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Introduction: Organic carbon compounds are essential 

building blocks of terrestrial life, so the occurrence and ori-
gin (biotic or abiotic) of organic compounds on Mars is of 
great significance (6). Indeed, the question of Martian or-
ganic matter is among the highest priority targets for robotic 
spacecraft missions in the next decade including the Mars 
Science Laboratory. Several Martian meteorites contain or-
ganic carbon (i.e., macromolecular reduced carbon-rich ma-
terial, not necessarily related to biota), but there is little 
agreement on its origins. Hypotheses for the origin of this 
organic carbon include: terrestrial contamination (1); chon-
dritic meteoritic input (2); thermal decomposition of Martian 
carbonate minerals (3); direct precipitation from cooling 
aqueous fluids (4); and the remains of ancient Martian biota 
(5). Fourteen martian meteorites were analyzed using 
stepped-combustion isotope-ratio mass spectrometry, and 
they were reported to contain between 1 and 50 ppm of 
“crystalline” carbon that combusted between 600 and 
1000°C (6,7). This temperature release range was interpreted 
by Grady et al. (7) as representing reduced magmatic carbon 
along grain boundaries or included within silicates. In the 
present study, we used CRIS to study microphenocrysts of 
oxides (spinel-group minerals) included in olivine and py-
roxene grains (Figure 1) in twelve Martian meteorites includ-
ing samples of the recent Tissint meteorite fall and 
NWA7034. We identified MMC in ten of these meteorites 
associated with small (2-20µm) chromite-rich grains that are 
ubiquitous as mineral inclusions within olivine and / or py-
roxene grains in these meteorites. Any MMC found to be 
incompletely enclosed within its silicate host (i.e. in cracks, 
grain boundaries, at the surface of the sample, or associated 
with weathering or contaminating phases) was treated as 
contamination and discounted from this study. All of the 
MMC we report here was located at least several microns 
below the undisrupted surface of the observed thin section 
and occurs in association with chromite-rich microphenoc-
rysts (Fig 1). The association of MMC with spinel is consis-
tent in recent falls (Tissint, Zagami) as well as older finds 
(DaG 476, SAU 019) and is unlikely to be terrestrial con-
tamination. 

MMC was characterized by the diagnostic disordered 
and graphitic (or ordered) “D” and “G” Raman peaks at 
~1350 and 1590 cm-1 respectively (6). MMC was initially 
discovered in Dar al Gani (DaG) 476 associated with an ox-
ide + pyroxene inclusion. DaG 476 is an olivine-phyric sher-
gottite with olivine comprising 15-17% of the mode (Fig. 
1A-E) (6). The oxides are fine-grained spinel-group minerals 
(hereafter referred to as spinel), which are closest to magnet-
ite or chromite based on the Raman peak positions. They are 

distributed throughout the olivine with enough grains below 
the surface to allow study of associated MMC completely 
enclosed within the host. CRIS and is neither carbonate or 
terrestrial microbial contamination. 

Transmitted light microscopy images and CRIS peak 
maps of a number of oxide grains hosted by olivine and py-
roxene grains from ALH84001 and Northwest Africa (NWA) 
1110 demonstrate the co-occurrence of MMC phases with 
oxides in the meteorites analyzed Fig. 1H-R). In the case of 
NWA 1110 (Fig 1M-R), the oxide grains are zoned with 
chromite centers and more iron-rich (magnetite) rims, with 
MMC predominantly associated with the chromite phase. In 
general two types of associations were observed: 1) pyroxene 
+ oxide + MMC hosted in olivine and 2) oxide + MMC 
hosted in pyroxene although minor phases such as pyrrhotite 
and apatite sometimes occur. The only exception to this is 
NWA7034 where MMC was found included with magnetite 
in Feldspar indicating perhaps a different pool and formation 
mechanism possibly involving hydrothermal activity may be 
active. 

The G-Band peak center and full width half maximum 
(FWHM) have been used to indicate the maturity 
level/crystallinity of MMC. The MMC data collected here 
show a large range of G band peak parameters and on the 
whole are indicative of amorphous to poorly ordered 
graphitic carbon and in the parameter range recorded for 
carbonaceous chondrites and interplanetary dust particles 
(IDPs) (15). The MMC in Tissint (black glass) and Zagami 
appear to have a higher degree of order (graphitic) than that 
seen in the other Martian meteorites. Within individual me-
teorites (i.e. ALH 84001 and DaG 476), there is significant 
variation in the G band parameters. This variation may indi-
cate different formation conditions or mild inhomogeneous 
thermal processing after MMC formation.  

The lack of void space coupled with the absence of any 
gaseous species (CO2, CH4) in the hundreds of inclusions 
analyzed leads us to conclude that MMC formation was 
probably not via catalysis of volatiles. The locations of the 
MMC-bearing oxides, fully encapsulated in igneous crystals 
of olivine and/or pyroxene, suggest that such oxides are also 
igneous and are possibly not due to secondary aqueous rock 
interactions. Again an exception to this maybe inclusions in 
feldspar in NWA7034. Inclusions consisting primarily of 
oxide (+MMC) are therefore, likely microphenocrysts encap-
sulated by the growing silicate crystals whereas multiphase 
inclusions represent melt inclusions ± oxide microphenoc-
rysts. Some oxide inclusions in olivines from Dhofar 019 and 
NWA 1110 have been explained by subsolidus oxy-
exsolution which could explain the chromite-rich inclusions 
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in DaG 476. Although we cannot fully eliminate this possi-
bility, the multiphase oxide-bearing inclusions do not have 
the textures or compositions of oxy-exsolution (Figure 1H), 
and they are more likely to represent igneous microphenoc-
rysts and melt inclusions. In any case, the source of carbon 
for the associated MMC in these inclusions would therefore, 
originate from that which was dissolved in the host phase 
during crystallization or from any trapped melt. 

Trapping of this carbon-enriched melt in the mineral host 
likely led to the early saturation in a C-O-H fluid-phase in 
the melt inclusion. Importantly, the C:H ratio of the trapped 
melt would be greater than the parental melt as H-species 
diffuse much more rapidly through the melt than C-species 
thus setting the stage for subsequent MMC and PAH produc-
tion and enrichment in the inclusion as the host olivine 
cooled and trapped melt crystallized. Furthermore, if the 
mantle source for these meteorites contained graphite early 
saturation in a C-bearing fluid phase could occur regardless 
of the boundary-layer effects at low degrees of partial melt-
ing.  The amorphous nature of the MMC, and the presence of 
PAHs in the MMC (6) containing assemblages indicate that 
the MMC precipitated in contact with the oxides as an in-
soluble organic carbon phase whose presence was therefore 
sensitive to the redox state of the magma. It has been hy-
pothesized that the Martian mantle is graphite saturated and 
that the oxygen fugacities of the mantle sources for the Mar-
tian meteorites are buffered by fluids in the C-H-O system. 
Significant amounts of hydrogen occur in Martian magmatic 
source regions (27-28), indicating that if the Martian mantle 
is graphite saturated, mantle fluids would have likely con-
tained significant C-O-H components.  The Tissint meteorite 
shows similar MMC / spinel features as the other meteorites 
with a δ13C of  -17.8 ± 1.89 and ~ 14 ppm of reduced carbon. 
Combining all these studies shows that igneous Martian 
rocks could contain up to ~ 20 ± 6 ppm of reduced carbon 
with an average δ13C of ~ –19.8 ± 4.3‰. The carbon isotope 
values are broadly consistent with previous results (δ13C -
21.1‰[8]), however the analysis conducted by Grady et al., 
(2006) averaged ~4 ppm, a figure roughly 5 times less than 
seen in this study (7). Therefore, it is not possible to assign a 
definite value to the concentration and isotope value of Mar-
tian organic carbon, however, this study does indicate an 
indigenous and isotopically light carbon phase in these mete-
orites. The analysis of the Tissint meteorite represented an 
unprecedented opportunity to study a relatively pristine Mar-
tian sample and validate the results of the analyses of the 
other 10 meteorites. The similarity of the results from the 
analyses of this meteorite with the other Martian meteorites 
analyzed instills a high degree of confidence that these ob-
servations are not the result of terrestrial contamination.  

 
Figure 1. Transmitted light microscopy and Raman peak maps 

of a number of inclusions within Martian meteorites. (A) Transmitted 
light image of a single inclusion 4 µm into the surface of DaG 476 
(Scale Bar – 3 µm) B – F Raman maps of the same inclusion as Fig 

2A (the lighter the color the more intense the mapped peak), (B) 
Olivine (~820 cm-1), (C) Pyroxene (~1005 cm-1) (D) Spinel-group 
oxide (~670 cm-1), (E) MMC (Carbon G band 1580 cm-1) – Note 
peak assignments are consistent throughout (F) RGB color image, 
green – px -pyroxene, red – sp – spinel-group oxide, blue – MMC 
(white arrows show the joint occurrence of oxides and MMC. (G) A 
CRIS four-color map of an inclusion 4 µm into DaG 476 Yellow – Ol 
– Olivine; green – sp – spinel-group oxide; red – px - pyroxene, blue 
- MMC (H) A CRIS 3-D depth profile through a melt inclusion from 
5 – 20 µm into the sample surface within a DaG 476 thin section. 
Red – sp - spinel-group oxide, and Blue MMC (grid is in 2 µm in-
crements).  MMC is visualized blue when in isolation, purple when 
associated with oxides. (I) RGB image of many inclusions in SAU 
130, Blue – spinel-group oxide, green – MMC, Red - Calcite. Calcite 
can be seen interacting with a few but not all MMC containing in-
clusions.  (J) Transmitted light image of inclusions within pyroxene 
grains in ALH84001 (scale bar is 3 µm), Raman peak maps of (K) 
Spinel-group oxide, (L) MMC. (M) Transmitted light image of 
NWA1110 (scale bar 4 µm), (N-R) Raman peak maps of area in 2M 
(N) Olivine (O) Pyroxene (P) MMC (Q) Peak centre shift map of 
oxide from 660 to 720 cm-1, (lighter orange = higher wavenumber = 
more chromite rich; darker orange = lower wavenumber = magnet-
ite rich), (R) Blue-Green image of; Blue – MMC, Green – spinel-
group oxide peak centre shift map (Fig 2Q) showing occurrence of 
MMC with higher wavenumber chromite rich phase (Reproduced 
from 6). 
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