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Introduction:  The history of carbon reservoirs on
Mars is complex and differs from Earth due to the
planet’s complicated atmospheric evolution, plausible
lack of long-lived oceans and the absence of plate
tectonics. The isotopic characteristics of C reservoirs
are of a great interest because of their implications to
the overall carbon inventory of the planet as well as to
the evolution of the carbon cycle through time.
Moreover, these signatures are indispensable as
potential biomarkers for the future sample return from
Mars. However, the isotopic characteristics of the
specific C reservoirs are still controversial and are the
subject of intense debate.

Most information about the isotopic composition of
martian C reservoirs comes from studies of martian
meteorites. The range of reported δ13C values from
these samples is very large, spanning from –25 ‰ to
+50 ‰ [e.g. 1]. These data are largely derived from
whole rock stepped combustion and acid dissolution,
making the ascertainment of C-carriers challenging.

The current martian atmosphere is thought to be
heavy isotope enriched (δ13C of +40 ‰ to +50 ‰, [2]).
Our knowledge about the crustal, or near-surface,
reservoir comes from carbonates, which show a range
in δ13C from –20 ‰ to +50 ‰ [1] (see Fig.2). Such a
large span is likely due the combination of near-
surface processes that lead to the carbonate formation.
The low δ13C values are thought to be derived from a
primitive, magmatic carbon reservoir.

The assessment of isotopically light magmatic
carbon comes from high-temperature (>600–700°C)
extracts from whole rock shergottites (–20 to –30‰
[e.g. 1], Fig. 2). However, calculated magmatic carbon
of glass from the EET A79001 is close to the terrestrial
value of  –5 ‰ [3]. The juvenile magmatic C,
presumably the largest C reservoir on Mars, therefore,
remains ambiguous.

Among magmatic minerals, phosphates (apatite
and/or whitlokite) are phases whose structure can
incorporate significant amounts of C through carbonate
for phosphate group substitution. Magmatic
phosphates are ubiquitous in all martian meteorite
groups.  In terrestrial rocks, oxygen isotopes in apatite
are relatively resistant to low-temperature exchange
[4], suggesting that such phases could preserve
magmatic isotopic signatures.  Moreover, structural
carbon in phosphates is fully released only upon
prolonged high temperature heating (up to 1500oC, [5])
or flash combustion (>1800oC, [6]), making

conventional analysis of this potential martian carbon
carrier challenging. The first in-situ analyses of carbon
isotopes in martian phosphates were performed in the
Los Angeles basaltic shergottite [7] and showed
consistent values of –15 ± 5 ‰. This value is
systematically higher than previously estimated
magmatic carbon, yet lower than terrestrial magmatic
signature (-5 ‰). Here we report our results for two
other basaltic shergottites (Zagami and QUE94201) as
well as orthopyroxenite ALH84001.

Samples and Methods: Previously analyzed Los
Angeles is unusually coarse-grained compared to other
martian basalts [6], suggesting emplacement at depth,
and a presumably longer cooling time. Thus, the
carbon isotopes could have been affected by magma
degassing during slow crystallization. The Zagami
meteorite was chosen to test this hypothesis. One
apatite grain and two whitlockites were analyzed in the
polished chip from the ASU meteorite collection.

Both Los Angeles and Zagami basalts were to
some degree affected by crustal assimilation, which
could “contaminate” magmatic C in high-temperature
phosphates. QUE94201 was chosen to test this
hypothesis as the least crustally-contaminated
shergottite based on trace element patterns [8]. The
JSC section (QUE94201,46) was used in this study.

Although ALH84001 underwent a complex
petrogenetic history, this is the only sample of ancient
(with a 4.5 Ga crystallization age) martian crust. A
section made from chip 305 was used in this study.

In the analyzed basaltic samples, euhedral to
subhedral apatite grains are typically 50 to 200 µm in
diameter, while whitlokite grains are 100-400 µm in
size (Fig. 1). In ALH84001, the analyzed grain is an
anhedral interstitial apatite/whitlockite composite
phosphate. All sections were gold-coated for analysis
to avoid C-contamination. Carbon isotopic
compositions were determined with the CAMECA
IMS 6f ion microprobe at ASU.  Every analyzed spot
was pre-sputtered with a rastered beam over an area of
50 µm, and analyzed with 25-40 µm diameter Cs+

primary beam of ~1 nA intensity.  Secondary ions
were collected at –9kV by peak-jumping into an
electron multiplier at a mass resolving power of ~3100,
easily separating the 12C H– interference on 13C–.
Electron flooding was used for charge compensation.
Apatites from terrestrial carbonatites [5] were used as
standards.
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Results and Discussion: Results are presented in
Fig. 2. δ13CPDB of apatite and whitlockites in Zagami
are consistent with our previous results for Los
Angeles within statistical error, implying that C
isotopes in magmatic phosphates were not significantly
affected by the postulated longer crystallization time of
Los Angeles.

Three measurements on the composite
apatite/whitlockite grain in ALH84001 range from
δ13C of –11 to +5 ‰. Carbon isotopes of the abundant
carbonates in ALH84001 are isotopically heavy. The
high- vs. low-temperature of the carbonate formation
in ALH84001 is still a subject of debate. However,
interaction of ALH84001 with high-T carbonate fluid
[e.g.9] would explain perplexingly variable δ13C in
phosphate, showing mixing between isotopically heavy
fluid interacting with the low-δ13C phosphates of
igneous origin. Alternatively, irregular texture of
phosphates in this rock might suggest a metasomatic
origin, with the C-isotopes partially reset by the high-
temperature metamorphic event preceding or coeval
with the carbonate formation.

QUE94201 appear to have systematically lighter
δ13C with an average of –20 ± 5 ‰. This value
overlaps within uncertainty the –15 ± 5 ‰ values
observed in Zagami and Los Angeles, but also supports
the possibility that Los Angeles and Zagami have
incorporated some heavier crustal C, likely during
magma ascent through the martian crust [8]. The
QUE94201 value is also consistent with high-
temperature C released during bulk heating
experiments on the shergottites (Fig. 2, [1,3]).

Carbon isotope compositions measured in martian
meteorites are likely to reflect δ13C values at the time
of phosphate crystallization. Phosphates crystallize late
in the magmatic cycle, from residual melt, thus we
cannot rule out possibility of them being isotopically
lighter than the true magmatic value. However, this
would require significant incorporation of heavier CO2

in silicate phases of earlier crystallization stages (such
as olivine or pyroxene), perhaps at greater depths. This
scenario is possible, but unlikely.

In summary, the variation in δ13C of martian carbon
reservoirs is 3 times larger than on Earth, with the most
primitive magmatic δ13C value recorded in martian
phosphates of –20 ‰. This value is significantly lower
than the terrestrial mantle value of –5 ‰. Thus the low
δ13C value of martian mantle remains enigmatic. All
our analyses are either heavier or upper limit of the
high-T whole-rock extraction data [1], however they
are also in the upper range of typical terrestrial organic
contaminants. Thus the caution should be used while
assessing the potential biosignatures on Mars.

          

Fig. 1. SEM-BSE image of a whitlockite grain from
Los Angeles with pits from the ion microprobe
analyses.

Fig. 2. δ13C of martian reservoirs based on this study
and literature data (see text for references). Terrestrial
reservoirs are shown for comparison.
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