfel et al., 2011).

The goal of this paper is to develop methods to estimate the
fO2 of Gusev basalts using a combination of APXS and Mössbauer
data. We compare these fO2 estimates with the SNC meteorites
and other planetary systems to make inferences about the distri-
bution of redox states in the martian interior.

2. Basalts examined by the Mars Exploration Rovers

2.1. Gusev basalts

Comparatively unaltered basaltic rocks were first encountered
by the Spirit rover in the Gusev Plains and later, in the Columbia
Hills. All relatively dust-free surfaces are low albedo with few phe-
nocrysts visible in Microscopic Imager (MI) images. In this paper,
we consider four basaltic classes that are distinguished by their
elemental compositions. These include: (1) the Adirondack class,
which consists of widespread, massive olivine- and pyroxene-
bearing angular blocks in the Gusev Plains (McSween et al., 2004);
(2) the Backstay class, which includes an apparently aphyric float
rock with microphenocrystic olivine, pyroxene, magnetite, and il-
menite as well as other float identified by Mini-TES (Miniature
Thermal Emission Spectrometer) on Husband Hill (McSween et al.,
2006b); (3) the Irvine class, which includes massive to scoriaceous
pyroxene and magnetite-bearing rocks on the flanks of Husband
Hill and the Inner Basin of the Columbia Hills (McSween et al.,
2006a, 2006b; Schmidt et al., 2008); and (4) the Humboldt Peak
class, which includes a pile of olivine-rich rocks just south of the
Home Plate outcrop in the Inner Basin. Also, for comparison, we
consider the more altered Barnhill class, which includes the lay-
ered tephra deposit of Home Plate and is of similar composition to
the Irvine class (Schmidt et al., 2008).

For the basaltic classes, the Rock Abrasion Tool (RAT) was only
able to abrade surfaces of the Adirondack class rocks before the di-
amond grinding teeth dulled ∼500 sols into the mission (Arvidson
et al., 2006). The RAT brush removed dust from surfaces of Back-
stay, Barnhill, and Humboldt Peak class rocks, but poor position-
ing of the rover and irregular rock surfaces prevented brushing of
Irvine class rocks. It is therefore impossible to completely rule out
surface contamination for these classes. RAT-abraded and relatively
dust-free surfaces of the targeted basalts were examined by APXS
(Rieder et al., 2003). We renormalize the APXS analyses to remove
excess volatiles (Cl and >0.3 wt% SO3) for CIPW norm and fO2
estimates presented in this paper as has been convention in pre-
vious treatments of these data (e.g., McSween et al., 2004). The
renormalization affects basalt elemental and oxide abundances by
∼1–3% relative.

As a group, the Gusev basalt compositions span a narrower
range in MgO (8.3 to 10.8 wt%) than do the shergottite meteorites
(5.7 to 33.1 wt%) while having comparable SiO2 concentrations
(Fig. 1). The wide range in MgO of the shergottites is in part caused
by olivine accumulation and/or fractionation as is indicated by
olivine-phyric and/or cumulate textures in some shergottitic mete-
orites (McSween and Treiman, 1998). In contrast, the Gusev basalts
present little evidence for significant olivine fractionation or ac-
cumulation with sparse to no olivine phenocrysts apparent in MI
images, a narrow range in MgO, and Ni concentrations of rock in-
teriors in excess of 165 ppm. The total Fe as FeO∗ concentrations
in most Gusev basalts is also generally similar to those of the sher-
gottites. A notable exception to this is the low FeO∗ rock Backstay,
which also has the highest SiO2 (49.5 wt%) and Al2O3 (13.2%) of
the Gusev basalts (Fig. 1B).

The greatest elemental variation among the Gusev basalts is in
incompatible minor elements, such as K. The unaltered basaltic
classes found in the Columbia Hills (Backstay, Irvine, Humboldt
Peak) have higher K2O (Figs. 1A, 2) and total alkalis than do the
Adirondack class of the Gusev Plains and the shergottitic mete-
orites (McSween et al., 2006; Schmidt and McCoy, 2010). The other
minor incompatible elements P and Ti (Fig. 2B) are also higher
in the Columbia Hills basalts than those examined in the Gusev
Plains. The differences in incompatible minor element concentra-
tions have been attributed to fractional crystallization (McSween
et al., 2008), but their high Ni concentrations and narrow ranges
in MgO suggest fractional crystallization has been minor. Varia-
tions in minor elements among the Gusev basalts may also be
modeled by multi-stage batch melting of primary martian man-
tle of Wänke and Dreibus (1988; WD), but with slightly higher K
concentrations (Schmidt and McCoy, 2010). If correct, this implies
that the martian mantle is heterogeneous and has experienced
multiple melt extraction events to form basaltic martian crust. Al-
ternative models for the differences between Gusev basalts may
involve mixing between melts derived from enriched and depleted
reservoirs, or source metasomatism such as has been suggested
for the shergottitic meteorites (e.g., Borg et al., 1997 and Herd
et al., 2002). Because fO2 is more sensitive to mixing between
reservoirs than are elemental variations, oxidation state may be an
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Fig. 1. Elemental variation diagrams for the Gusev basalts and shergottitic mete-
orites. A. Plot of K2O vs. MgO illustrates the higher K2O concentrations of the
Columbia Hills basalts (Backstay, Irvine, Barnhill, Humboldt Peak) than the Adiron-
dack basalts and than the meteorites. B Total Fe as FeO∗ vs. SiO2. Rock surface types
analyzed by the Spirit APXS were RAT abraded (R), RATbrushed (B), or as is (U). Fig-
ure is modified from Schmidt and McCoy (2010) and includes additional SNC data
from Gross et al. (2011) and Agee et al. (2013a). Select meteorites are indicated
(abbreviated LA = Los Angeles, Y98 = Y980459, and QUE = QUE 94201).

important discriminator between these petrogenic models for the
Gusev basalts.

2.2. Bounce Rock

Bounce Rock is a 40 cm exotic rock that was discovered by the
Opportunity rover in the bounce mark of the lander’s airbag. The
dark, fine-grained rock is unlike any other rock examined by Op-
portunity and was likely delivered to the site as secondary impact
ejecta (Joliff et al., 2006). Three areas of Bounce Rock were ex-
amined by APXS, including two “as is” rock surfaces (Glanz and
Maggie) and one RAT ground spot (Case). The RATted Case is lower
in SO3 (0.56 vs. 3.66 and 4.63 wt%) and higher in SiO2 (51.6 vs.
48.5 and 47.5 wt%) than the “as is” surfaces. The Mössbauer exam-
ined 7 different spots on this rock. Compositionally Bounce Rock is
like the basaltic shergottites EET A79001 (lithology B) and Zagami
(Rieder et al., 2004; Zipfel et al., 2011).
3. Mössbauer and measured Fe3+/FeTotal

The MIMOS II Mössbauer spectrometer onboard the Mars Ex-
ploration Rovers (Klingelhöfer et al., 2003) provides in situ quan-
titative information about the distribution of Fe among its oxi-
dation and coordination states, allowing for the identification of
Fe-bearing mineral phases. The relative distribution of Fe between
those phases is found by analysis of Mössbauer subspectral ar-
eas (A). In order to estimate proportions of Fe-bearing miner-
als, assumptions of mineral chemistry must be made (e.g., Morris
et al., 2004; McSween et al., 2008). The methodology for Möss-
bauer spectral analysis is provided by Morris et al. (2006a, 2006b,
2008).

The partitioning of iron between Fe-bearing mineral phases
in the Gusev basalts is determined by the positions of sextet or
doublet peaks relative to reference sample Mössbauer spectra (Ta-
ble 1; Morris et al., 2006a, 2006b; 2008). Olivine, pyroxene, and
magnetite were identified in all Gusev basalts, although their rel-
ative proportions vary; olivine/pyroxene ratios range from 1.42 to
0.09 for the Adirondack and Irvine classes, respectively. Mössbauer
spectral analysis of the magnetite sextet peaks yields the distribu-
tion of Fe between octahedral and tetrahedral sites in magnetite;
Morris et al. (2008) assumes Fe3+ is housed in the Fe3S1 tetra-
hedral and half of the Fe2.5S1 octahedral sites to find bulk rock
Fe3+/FeT). In ideal stoichiometric magnetite, the ratio of octahedral
to tetrahedral Fe is 2. Substitution of major and minor elements
Mg, Al, Ti, Mn, and Cr, and trace elements Ni, Zn, and V likely
accounts for the nonstoichiometric distribution of Fe observed for
the Gusev basalts (Fe2.5S1/Fe3S1 = 0.8 to 1.6). Solid solutions on
phases containing these elements (e.g., ulvöspinel; Fe2TiO4) with
magnetite cannot be distinguished at low concentrations. In par-
ticular, titanomagnetite is consistent with variations in Fe and Ti
in APXS spectral areas of dust captured by magnets on the Spirit
and Opportunity rovers (Madsen et al., 2009) and with oxide min-
eral compositions of basaltic shergottites, which range from ti-
tanomagnetite to nearly pure ulvöspinel (McSween and Treiman,
1998). Ilmenite was identified in only minor amounts in Backstay
(3% of the subspectral area). The only igneous Fe-bearing mineral
found in Bounce Rock is pyroxene (95 to 99%; Morris et al., 2006b;
Zipfel et al., 2011).

Surface alteration and/or devitrification are indicated by sec-
ondary ferric oxides (hematite and nanophase ferric oxide, npOx)
comprising a portion of Mössbauer spectral areas. Among the more
massive basalts, npOx makes up 1 to 13% of the spectral areas
(Table 1; Morris et al., 2006a). The clastic Barnhill class has ex-
perienced more pervasive alteration as evidenced by npOx com-
posing up to 30% of the spectral area. The npOx is interpreted to
be a product of local low temperature alteration (Morris et al.,
2006a) and may reflect oxidation and devitrification of volcanic
glass (Schmidt et al., 2009).

Fe3+/FeT for Gusev basalt rock surfaces indicated by Mössbauer
(Table 1) range from 0.17 for the rock interiors of the compara-
tively unaltered Adirondack class to 0.36–0.4 for the unbrushed
surfaces of Irvine class basalts to 0.51–0.53 for the more altered
Barnhill class. These values are too high to be primary and include
contributions by secondary ferric oxides. Even so, the measured
Fe3+/FeT values represent uppermost estimates for magmatic fO2
conditions (Method 1; Table 2). We calculate fO2 relative to QFM
using Eq. (7) of Kress and Carmichael (1991; see Table 2 caption)
and assuming reasonable magmatic temperature (1500 K) and cur-
rent Mars atmospheric pressure (1150 Pa). The estimated fO2 for
the Adirondack and Backstay classes are more reduced than the
QFM buffer. The more altered Barnhill class rocks range from 2.7
to 3.0 log units above QFM.

Apart from 0–3% surface dust ascribed to npOx, Bounce Rock is
monomineralic (pyroxene only) with respect to iron. The Fe3+/FeT
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Fig. 2. Chondrite normalized element abundance diagrams for (A) basaltic and olivine-phyric shergottites and (B) Gusev basalts. The gray region in B corresponds to the range
in shergottites in A. C1 chondrite element abundances are from Sun and McDonough (1989). Figure is modified after Schmidt and McCoy (2010).

Table 1
Percent Mössbauer spectral areas and measured Fe3+/FeT (Morris et al., 2008).

Generic name
assignment target

Type1 Class Fe2D1
Ol

Fe2D2
Px

Fe2D3
Ilm

Fe3D1
NpOx

Mt Fe3S1
Mt(tet)

Fe2.5S2
Mt(oct)

Fe3S2
Hm

Ol/Mt Fe3+/FeT

Gusev Crater2

Adirondack RR Adirondack 47 33 0 6 13 5 8 1 3.62 0.17
Humphrey RR Adirondack 47 34 0 7 11 6 5 2 4.27 0.17
Backstay RB Backstay 35 37 3 13 11 5 6 2 3.18 0.20
Irvine RU Irvine 10 45 0 6 35 17 19 3 0.29 0.36
Esperanza RU Irvine 4 46 0 4 46 25 20 1 0.09 0.4
Barnhill_Ace RU Barnhill 18 22 0 29 26 11 15 5 0.69 0.53
Posey RB Barnhill 17 23 0 26 32 16 16 3 0.53 0.53
CoolPapaBell RB Barnhill 17 24 0 30 27 12 12 3 0.62 0.51
Humboldt Pk RU Humboldt Pk 53 10 0 11 294 (14) (15) 0 1.83 0.31

Meridiani Planum3

Bounce Rock_Glanz2 RU Bounce Rock 0 98 0 3 0 0 0 0 0 0.03
Bounce Rock_Case RR Bounce Rock 0 99 0 1 0 0 0 0 0 0.01
Bounce Rock_Maggie RU Bounce Rock 0 95 0 5 0 0 0 0 0 0.05

Uncertainties are ±2% absolute (Morris et al. 2006a, 2006b, 2008).
1 RR is RAT-abraded rock; RB is RAT-brushed rock; and RU is as is rock surface.
2 Morris et al. (2008).
3 Zipfel et al. (2011).
4 Assumes Mt(oct) : Mt(tet) ratio of 1.1 because crystallographic site assignments are not reported by Morris et al. (2008), and this value is consistent with other Gusev

basalts.
of the Bounce Rock targets are consequently very low (0.01 to
0.05), where all Fe3+ is from secondary npOx (Zipfel et al., 2011).
The calculated fO2 values are also low (−4.05 to −7.81 �QFM),
or less than or equal to the iron-wüstite buffer (as defined by
Holloway et al., 1992). Metallic iron was not identified in Bounce
Rock, suggesting that these fO2 estimates are too low to be realis-
tic (e.g., McCanta et al., 2004).
4. Methods to estimate primary magmatic fO2

We here present three other methods to estimate magmatic fO2
conditions by removing secondary npOx and hematite. The first
two methods make use of the distribution of Fe between igneous
mineral phases as determined by Mössbauer spectral analysis. The
third incorporates elemental compositions by finding Fe3+/FeT as
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Table 2
Estimated Fe3+/FeT and �QFM for Basaltic rocks in Gusev Crater.

Target Class Method 1: Measured Method 2a: Igneous Mins Method 2b: Mt substitution Method 3: Normative Fa/Mt

Fe3+/FeT �QFM∗ Fe3+/FeT �QFM∗ Fe3+/FeT �QFM∗ Fe3+/FeT �QFM∗

Adirondack Adirondack 0.17 −0.7 0.10 −2.2 0.09 −2.4 0.10 −2.1
Humphrey Adirondack 0.17 −0.8 0.09 −2.3 0.05 −3.6 0.08 −2.6
Backstay Backstay 0.23 −0.2 0.09 −2.6 0.07 −3.3 0.12 −2.0
Irvine Irvine 0.36 1.5 0.29 0.8 0.21 −0.2 0.26 0.4
Esperanza Irvine 0.4 1.9 0.36 1.5 0.21 −0.2 0.28 0.7
Barnhill_Ace Barnhill 0.53 3.0 0.28 0.6 0.23 0.0 0.25 0.2
Posey Barnhill 0.53 2.8 0.33 1.0 0.22 −0.2 0.29 0.6
CoolPapaBell Barnhill 0.51 2.7 0.26 0.4 0.18 −0.8 0.22 −0.2
Humboldt Pk Humboldt Pk 0.31 0.7 0.23 −0.1 0.16 −1.2 0.21 −0.4
Bounce Rock_Glanz2 Bounce Rock 0.03 −5.3 – – – – – –
Bounce Rock_Case Bounce Rock 0.01 −7.8 – – – – – –
Bounce Rock_Maggie Bounce Rock 0.05 −4.1 – – – – – –

∗Calculated relative to the quartz–fayalite–magnetite (QFM) buffer (Wones and Gilbert, 1969) and solved using Eq. (7) of Kress and Carmichael (1991) at T = 1500 K and
current Mars atmospheric pressure (P = 1150 Pa), where

ln
XFe2O3

XFeO
= a ln( fO2 ) + b

T
+ c +

∑
i

di Xi + e

[
1 − T

To
− ln

(
T

To

)]
+ f

P

T
+ g

(T − To)P

T
+ h

P 2

T
.

Xi is the mole fraction of element i. We assume that T = To . Parameter values for this equation are a = 0.196; b = 1.1492 × 104 K; c = −6.675; dAl2O3 = −2.243; dFeO∗ =
−1.828; dCaO = 3.201; dNa2O = 5.854; dK2O = 6.215; e = −3.36; f = −7.01 × 10−7 K Pa−1; g = −1.54 × 10−10 Pa−1; h = 3.385 × 10−17 K Pa−2.
a function of a CIPW normative mineral ratio (fayalite/magnetite).
These methods were not applied to Bounce Rock because it does
not contain any magnetite and is quartz normative (Zipfel et al.,
2011).

4.1. fO2 by igneous minerals

As a relatively straightforward method to estimate magmatic
fO2, (Method 2a) we first calculate the ratio Fe3+/FeT of the Fe-
bearing igneous minerals determined by Mössbauer spectral anal-
ysis (Table 1; Morris et al., 2006a, 2006b, 2008) according to

(
Fe3+/FeT

)
ignmins = (Mt(tet) + 0.5Mt(oct))

(Ol + Px + Ilm + Mt)
. (1)

For this calculation, we assume that Fe in olivine and pyroxene is
entirely in the 2+ valence state, although up to 7.9% and 2.3% Fe3+
have been identified in shocked olivine and pyroxene separates, re-
spectively, of the shergottitic meteorites (Dyar, 2003). This method
also assumes that all magnetite is primary (i.e., not the result of
serpentinization of olivine or other hydrothermal processes; e.g.,
Ehlmann et al., 2010; Schmidt et al., 2009) and does not account
for magnetite solid solution.

To better account for the nonstoichiometric distribution of Fe
between the octahedral and tetrahedral crystallographic sites in
magnetite and likely solid solution with Ti, Al, and Cr-bearing
spinel endmembers, we also present a second method to find
Fe3+/FeT of the igneous mineral assemblage (Method 2b: Mt sub-
stitution; Table 2). The substitution of trivalent or tetravalent
cations in magnetite is most commonly balanced by ferrous iron
in the form of hercynite (Fe2+Al2O4), chromite (Fe2+Cr2O4), or ul-
vöspinel (Fe2+

2 TiO4). For Method 2b, Fe is allocated between the
different valence states in magnetite (Mössbauer subspectral ar-
eas of Fe3S1 and Fe2.5S1) by first determining how much Fe fits
into ideal magnetite (Mt∗) with an octahedral/tetrahedral ratio of
2 and then stoichiometrically assigning Fe between the valence
states; the remaining Fe is assumed a 2+ valence (Table 3). The
Fe3+/FeT of the magnetite phase by this method varies from 0.43
to 0.62. Substitution of divalent cations for octahedral Fe2+ is not
taken into account by this calculation, but is likely minor because
compositions of magnetites and ulvöspinels in the shergottite and
nakhlite meteorites typically contain <1 wt% of each MgO and
MnO (e.g., McSween and Treiman, 1998). The Fe3+/FeT of the ig-
Table 3
Distribution of Fe between ideal and nonideal magnetite for Method 2b.

Target Mt1 Mt∗2 Mt–Mt∗3 Fe3+/FeT in Mt

Adirondack 13 12 1 0.62
Humphrey 11 7.5 3.5 0.45
Backstay 11 9 2 0.55
Irvine 35 28.5 6.5 0.54
Esperanza 46 30 16 0.43
Barnhill_Ace 26 22.5 3.5 0.58
Posey 32 24 8 0.50
CoolPapaBell 27 18 9 0.44
Humboldt Pk 29 22.5 6.5 0.52
Ideal magnetite (Mt∗) 0.67

1 Mt is the % subspectral area of Fe3S1 + Fe2.5S2 (Table 1).
2 Mt∗ is ideal stoichiometric magnetite (Fe3+(Fe2+Fe3+)O4) and includes all

Mt(oct) and corresponding Mt(tet) at a 2:1 ratio (Table 1).
3 Mt–Mt∗ is the remaining Fe and is assigned a 2+ valence.

neous assemblage is then found as the ratio of Fe3+ in magnetite
to the total Fe in the igneous assemblage (Ol, Px, Ilm, Mt).

Estimates of magmatic fO2 that account for magnetite solid
solution (Method 2b) range from −3.6 to 0.0 �QFM and are in
all cases lower than estimates based igneous mineral that do not
(Method 2a; −2.6 to +1.5 �QFM). The Adirondack and Backstay
classes contain the least magnetite and as a consequence have
the lowest estimated fO2 by both igneous minerals methods (−2.6
to −2.2 �QFM by 2a; −3.6 to −2.4 �QFM by 2b). Other basalt
classes, including the more altered Barnhill, are more oxidized and
yield roughly similar estimates between them depending on the
method used (−0.1 to +1.5 �QFM by 2a; −1.2 to 0.0 �QFM
by 2b).

4.2. Influence of Fe3+/FeT on CIPW norm

APXS geochemical data (Gellert et al., 2006; Ming et al., 2008)
can be recast into normative minerals using the standard CIPW
norm calculation procedure (e.g., McSween et al., 2004). The CIPW
norm assumes 100% equilibrium crystallization at 1 atm and
is strongly dependent on the input Fe3+/FeT. As Fe3+/FeT in-
creases, normative magnetite increases, which increases the degree
of silica saturation, causing normative olivine to decrease until
quartz is normative (Fig. 3). The CIPW norm calculation assumes
pure endmember phases and does not account for solid solution
in magnetite. Other workers have used Fe3+/FeT determined by
Mössbauer to find the CIPW normative mineralogy, but there are
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Fig. 3. CIPW normative mineral abundances as a function of Fe3+/FeT for represen-
tative Gusev basalts. (A) Adirondack class Humphrey; (B) Irvine class Esperanza; and
(C) Humboldt Peak (pl = plagioclase, di = diopside, hy = hypersthene, ol = olivine,
mt = magnetite, qz = quartz, ne = nepheline).

important inconsistencies including higher measured olivine con-
tent than expected by the norm calculations (e.g., McSween et al.,
2004, 2006a, 2006b).

To infer magmatic fO2, we iteratively determined the Fe3+/FeT

until the CIPW normative mineralogy matched mineral contents
determined by Mössbauer. More specifically, we found at what
Fe3+/FeT the ratio of normative fayalite/magnetite (Fa/mt) matches
the olivine/magnetite (ol/mt) found by Mössbauer. The Fa/mt pa-
rameter was used because these minerals are sensitive to Fe3+/FeT

(Fig. 3) and are found in all Gusev basalts (Table 1). In doing so,
we assume that measured olivine/magnetite ratios reflect the ig-
neous assemblage and there has been no later alteration such as
olivine dissolution (e.g., Tosca et al., 2004) or magnetite mineral-
ization (e.g., Schmidt et al., 2009).
Fig. 4. Calculated �QFM based on Fe3+/FeT determined by igneous minerals as a
function of temperature (by Eq. (7) of Kress and Carmichael, 1991; Table 2 caption).
For our calculations, we assume near liquidus temperatures of 1500 K. The range in
shergottite temperatures is from fO2 estimates by Goodrich et al. (2003), Herd et al.
(2001), and Herd (2003).

The Fe3+/FeT and fO2 estimated by normative mineralogy gen-
erally fall between those estimates based on the igneous min-
eral assemblages determined by Mössbauer spectroscopy (Table 2).
The one exception is Backstay, which is the only basalt with de-
tectable ilmenite (3%; Table 1). Estimates for fO2 by Method 3
vary from −2.6 �QFM for the Adirondack class rock Humphrey
to +0.7 �QFM for the rock Esperanza of the Irvine class.

5. Discussion

5.1. How to interpret estimates of fO2

In all cases, measured bulk rock Fe3+/FeT of the Gusev basalts
by Mössbauer spectrometer yield higher Fe3+/FeT (0.17 to 0.53)
than by other methods (0.05 to 0.36). This is because all targets
contain at least some secondary ferric phases, such as nanophase
Fe-oxides or hematite, for which the other methods correct. In this
section, we discuss confidence levels and geologic processes that
may affect estimates for igneous fO2.

One source of concern for relating our Gusev estimates to those
for the martian meteorite samples is the observation that Fe3+/FeT
found in SNC meteorites by Mössbauer spectroscopy and XANES do
not correlate with fO2 by other methods. The interpreted cause of
this observation is dehydrogenation or hydrogen loss during shock
metamorphism (Dyar, 2003). The Gusev basalts do not exhibit tex-
tural evidence for shock and while it is impossible to rule out, we
assume igneous and weathering processes are more likely to affect
the Fe3+/FeT in these rocks. The lack of correlation between fO2
and Fe3+/FeT in the SNCs emphasizes the importance of convert-
ing Fe3+/FeT to fO2 in order to compare the martian dataset.

The calculation of fO2 relative to the QFM buffer from Fe3+/FeT
invites its own set of assumptions, which include temperature and
pressure conditions. Fig. 4 illustrates the dependence of �QFM as
a function of temperature for Adirondack and Barnhill by Method
2a (igneous minerals). The estimates presented in Table 2 assumed
the temperature is near the liquidus at 1500 K (1227 ◦C) for all
Gusev basalts. Oxybarometry of the shergottitic meteorites indi-
cates a larger range of temperatures that extend to lower values
(1003–1459 K; Herd et al., 2002; Herd, 2003) than we assume
for the Gusev basalts. The meteorites are more coarse-grained and
fully crystallized however, suggesting that their mineral assem-
blages reflect more subsolidus re-equilibration and lower tempera-
tures than the crystal-poor to aphyric Gusev basalts. More impor-
tantly, the temperature dependence of fO2 relative to QFM (Fig. 4)
suggests that relative differences between estimates are more real
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than the calculated �QFM values. Temperature dependence alone
suggests uncertainties on our estimates are at least ±0.5 log units
�QFM.

Alteration of basaltic rocks at the martian surface also affects
proportions of igneous minerals. Under the oxidizing, acidic condi-
tions of the modern martian environment, olivine dissolves more
rapidly than pyroxene and magnetite (e.g., Hausrath et al., 2008).
Lower olivine/magnetite ratios and MgO concentrations observed
in weathering rinds than in RAT-abraded interiors of the Adiron-
dack basalts are consistent with ∼20% dissolution of Fo50 olivine
(Hurowitz et al., 2006). Olivine dissolution at rock surfaces can
thus lead to higher Fe3+/FeT found by all 3 methods. To test its
influence on these estimates, we added 20% olivine to brushed
and unbrushed surface analyses and found a decrease in calculated
Fe3+/FeT by ∼5%, with a difference of −0.03 to −0.22 �QFM.
While uncertainties of this calculation make it not worth pursuing
further, the effects of low temperature alteration at the martian
surface is an important caveat to bear in mind.

In addition, serpentinization and/or hydrothermal alteration
may generate secondary magnetite at the expense of olivine (e.g.,
Ehlmann et al., 2010) and would increase calculated Fe3+/FeT.
There is no evidence for secondary magnetite in the Adirondack,
Irvine, Backstay, and Humboldt Peak classes. The Pesapallo sub-
class of Barnhill found along the east side of Home Plate however,
has a greater proportion of magnetite (42–54% of the Mössbauer
subspectral area) and less olivine (1–2%) than other Barnhill class
rocks (24–28% magnetite and 17–18% olivine; Morris et al., 2008).
The difference in mineral contents with little change in elemen-
tal composition (higher Zn and Ni in Pesapallo) across Home Plate
is interpreted to reflect hydrothermal alteration that has affected
the Pesapallo rocks (Schmidt et al., 2009). For this reason, the Pe-
sapallo subclass was left out of our calculations.

Because Method 2a assumes that all the tetrahedral and 50% of
the octahedral sites in magnetite contain Fe3+, we consider these
estimates to be too high. This assumption is not consistent with
nonstoichiometric distribution of Fe between the sites determined
by Mössbauer spectroscopy (Mt(oct)/Mt(tet) < 2). In addition, al-
most none of the shergottitic meteorites contain pure magnetite
and instead contain titanomagnetite to nearly pure ulvöspinel, Fe-
rich spinel, or chromite (e.g., McSween and Treiman, 1998). The
one exception is the magnetite-bearing basaltic breccia NWA 7034
and its high estimated fO2 (+1 to +3 �QFM) is interpreted to re-
flect post-magmatic conditions (Agee et al., 2013b).

The primary fO2 for the Gusev basalts likely lies somewhere
between our estimates by Methods 2b (igneous minerals account-
ing for magnetite substitution) and 3 (normative Fa/Mt) with a
degree of uncertainty. An iron-rich basaltic magma at first frac-
tionally crystallizes minerals that are less oxidized than the melt,
driving the melt composition to higher fO2 (as much as 1 log unit
�QFM), until Fe–Ti oxide saturation when fO2 and FeO∗ concentra-
tion begin to decrease (Toplis and Carroll, 1996). All Gusev basalts
have 11–46% of their Mössbauer spectral areas assigned to mag-
netite (Table 1) and so interpretation of the fO2 estimates depends
on how far the magmas are along a liquid line of descent. High
MgO (up to 10.8 wt%) and a general correlation between FeO∗
and SiO2 for the Adirondack, Irvine, and Humboldt Peak basalt
groups (Fig. 1B), suggests relative primitiveness of these rocks and
that little (titano)magnetite has been removed. Assuming in-place
fractional crystallization of basaltic lavas, the fO2 estimated by
Method 2b captures the early part of crystallization and represents
a minimum estimate, while the fO2 by normative Fa/mt assumes
100% crystallization and represents a maximum estimate.

High SiO2, low FeO∗ as well as relatively low magnetite con-
tents found in the Backstay target may suggest that in contrast
to the other Gusev basalt groups, the Backstay magma underwent
magnetite (or magnetite solid solution series) fractionation during
its petrogenesis (Fig. 1B; Table 1). This interpretation is consis-
tent with models by McSween et al. (2006a, 2006b) that generate
Backstay compositions by fractionation of a Humphrey-like par-
ent and include Fe-oxide (early chromite to late ulvöspinel/mag-
netite) throughout the crystallization sequence. The evolved nature
of Backstay may then suggest that the estimated �QFM is 1–2 log
units lower than its parental magma (i.e., decoupled from its man-
tle source). Alternatively, the Backstay magma may have formed
by low degree partial melting of the mantle (Schmidt and Mc-
Coy, 2010) and our fO2 estimates would therefore reflect its mantle
source.

The ranges of fO2 estimated by Methods 2b and 3 (−3.6 to
+0.7 �QFM) represent our best estimates for primary igneous fO2
for the Gusev basalts. The observation that metallic iron is not
identified in the Gusev basalts provides an independent calibration
for our estimates and indicates that the absolute minimum fO2 is
not significantly below the iron-wüstite (IW) buffer (e.g., McCanta
et al., 2004 found exsolved metallic Fe in 1-atm experiments on
Mars-relevant compositions equilibrated at fO2 = IW and IW-1).
Relative differences between our estimates are more robust than
the values we present, and one should be mindful of the effect of
alteration processes. With these caveats in mind, our level of con-
fidence is ±0.5 to 1 log units �QFM, which is not much worse
than errors presented for lab-based measurements of fO2 in mar-
tian meteorites (e.g., ±0.5 log QFM; Wood, 1991).

5.2. Comparison with other planetary basalts

A compilation of fO2 values for Mars, Earth and the Moon is
presented in Fig. 5. In spite of the uncertainties to our meth-
ods, it is striking how the overall range in fO2 that we estimate
for the Gusev basalts (−3.6 to +0.7 �QFM) is very similar to
what has been estimated for magmatic conditions of the sher-
gottitic meteorites (−3.7 to +0.3 �QFM; Goodrich et al., 2003;
Herd et al., 2001, 2002; Herd, 2003, 2006; Peslier et al., 2010;
Szymanski et al., 2010). Higher values of fO2 have been estimated
for the nakhlites (up to +1.5 �QFM for MIL 03346; Dyar et al.,
2005) and for post-magmatic conditions of the basaltic breccia
NWA 7034 (+1 to +3 �QFM; Agee et al., 2013b). The striking sim-
ilarity between the ranges for magmatic fO2 for the martian basalts
from both landed and meteorite datasets however, indicates that
the fO2 of the source mantle is relatively restricted and we have
yet to identify an exotic mantle reservoir with respect to fO2.

Our direct estimates for fO2 of the relatively unaltered Gu-
sev basalts are in contrast to recent models by Tuff et al. (2013)
that suggest more oxidized conditions (+2 to +3 �QFM) during
mantle partial melting and subsequent igneous differentiation to
generate the entire Gusev suite, including soils, and unbrushed
and hydrothermally altered rocks and to account for composi-
tional differences between the Gusev and SNC datasets. Our es-
timates do not range to the oxidized values common to terres-
trial arc magmas, but they are also not quite as reduced as lu-
nar Mare basalts (Frost and McCammon, 2008; Sato et al., 1973;
Sato, 1978).

The Gusev basalts seemingly fall into two groups of contrasting
fO2 conditions, where more reduced values (−2.7 �QFM average)
are found for the Adirondack and Backstay classes and more ox-
idized values (−0.1 �QFM average) are found for the Humboldt
Peak, Irvine, and Barnhill classes. Our estimates of primary fO2 for
the olivine-rich Adirondack and Backstay classes are comparable to
ranges for the most reduced olivine-phyric shergottites (SaU 005,
Dhofar 019, Y980459, and NWA 57089; Herd, 2003, 2004; Gross
et al., 2011). High-Mg Adirondack class basalts and the olivine-
phyric shergottites are therefore likely partial melts of similarly
reduced mantle. Backstay basalt may likewise be a partial melt of
reduced mantle, but it is also more evolved (higher SiO2) and may
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Fig. 5. Compilation of fO2 of Mars, Earth, and the Moon relative to QFM (as defined
by Wones and Gilbert, 1969). The position of the iron-wüstite buffer (IW as de-
fined by Holloway et al., 1992) depends on temperature and is approximated by the
gray field. Early and late fO2 estimates for individual meteorites are based on pet-
rographic interpretations by Goodrich et al. (2003) and Herd (2006). Data are from
this study, Agee et al. (2013b), Dyar et al. (2005), Frost and McCammon (2008),
Goodrich et al. (2003), Gross et al. (2011), Herd et al. (2001, 2002), Herd (2003,
2004), Peslier et al. (2010), Sato et al. (1973), Sato (1978), and Szymanski et al.
(2010). Note that estimates for NWA 7034 are from 3 different lithologies and esti-
mates are interpreted to record post-magmatic fO2 (Agee et al., 2013b).

have instead undergone magnetite series fractionation. Estimates
for Backstay magmatic fO2 therefore may or may not be decou-
pled from its mantle source.

The higher range of fO2 estimated for the Irvine, Humboldt
Peak, and Barnhill classes (−1.2 to +0.7 �QFM) are more similar
to the more evolved basaltic shergottites (Shergotty, Zagami, and
Los Angeles), and the nakhlites Lafayette and Nakhla. In addition,
the more oxidized Gusev basalts are like the higher fO2 estimates
for the late mineral assemblages of olivine-phyric basaltic sher-
gottites NWA 1068/1110 and LAR 06319 and nakhlite NWA 998
reflecting changes during fractional crystallization (Fig. 5; Goodrich
Fig. 6. Plots of indices for incompatible element enrichment in the shergottitic and
nahklite meteorites and Gusev basalt versus estimates for �QFM. A) Chondrite
normalized LREE enrichment (La/Yb)N correlates with estimates of fO2 in the sher-
gottitic meteorites (Herd et al., 2002). Selected meteorites are indicated (NWA 1068
is paired with NWA 110; LAR is LAR 06319; SaU is SaU 005; Y98 is Y980459; and
QUE is QUE 94201.) B) A proxy for LREE enrichment among the Gusev basalts is
K2O/TiO2, and it also correlates with �QFM for the martian basalts, excepting the
Gusev basalt Backstay. (Note difference in scale.) This relation suggests involvement
of melts or fluids from at least two reservoirs with contrasting fO2 and agrees with
models proposed for the SNC meteorites (e.g., Herd, 2003, 2006). Data are from
Goodrich et al. (2003), Herd et al. (2001, 2002), Herd (2003, 2006), Meyer (2013),
Peslier et al. (2010), Schmidt and McCoy (2010), and Szymanski et al. (2010).

et al., 2003; Herd et al., 2001, 2002; Herd, 2003, 2006; Peslier et
al., 2010; Szymanski et al., 2010). These similarities suggest in-
volvement of a more oxidized reservoir during the petrogenesis of
these magmas.

5.3. Correlation with tracers for reservoirs in the martian interior

Among the shergottitic meteorites, Herd et al. (2002) noted a
correlation between fO2 and La/Yb (Fig. 6A) and initial 87Sr/86Sr
calculated at 175 Ma and suggested this correlation reflects mix-
ing between melts derived from at least two reservoirs with con-
trasting fO2. Such contrasting reservoirs may represent reduced,
light rare earth element (LREE)-depleted mantle and more ox-
idized, LREE-enriched crust (Herd et al., 2002), or two distinct
mantle sources formed during the differentiation of the magma
ocean (e.g., Herd, 2003). The LREE-enriched, high fO2 nature of the
nakhlites also supports the existence of an oxidized reservoir in the
martian interior. A recent study by McCubbin et al. (2013) suggests
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that the oxidized nature of the nakhlites may have formed by
degassing of a Cl-rich fluid which preferentially partitioned Fe2+
into the fluid phase (McCubbin et al., 2013). Differences in Nd and
W isotopic ratios suggest the nakhlite source is distinct from the
contaminant for the enriched basaltic shergottites and metasoma-
tised. An alternative model suggests that the nakhlite melt–melt
depleted residue may have combined with another deep mantle
reservoir to generate the depleted shergottites (Blinova and Herd,
2009).

Although there are no REE or isotopic data for the Gusev
basalts, there is a correlation between the estimated fO2 of four
Gusev basalt classes (Adirondack, Barnhill, Irvine, and Humboldt
Peak) and enrichments in incompatible trace elements (K2O/TiO2;
Fig. 6B). Variations in K2O/TiO2 versus fO2 for the Gusev basalts
generally overlap with those of the SNC meteorites (excepting
Backstay and early NWA 998). Additionally, these variations sug-
gest two-component mixing between melts derived from a re-
duced, K and LREE-poor reservoir and from a more oxidized
LREE-rich reservoir, such as has been suggested for the basaltic
and olivine-phyric shergottites (Herd et al., 2002). Of the martian
basalts, Adirondack class and olivine-phyric shergottites (e.g., Yam-
ato 980459) are the most likely direct mantle melts (e.g., Herd,
2004; Monders et al., 2007; Borg and Draper, 2003) and are rep-
resentative of a reduced, LREE-depleted reservoir. The alkali-rich
Irvine and Humboldt Peak basalts as well as the more evolved
basaltic shergottites have likely interacted with an LREE-rich, ox-
idized reservoir.

5.4. fO2 and implications for the evolution of Mars

The limited range in estimated fO2 for martian basalts and the
martian interior is significant for our understanding of Mars evolu-
tion. The exterior of Mars is very oxidized, as indicated by the high
Fe3+/FeT that have been measured in weathered and/or hydrother-
mally altered materials by the Mössbauer spectrometer (up to 0.93
in Montalva in Gusev Crater; Morris et al., 2008). In contrast, our
maximum estimated igneous Fe3+/FeT is 0.29. This indicates that
tectonic processes have not led to sufficient recycling of oxidized
surface material into the interior to entirely affect the overall oxi-
dation state of the martian mantle.

There also appears be a limit to how much fO2 may increase
in the Mars interior by normal mantle processes. Magma mix-
ing, such as has been interpreted for the generation of the ob-
served variability in fO2 between the depleted and enriched sher-
gottites (Herd et al., 2002), is limited by the endmember fO2.
However, the existence of at least two reservoirs with co-varying
LREE-enrichment and oxygen fugacity points towards some mech-
anism to adjust these compositional parameters that is possibly
related to planetary differentiation. Sm–Nd systematics in olivine-
phyric shergottites support early formation of the depleted man-
tle reservoir by 4.525 Ga (Borg et al., 1997). The more oxidized,
LREE-rich reservoir may signify involvement of the crust or mantle
source heterogeneities formed during early differentiation of the
planet.

Our estimates of fO2 for the Gusev basalts also support the
existence of at least two reservoirs with distinct incompatible el-
ement and fO2 characteristics by the Early Hesperian. Differences
in composition among the Gusev basalts have been suggested to
arise by fractional crystallization (McSween et al., 2006b), but mag-
netite series fractionation limits the degree to which fO2 may
increase by this process alone (Toplis and Carroll, 1996). The ob-
served trace element variations may also be generated by varying
degrees of partial melting, or by multi-stage batch partial melt-
ing of WD model mantle (Wänke and Dreibus, 1988), although
some additional K (0.01 wt% vs. 0.003 wt% in WD mantle) is nec-
essary to produce the observed K concentrations at melt fractions
sufficient to allow melt migration (Schmidt and McCoy, 2010). At
degrees of partial melting not sufficient to entirely change the
residual mineralogy of WD mantle, the fO2 of the melt would
retain the fO2 of its mantle source. One possible mechanism to
introduce both additional K and more oxidizing conditions is by
metasomatism, involving a reaction of aqueous fluids with the
martian mantle (e.g., Borg and Draper, 2003; Treiman, 2003). Such
a process would generate an inhomogeneous distribution of K in
the martian mantle, which is necessary to (a) explain differences
in alkalis observed between the Gusev basalts and SNC mete-
orites, and (b) generate realistic crustal thicknesses in thermal
and chemical evolution models (e.g., Hauck and Phillips, 2002;
Ruedas et al., 2013). Alternatively, assimilation of the crust may
enrich Gusev primary melts in K2O/TiO2 and increase magmatic
fO2.

Because we are working with a limited dataset, we will likely
continue to revise conceptual models regarding the evolution of
oxygen fugacity and incompatible element compositions in the
martian mantle, particularly were isotopic data to become avail-
able, either by in situ measurement or returned samples. There
is also a possibility that more oxidized basaltic igneous rocks ex-
ist. The relationship of increasing K2O/TiO2 with fO2 may extend,
for example, to the recently discovered mugearite Jake_Matijevic
in Gale Crater by the Curiosity rover (K2O/TiO2 = 2.6–4.4); petro-
chemical modeling suggests its evolved alkaline composition may
have formed by plagioclase-free fractional crystallization of a par-
tial melt of a K and H2O-rich mantle source (Stolper et al., 2013).
An even more oxidized reservoir in the martian mantle might
therefore exist.

6. Conclusions

Estimates of igneous fO2 for the relatively unaltered Gusev
basalts by two different methods (−3.6 to +0.7 �QFM) are strik-
ingly similar to estimates for the shergottitic meteorites (−3.7 to
0.3 �QFM; Goodrich et al., 2003; Herd et al., 2001, 2002; Herd,
2003, 2006; Peslier et al., 2010). Although a few more oxidized ex-
ceptions exist among the meteorite dataset (nakhlite MIL 03346
and post-magmatic conditions of basaltic breccia NWA 7034; Dyar
et al., 2005; Agee et al., 2013b), they are apparently not analogous
to conditions of formation for the Gusev basalts. The overall range
in fO2 in the source mantle for martian basaltic magmas is there-
fore relatively restricted.

In the Earth, variations in mantle fO2 are attributed to recy-
cling of oxidized surface material at subduction zones (e.g., Frost
and McCammon, 2008). For Mars, the reduced nature of some
Gusev basalts and olivine-phyric meteorites provide no evidence
for tectonic processes having affected the overall oxidation state
of the mantle (Fig. 5). Yet an incompatible element-rich compo-
nent of the martian interior was involved in the petrogenesis of
the K-rich Irvine and Humboldt Peak basalts as well as the LREE-
enriched basaltic shergottites. The nature of the oxidized compo-
nent likely differs for the meteorite and Gusev datasets and may
signify tapping of mantle source heterogeneities formed during
early differentiation of the planet, metasomatism by oxidizing flu-
ids, or crustal contamination.
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