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Introduction: Antarctic localities such as the Dry 

Valleys are good field analogs for present day Mars but 
it is important to distinguish the alteration products of 
each environment. Sulfate minerals in the soils of the 
Dry Valleys are similar to vesicle fillings in the fusion 
crusts of some Antarctic meteorites [1,2] so these 
phases are regarded as terrestrial. The identification of 
jarosite, KFe3

3+(SO4)2(OH)6, and other sulfate minerals 
at the MER landing sites has renewed interest in the 
sulfates of the martian meteorites, both as potential mar-
tian minerals and as deposits from analog environments 
[3,4]. Conversely, secondary carbonates in EETA 
79001 and ALHA 84001 are widely accepted as Mar-
tian, although carbonates have yet to be identified on 
Mars [5]. Hydrous aluminosilicates are also of interest 
because these yield clues to the Martian hydrosphere 
and have been reported by orbital remote sensing [6].  

To improve our understanding of martian alteration 
and their terrestrial analogs, we are making a combined 
petrologic, geochemical (EMP), and laser Raman spec-
troscopy survey of the alteration and secondary phases 
in a subset of Antarctic martian meteorites. Key aspects 
include (1) understanding the variety of secondary min-
erals present within the martian meteorite classes, (2) 
distinguishing Antarctic alteration products from mar-
tian, (3) characterizing their conditions of formation, 
and (4) comparing the data to MER observations [7-12]. 
Because secondary materials are frequently fine-grained 
mixtures, multiple forms of analysis are needed for full 
characterization (mineral structure, cross-cutting rela-
tionships, chemical composition) [13-15]. Raman spec-
troscopy is particularly useful for microscale phase 
identification [16,17]. A summary of secondary phases 
reported in Antarctic martian meteorites and their in-
ferred origins is provided in Table 1.  

Data already collected: A survey of the Antarctic 
meteorite collection was made at JSC during the sum-
mer of 2006 in cooperation with scientists from both 
LPI and JSC. Areas of interest were selected after petro-
graphic examination with an emphasis placed on olivine 
because it hosts many of the alteration products and 
secondaries in the martian meteorites. Fifteen major and 
minor elements were mapped in each area using the JSC 
Cameca SX100. X-ray maps were followed up by quan-
titative spot analyses.  

Future data collection: Microbeam laser Raman 
spectroscopy will be used to obtain mineralogic infor-

mation on polished thick sections and tied together with 
the petrographic and electron microprobe data.  

Samples analyzed: 1) Per the abundant mesostasis, 
extreme zoning and relative lack of olivine, MIL 03346 
is suggested to have formed at shallow depth [18-20]. 
Environmental conditions and fluids present during 
alteration should therefore approximate the surface con-
ditions of Mars. Olivine contains pre-terrestrial Fe-Si 
alteration veins (“iddingsite”) crosscut by K, S, and Fe-
enriched fractures, confirmed to be jarosite [3]. Some 
olivine fractures also contain Ca-sulfate whose CaO 
content (by EMPA) best matches bassanite, although 
the SO3 content is low. Bassanite is also reported to 
occur on some “thawed” 2003 samples (Righter, pers. 
comm., 2006). The Ca-sulfate bearing cracks cut across 
“iddingsite” so the sulfates are in sharp contact with the 
iddingsite, implying a separate episode of deposition 
(Fig. 1). Likely Ca sources are the abundant augite and 
mesostasis. A trace of chlorite, identified optically, is 
visible inside the olivine.  

Figure 1. BSE image 
(width=200µm) of a 
crack filled with Ca-
sulfate cutting across 
secondary “iddingsite” 
in the ferroan rim of a 
MIL 03346 olivine.  

2) ALHA 77005 
olivine and chromite 
contain abundant sec-
ondary K-Fe and Fe 
sulfates (jarosite, 

quenstedtite). These were initially suggested to be pre-
terrestrial because the meteorite contains little H2O [21] 
and its trace-element composition appears to be unaf-
fected by weathering [22,23], but later considered to be 
terrestrial, after sulfates were reported in the fusion 
crusts of other Allan Hills meteorites [24]. An earlier 
generation of patchy olivine alteration [25] occurs 
sparsely throughout ALHA and is unlike the “idding-
site” found in Nakhlites (Fig. 2). The sulfates are finely 
intergrown with the olivine alterationa and those associ-
ated with chromite are enriched in Cr and P. Only minor 
(K-bearing) plagioclase, whitlockite, and sulfides occur 
in this lherzolite. Secondary free silica, goethite, a low-
Al phyllosilicate, and Mg–Fe phosphates are also re-
ported [2].  
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Figure 2. BSE image of “patchy” olivine alteration in ALHA
77005 crosscut by later jarosite. Chromites are also altered to
P- and Cr-bearing jarosite which appears red in the S map at 
the right (scale bar = 200µm) [25].  
3) LEW 88516 has similar petrographic and geo-
hemical characteristics to ALHA 77005 but a different 
uite of alteration products, including Na-Ca sulfates 
nd S, Cl-bearing iron-silicate rust [2]. These sulfates 
re also suggested to be Antarctic; thenardite is specifi-
ally reported as native to the Antarctic soil [2].  

4) Calcite, Ca-Mg sulfates, S and Cl-bearing hy-
rous aluminosilicate, and Mg-phosphate are reported 
n both EETA 79001 lithologies in occurrence with 

lithology C (i.e., “drusy” material [1]). The carbonate is 
generally accepted to be Martian because it occurs with 
unaltered impact glass, is not linked to the surface via 
fractures, and is not observed near the exterior. The 
origin of the Ca–sulfate and phosphate, however, is less 
clear [1,5]. Gypsum is generally believed to be an Ant-
arctic weathering product 
and is present near the 
exterior of this meteorite 
but euhedral Ca-sulfate 
inclusions occur inside 
pyroxene and with the 
calcite [5]. Augite and 
maskelynite are two po-
tential sources of Ca.  

Whereas isotopic data 
may be needed to reliably 
discriminate the origin of 
some alteration phases, 
we anticipate that these 
investigations will better 
constrain the nature and 
sequence of alteration 
processes on Mars.  
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Table 1. Antarctic Martian meteorites

modal % ol, olivine alt. other thought to be martian ol/alt. variety of

Shergottites comp./color products* secondaries or terrestrial alt? ref. Shergottite

EETA 79001, 
lith A

7.2 - 10.3%,      
Fo 55-81 none reported

calcite, dolomite, Ca-Mg sulfates, S-
Cl hydrous Al-silicates, illite, 

smectite/zeolite, Ca-Mg phosphate, 
Pb-S-Cr mineral, Fe-hydroxysulfate 

(in GRIM glass), amph

carbonate, some sulfate, and S-Cl 
minerals: martian; Ca-sulfate, 2 
hydrous aluminosilicates, silica, 

phosphate: terrestrial

1, 4, 5, 25, 
35, 36

olivine-
phyric

EETA 79001, 
lith B

trace Fa,         
Fo 5 none reported

calcite, dolomite, Ca-Mg sulfates, S-
Cl hydrous Al-silicates, illite, 

smectite/zeolite, Ca-Mg phosphate, 
Pb-S-Cr mineral, Fe-hydroxysulfate 

(in GRIM glass), amph

carbonate, some sulfate, and S-Cl 
minerals: martian; Ca-sulfate, 2 
hydrous aluminosilicates, silica, 

phosphate: terrestrial

1, 4, 5, 25, 
29, 35, 36 basaltic

QUE 94201 trace Fa, Fo 1-4 none reported
K-Fe & Ca sulfates, Mg 

phosphates, silica, S-Cl-bearing 
aluminosilicate, K-Fe salts

textures consistent with a terrestrial 
origin 25, 4 basaltic

ALHA 77005 44-60%, Fo 70-75, 
brown

patchy alt. 
(goethite), Fe3+ or 

submicron 
magnetite

free silica, low Al-silicate clay,  
jarosite, Mg-Fe phosphate

jarosite: postulated to be terrestrial, 
sulfate & aluminosilicate in fusion 

crust: terrestrial, Mg-Fe phosphate, 
silica: martian

2, 25, 20-
23, 31, 32, 

33
lherzolitic

GRV 99027 39%, Fo 70-76 none reported none reported ------------------------- 25 lherzolitic

GRV 020090 Fo 60-70 ------------- paired w/ GRV 99027 ------------------------- 25 lherzolitic

LEW 88516 50%, Fo 64-70, 
brown

Fe3+ or submicron 
magnetite

Na, Ca-sulfates; S-Cl bearing Fe-
silicate rust (oxyhydroxide), salts, 

amph

sulfates, salts, rust, and 
aluminosilicate in fusion crust: 

terrestrial

25, 2, 31, 
32-33, 35 lherzolitic

YA 1075 Fo 67-74 none reported none reported ------------------------- 25 lherzolitic

Yamato 980459 9-26%, Fo 29-86, 
yellow none reported none reported ------------------------- 25, 37, 38 olivine-

phyric

Yamato 793605
40%, Fo 66-69, 
brown-green to 

yellow

Fe3+ or submicron 
magnetite

silica, jarosite, clays, Fe 
phosphates

jarosite, clay: likely terrestrial; Fe 
phosphate: unknown

25, 27, 31, 
32-34 lherzolitic

Yamato 000027 Fo 67 not avail. not avail. ------------------------- 25 lherzolitic

Yamato 000047 Fo 70 not avail. not avail. ------------------------- 25 lherzolitic

Yamato 000097 Fo 67 not avail. not avail. ------------------------- 25 lherzolitic

Nakhlites

MIL 03346 <5%, Fo 43-44, 
meso Fo 3-5 iddingsite, chlorite gypsum, bassanite, siderite, 

jarosite iddingsite: martian, bassanite 3, 19, 25, 
30

Yamato 
593/749/802 10-12%, Fo 22-38 iddingsite siderite iddingsite: martian 25, 28

Orthopyroxenite

ALH 84001 minor, Fo 65 none reported
mica, salts, carbonates, ankerite, 

pyrite, magnetite, silica, Fe sulfate, 
hydrous silicates

martian 25, 35

* phases in bold are previously unreported alteration phases, list includes proposed sources of the brown color of some olivine
Antarctic meteorite prefixes: ALH= Allan Hills, MIL= Miller Range, Y= Yamato, QUE= Queen Alexandra Range, LEW= Lewis Cliffs,
GRV= Grove Mountains; African prefixes: NWA= Northwest Africa, SaU= Sayh al Uhaymir, Dhofar


