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Introduction: The Elephant Moraine (EET) 79001 

Martian meteorite is distinct in exhibiting two litholo-

gies (A and B), joined along an igneous contact. These 

lithologies record different shock pressures; in contrast 

to the less intensely shocked lithology B (32 ± 3 GPa), 

which exhibits only minor amounts of shock melt, the 

more strongly shocked lithology A (39 ± 4 GPa) is 

host to a volumetrically abundant and complex-

textured network of shock melt veins and pockets [1]. 

Earlier studies of Sr in lithology A shock melts report 

evidence of heterogeneities in this element beyond the 

range of mineral separates analyzed from the host rock 

[2, 3]. In addition, high-vacuum pyrolysis of lithology 

A and chips from the melts produced sulfur in different 

proportions of oxidized (SO2) and reduced (H2S, S2) 

species, with the shock melts exhibiting the most 

highly oxidized component [4]. Both studies indicate 

that at least some of the material in EET 79001 shock 

melts is extraneous, possibly representing relic grains 

of Martian weathering or alteration products. Such 

results have been central to arguments supporting an 

injection mechanism for the formation of localized 

melts in Martian meteorites [e.g., 5].  

That shock melts in Martian meteorites host a 

component derived from the Martian near-surface is an 

exciting possibility; in situ analyses of these compo-

nents may help in understanding chemical weathering 

of rocks and soils in the Martian near-surface and can 

also aid in future mission planning. However, recent 

studies of melt pockets in other Martian meteorites 

have shown that their textural and compositional (bulk 

composition and redox state) characteristics favor a 

formation mechanism by in situ shock melting of vari-

able portions of host rock minerals [6]. This is consis-

tent with current understanding of shock dynamics in 

heterogeneous materials such as polymineralic targets, 

where shock impedance contrasts cause the propagat-

ing shock wave to be reverberated on many interfaces. 

Collapse of pore space in the host rock produces the 

highest dissipation of energy [7], supported by physi-

cal models [8] as well as shock recovery experiments 

[9].  

It is unclear, at present, how the shock melts in 

EET 79001 relate to those found in other Martian me-

teorites and how Martian surface components came to 

be sited within the melts. The goal of this study is to 

characterize several glassy areas within EET 79001 

shock veins and pockets in terms of major and trace 

element chemistry, and sulfur speciation. This has been 

accomplished using a variety of techniques including 

FE-SEM, EM, and XANES. The results are used to 

constrain the materials which were melted to form the 

glasses and to compare these results to shock melts 

observed in other Martian meteorites in order to de-

velop a complete model for the formation of localized 

melts in heterogeneous target materials.   

Petrography of EET 79001 melts: The shock 

melts investigated in this study are located within EET 

79001 lithology A and form morphologically distinct 

veins and pockets. The pocket has a minimum size of 

1.5 cm x 0.8 cm, is highly vesiculated, and contains 

skeletal crystals of pyroxene and olivine embedded in 

glass. Clasts of host rock chromite and orthopyroxene 

are entrained within the melt and show sieve reaction 

textures at their margins. The pocket, in direct contact 

with the host rock, is dominantly glassy, exhibiting a 

honey brown color in transmitted light; the rest of the 

pocket appears opaque due to its finely crystalline na-

ture. The veins have thicknesses ranging from 2–50 

μm; they are melt-filled fractures and microfaults with 

small lateral offsets and are dominantly glassy with 

small fragments of host rock minerals and sulfide 

spheres, blebs and stringers. Sulfide grains within the 

host rock show preferential melting and mobilization 

in areas that have otherwise responded to shock largely 

by mechanical deformation.  

Methodology: The texture of section EET 79001 

,73 was first characterized using FE-SEM BSE imag-

ing. X-ray elemental maps were performed on areas of 

interest using electron microprobe (EM). The abun-

dance of 13 major and minor elements have been de-

termined for the glasses by averaging a series of EM 

defocused beam analyses. Oxide wt% totals of the 500 

analyses were all within 100 ± 5. The data can be used 

to constrain the components that melted to form the 

pockets and veins, following the method of [5, 10]. SE 

imaging was used to locate the areas interest. XANES 

spectra were collected for these areas at the ESRF 

(Grenoble, France), beamline ID21, using a 50 μm 

beam diameter.  

 Results: The XANES spectra for glasses in 

EET79001 and reference materials are shown in Fig. 1. 
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The spectra for EET79001 show the broad peak (cen-

tered at 2.477 keV) characteristic of reduced basalts 

(e.g. Lau Basin, 2051) where sulfides are dominant. 

Significant sulfate peaks (at 2.482 keV) were not re-

corded, although two of the spectra (EET79001_1 and 

EET79001_3) show a shoulder that is consistent with 

the presence of small amounts of sulfate species. Most 

notably, the presence of a sharp peak at 2.471 keV is 

characteristic of crystalline sulfides (e.g. pyrrhotite), 

which is also in a sample from the Galapagos (#1540). 

This feature is interpreted to be caused by partial or-

dering of S species in the glass. In addition, the basal-

tic sample from the Galapagos has a characteristic am-

ber color that is similar to amber-colored industrial 

glass, which is caused by an “amber chromophore” 

consisting of ferric iron tetrahedrally coordinated with 

three oxygen and one sulfide [11]. The chromophore 

requires the coexistence of Fe
3+

 and S
2-

; therefore, it is 

only stable over a relatively narrow fO2 range (10
-5

 to 

10
-9

 bars at 1400 
o
C, for soda-lime-silica glass, [11]). If 

the XANES features observed for the Galapagos sam-

ple and EET79001 are caused by the amber chromo-

phore, then the fO2 that EET 79001 shock melt glasses 

formed under can be narrowly constrained (although 

not necessarily to the same values of soda-line-silica 

glasses because alkalis are known to stabilize Fe
3+

 at 

lower fO2). Based on our current knowledge of S and 

Fe speciation in basaltic glasses [12, 13], sulfide spe-

cies are expected to coexist with ferric iron in the fO2 

interval FMQ-2 < fO2 < FMQ+2. Thus, EET79001 

glass likely formed within this range of fO2. 

 The consistency between apparent EET 79001 

shock melt redox conditions and those of the host rock 

[FMQ – 1.7; 14] implies that the oxygen fugacity of the 

melt pocket was set by the Fe
3+

/Fe
2+

 ratio imparted by 

the melted host rock material. The dominant control on 

the oxygen fugacity of the melt pocket is apparently 

internal, and external factors, such as the incorporation 

of CO2-rich Martian atmosphere [15], or oxidized Mar-

tian alteration or weathering products [4], have little 

influence. This is consistent with the findings of our 

previous crystallization experiments on melt pocket 

compositions [16], and with major and trace element 

data from EET 79001 shock melts and those of other 

Martian meteorite melt pockets (this study) which can 

be produced by melting variable amounts of host rock 

phases. Our findings of mixed sulfur speciation in EET 

79001 shock melts is consistent with the results of [4]; 

however, we contend that void collapse provides a 

more viable model for melt pocket formation, as op-

posed to injection of extraneous molten material, in-

cluding Martian regolith, into cracks and fractures in 

the host rock [5]. Instead, Martian alteration or soil 

components were present in the rock prior to shock as 

grains trapped in cracks, fractures, microfaults or vesi-

cles. During impact and ejection from the Martian 

near-surface the void spaces become preferential sites 

for melting. The melt products carry a signature that is 

dominated by that of the host rock, with a small signa-

ture of Martian alteration or soil component, the mag-

nitude of which is dependent on the original size and 

abundance of these grains prior to shock.  

   

 
Fig. 1. XANES spectra for EET 79001 glasses in 

shock veins and pockets and reference materials. 
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