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Introduction: The twin Mars Exploration Rovers 

(MER) Spirit and Opportunity have explored the Mar-
tian surface at Gusev Crater (GC) and Meridiani 
Planum (MP) for more that 1840 sols (more than 5 
Earth years). Their science payload [1] includes in-
struments for mineralogical (Mössbauer (MB), Mini-
TES, and Pancam) and chemical (APXS) analysis and 
a tool (RAT) for brushing and grinding rock surfaces. 
Rover wheels are used to expose subsurface soil. We 
will focus here primarily on results from the MB (Fe 
mineralogy) and APXS instruments and the constraints 
they provide for modeling hydrous environments. 

Fe-bearing phases: The concentration and minera-
logical speciation of Fe constrain the nature and pro-
gress of alteration processes by the extent of its mobil-
ity in hydrous environments, by its distribution be-
tween oxidation states (Fe2+ and Fe3+), and by its min-
eralogical speciation. 

Fourteen Fe-bearing phases have been identified by 
MB [2-4]: 5 primary igneous silicate/oxide phases 
(olivine, pyroxene, ilmenite, magnetite, and chromite 
(one occurrence)), 7 secondary phases (nanophase 
ferric oxide (npOx), hematite, goethite, jarosite, py-
rite/marcasite (one occurrence), ferric sulfate, and an 
unidentified Fe3+ phase referred to as Fe3D3), and 2 
meteorite phases (metallic-Fe and troilite). NpOx is 
ubiquitous and associated in various proportions with 
basaltic soils and many basaltic rocks, and it is inter-
preted to be the primary Fe-bearing component in mar-
tian dust. Goethite, along with hematite, is found in 
highly altered rocks in the GC Columbia Hills at West 
Spur and Husband Hill. Jarosite, hematite and Fe3D3 
are components of the S-rich outcrop at MP. In addi-
tion, hematite-rich spherules (a.k.a. blueberries) are 
imbedded in the outcrop and are present as a lag on the 
surface. Ferric sulfate is found subsurface in GC on 
Husband Hill and at several locations near Home Plate. 
The occurrence of the sulfide pyrite/marcasite is a float 
rock on Home Plate. 

Goethite and jarosite both contain OH in their 
structure and therefore formed in the presence of H2O. 
Ferric sulfate also reasonably requires H2O for its for-
mation. 

Constraints on chemistry, mineralogy, forma-
tion pathways: We next combine the Fe-mineralogy 
discussed above and APXS chemical data [5-8] that 
together provide ground-truth for modeling hydrous 
environments on Mars. We will not consider numerical 

models, but we will point to styles of alteration that are 
indicated by the Fe-mineralogy and chemistry.  

Meridiani Planum. The bulk chemical and minera-
logical composition of the S-rich outcrop over Oppor-
tunities ~10 km traverse is nearly constant [8] (Table 
1). The Fe mineralogy is subequal proportions of Fe 
from jarosite, hematite (not spherule hematite), and 
Fe3D3 (Fe3+/FeTotal ~ 0.85) [3]. The bulk chemical 
composition, calculated to a Cl- and SO3-free basis, is 
basaltic, implying isochemical alteration of precursor 
basaltic materials is a reasonable working hypothesis 
(i.e., low water-to-rock ratios with only the additions 
of Cl, SO3, and H2O). (Note: Chemical data from 
APXS are calculated to a H2O/OH-free basis because 
the instrument does not detect H, although estimates of 
H2O contents are being made from proton scatter 
peaks in APXS spectra [9]). Low-pH, acid-sulfate for-
mation conditions are implied by the presence of 
jarosite and the high SO3 concentrations. The MP 
spherules are evidence for hydrothermal conditions as 
a working hypothesis, because similar spherules were 
formed under hydrothermal conditions on Mauna Kea 
volcano and in the laboratory from hydronium jarosite 
precursors [10,11]. An important unknown is the min-
eralogical and chemical composition of the alumi-
nosilicate alteration product. 

Gusev Crater. Several different hydrous environ-
ments were encountered by Spirit in the Columbia 
Hills. High-SiO2 soils (~90% in the soil Kenosha 
Comets) are present in Eastern Valley adjacent to 
Home Plate [12], which is in the Inner Basin and in-
terpreted as a volcanic complex [13]. A high-SiO2 float 
rock with pyrite/marcasite (Fuzzy Smith) was analyzed 
on Home Plate, and Mini-TES measurements of the 
high-SiO2 soils (Fuzzy Smith was not analyzed) show 
that high-SiO2 phase is amorphous as opposed to 
quartz [12]. Because these high-SiO2 materials are also 
enriched in TiO2 relative to local precursor basaltic 
compositions, acid sulfate leaching is a proposed in-
terpretation of the chemical data [4,12]. All elements 
detected by APXS are leached (high water to rock ra-
tios) except for SiO2 and TiO2 whose concentrations 
are passively enriched because they precipitate as in-
soluble phases (possibly anatase and opal-A). Palago-
nitic tephra (aqueous alteration at low water to rock 
ratios) is also interpreted to be present at Home Plate 
(Barnhill Class rock) [4]. 
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Independence Class outcrop rocks on the NW 
slope of Husband Hill have low total Fe contents (2-
5%), slightly enriched SiO2 concentrations (50-55%), 
and high Al/Si ratios that are interpreted to result from 
leaching and alteration in a hydrous environment (high 
water to rock ratios) (Table 1) [7,14]. The significant 
difference in bulk chemical composition between the 
Independence Class rocks and the high-SiO2 rocks at 
Home Plate is evidence for leaching of the former un-
der more neutral pH conditions [7]. The elemental 
composition of Independence Class rocks suggest an 
smectite or smectite-like component, but the minera-
logical presence of smectite is not supported by Mini-
TES measurements [14]. 

Ferric sulfate was identified by MB in subsurface 
soils that have high SO3 (22-36%) and H2O (6-19%) 
concentrations at three locations in Gusev Crater (NE 
Husband Hill, between Husband Hill and Home Plate, 
and at Tyrone SE of Home Plate) [9,15,16]. These 
soils (Paso Robles Class) are interpreted to have 
formed under oxidizing, acid-sulfate conditions as 
hydrothermal condensates [16]. 

Isochemical alteration (hydrous alteration at low 
water to rock ratios) is indicated for the Watchtower 
Class rocks on Husband Hill (Table 2). The rocks have 
a nearly constant chemical composition and a minera-
logical composition that ranges from ~63% of FeTotal 
from olivine, pyroxene, ilmenite, and magnetite and 
Fe3+/FeTotal ~0.43 (Keystone) to ~13% of FeTotal from 
those phases and Fe3+/FeTotal ~0.88 (Pequod) [4,7] 

Clovis class rocks on West Spur of the Columbia 
Hills have compositions similar to basaltic soils, ex-
cepting higher Mg, Cl, and Br and lower Ca and Zn. 
The presence of goethite and secondary aluminosili-
cates (inferred from chemical data) point to alteration 
in hydrous environments [4,6]. 
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Table 1. APXS and MB data for Average MP Outcrop and 
Calculated Basaltic Precursor 
 

MP Out-
cropa 

MP Pre-
cursora 

GC 
Kenosha 
Cometsb 

GC Inde-
pendence 

Pennb 
SiO2  wt% 36.47 48.19 90.5 54.9 
TiO2 0.76 1.01 1.21 1.88 
Al2O3 6.09 8.06 1.7 18.7 
Cr2O3 0.19 0.25 0.33 0.04 
Fe2O3 14.61 5.08 0.4 1.1 
FeO 2.24 15.67 0.4 2.9 
MnO 0.32 0.43 1.0 0.08 
MgO 7.71 10.40 2.3 3.4 
CaO 4.79 6.46 0.7 7.3 
Na2O 1.59 2.19 0.3 3.2 
K2O 0.58 0.75 0.00 0.52 
P2O5 1.03 1.37 0.03 3.48 
SO3 22.26 0.00 1.00 2.2 
Cl 1.06 0.00 0.1 0.3 
Total 99.87 99.87 99.88 99.90 

Br    µg/g 80 107 151 24 
Ni 602 798 278 444 
Zn 427 554 17 667 

Fe3+/FeT 0.85 0.23 0.36 0.35 
aAfter [3]. Outcrop chemical data from [ref] for surfaces ex-

posed by RAT grinding. Precursor calculated assuming 
Fe3+/FeTotal = 0.23 and SO3 = Cl = 0.0. b[7,14] 
 
 
Table 2. APXS and MB data for GC rocks 
Methusela_Keystone and Pequod_Ahab. Pie diagramsshow 
the proportion of total Fe associated with Fe-bearing phases. 
 Methuselah 

Keystonea 
Pequod 
Ahabb MB Fe Mineralogyc 

SiO2  wt% 47.0 46.0  
TiO2 2.21 1.92 
Al2O3 12.44 13.1 
Cr2O3 0.11 0.05 
Fe2O3 5.00 10.74 
FeO 5.96 1.32 
MnO 0.31 0.20 
MgO 8.38 8.4 
CaO 5.75 7.1 
Na2O 3.3 3.5 

 
 
 
 
 
 
 

 
Keystone 

K2O 0.51 0.38 
P2O5 1.23 2.83 
SO3 4.95 4.3 
Cl 0.92 1.0 
Total 99.91 99.88 

Br    µg/g 232 250 
Ni 155 94 
Zn 117 80 

Fe3+/FeT 0.43 0.88 

 
 
 
 
 
 
 
 
 

Pequod 
a[5]. b[6]. c[4]. 
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