Identification of Carbonate-Rich Outcrops on Mars by the Spirit Rover
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Decades of speculation about a warmer, wetter Mars
climate in the planet’s first billion years call upon a
denser CO,-rich atmosphere than at present. Such an
atmosphere should have led to the formation of outcrops
rich in carbonate minerals, for which evidence has been
sparse. Using the Mars Exploration Rover (MER) Spirit,
we have now identified outcrops rich in Mg-Fe carbonate
(16 to 34 wt.%) in the Columbia Hills of Gusev crater. Its
composition approximates the average composition of the
carbonate globules in Martian meteorite ALH 84001. The
Gusev carbonate probably precipitated from carbonate-
bearing solutions under hydrothermal conditions at near-
neutral pH in association with volcanic activity during the
Noachian era.

Carbonate minerals have long been postulated for Mars based
on evidence for past and present water along with a CO,-rich
atmosphere that may have been denser during the Noachian
era (1-5). They have been identified in Martian meteorites as
minor phases (~1 vol.% or less) by petrographic and
microbeam methods (e.g., 5) and detected from orbital
observations in regional-scale rock units in Nili Fossae at
unknown abundances (6) and, equivocally, in Martian dust
and in soil as a minor component (<5 vol.%) (7-10). Here we
describe the detection of carbonate as a major component in
outcrops in the Columbia Hills of Gusev crater.

The Columbia Hills are an “island” of older rocks
surrounded by Hesperian-aged olivine-bearing volcanic rocks
that dominate the plains within Gusev crater (11). The Hills
form a crudely antiformal structure composed of massive to
layered rocks with varying compositions and extents of
aqueous alteration (12-16). The Inner Basin within the Hills
is dominated by volcaniclastic rocks, including Home Plate,
and alteration phases (sulfates and opaline silica deposits) of
likely hydrothermal origin (17-21). Spirit descended from
Haskin Ridge on the eastern side of the summit of Husband
Hill into the Inner Basin of the Columbia Hills to the eastern
edge of the El Dorado ripple field during its second summer

at Gusev crater (16). A series of benches (Fig. 1) with
olivine-rich outcrops were encountered and analyzed by
Spirit’s instruments (19, 21). The Comanche outcrops with
their granular surface textures (grain sizes ~0.5 to 1.0 mm)
are erosional remnants that are draped over the older and
more massive Algonquin and other olivine- and pyroxene-
rich outcrops (Figs. 1 and 2). They have layering whose
bedding is roughly conformal with local topography,
consistent with a volcaniclastic origin, and have fracture-
filling deposits that have withstood aeolian erosion better than
the surrounding materials, forming raised fins (Figs. 1 and 2).

Spirit’s Mdssbauer (MB) spectrometer provides
information about Fe mineralogy and distribution of Fe
among Fe-bearing phases and oxidation states (22). The
Mdssbauer spectrum of Comanche Spur (Fig. 3A) is
characterized by two Fe?* doublets, which were initially
assigned to Fe®* in olivine and to either Fe*" in pyroxene
atypical of other Gusev pyroxenes or to Fe*" in a phase other
than pyroxene (19). The doublet identification diagram (Fig.
3B), which now includes data for Fe**-bearing carbonates
(23), shows Comanche Spur is an olivine-carbonate
assemblage. The MB data indicate the presence of Mg-Fe
carbonate in the Comanche outcrops [Fig. 3B and (23)].

In addition to major element chemistry, the Spirit’s Alpha
Particle X-Ray Spectrometer (APXS) instrument can
determine an aggregate concentration for excess light
elements through analysis of photon scattering peaks (24, 25).
The energy of the APXS scattering photons (14.3 keV) is
virtually identical to that for the Mdssbauer gamma-ray (14.4
keV), so that the depth of rock analyzed by the two
instruments is equivalent. The average excess light element
concentration of Comanche Spur, measured on surfaces
brushed by the Rock Abrasion Tool (RAT), is 12 + 5 wt.%
equivalent CO, (Table 1). The low bulk CaO concentration of
Comanche Spur (1.69 wt.%) requires that the carbonate have
a low Ca content, consistent with Mdssbauer data (Fig. 3B).
For comparison, the excess light element concentration of
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Algonquin is 0 + 5 wt.% equivalent CO,. The carbonate
content of Comanche is equivalent to ~3% C in the sample.
Because of CO, in the Martian atmosphere, this value is close
to the expected APXS alpha channel detection limit for C, so
we have not been able to use alpha data to detect C
specifically.

We calculated the chemical composition of Comanche
carbonate and olivine using previously reported APXS data
(21), recalculated to include CO,, and the percentages of Fe
associated with those phases from MB data (Fig. 3A). The
calculations yielded (Table 1) a Mg-Fe carbonate
(Mcg62Sdg.25CCo 11Rhg o, Where Mc = magnesite; Sd = siderite;
Cc = calcite; and Rh = rhodochrosite) and a forsteritic olivine
(Fog.7oFag 28 Where Fo = forsterite and Fa = fayalite). All Ca
and Mn was assigned to the carbonate to give an upper limit
concentration for those elements, but we have no information
as to their actual phase association. The calculated carbonate
and olivine compositions are Mcg75Sdg 25 and Fog 70Fag 30
when Ca and Mn are not associated with the carbonate. In
either case, the concentration of carbonate in Comanche Spur
is ~26 wt.% (Table 1). Using the 7.0 to 17.0 wt.% range of
the CO, concentration (Table 1), the range in the carbonate
concentration is ~16 to 34 wt.%.

Spectra obtained by Spirit’s Miniature Thermal Emission
Spectrometer (Mini-TES) provide information on bulk
mineralogy and modal abundance as a function of area in
measured targets (26). Mini-TES spectra taken at eight
locations on the Comanche outcrops are comparable in
spectral shape (Fig. 3C), implying relatively uniform
mineralogy across the outcrops. The target Taabe (Fig. 2) is
on the same outcrop (Comanche Spur) as the MB and APXS
targets, but the Taabe spectrum is compromised by a
calibration artifact that affects the high wavenumber region
(>1300 cm™; excluded in Fig. 3C) and by its cooler
temperature and greater dust contribution compared to the
superior spectrum obtained from target Saupitty on a different
Comanche outcrop (Fig. 2).

Three absorption features attributable to fundamental
infrared vibrational modes of carbonate are apparent in the
Comanche Saupitty spectrum (Fig. 3D). Linear least-squares
unmixing calculations (27) of this spectrum require carbonate
to fit these features. If carbonates are excluded, the model fit
is visually poorer and the root mean square error doubles
(0.15% vs. 0.30%). Mg-Fe carbonate and Ca-Mg carbonate
(dolomite) are spectrally indistinguishable over the
wavenumber range used for the calculations. We excluded
Ca-Mg carbonate from the final modeling because Ca-rich
carbonates are precluded based on APXS data and are
inconsistent with MB results as discussed above. Only three
mineralogic components in approximately equal abundance
are necessary to provide a good fit (Mg-rich olivine (F0go.g0),

an amorphous silicate of basaltic composition, and Mg-Fe
carbonate) [Fig. 3D (23)].

Multispectral data obtained from the Panoramic Camera
(Pancam) for the target Yackeschi (23) show evidence for
olivine and nanophase ferric oxide, but Pancam does not
cover the spectral region where the Fe** absorptions of
carbonates occur (23).

Comanche carbonate has a well-constrained composition
(Mcq62Sdg.25CCo.11RNg g2) and is a major component based
measurements made on exterior outcrop surfaces at multiple
locations by both APXS and MB (~26 wt.% with a range of
16 to 34 wt.%) and Mini-TES (~34 area%). The carbonate is
considered a major volumetric component rather than a
surface coating because the outcrop is an erosional remnant.
Martian meteorites have at most ~1 vol.% of any carbonate
phase which is heterogeneously distributed and occurs as
veins and fracture fills, primarily in the nakhlites
(clinopyroxenites) and ALH 84001 (orthopyroxenite) (5, 28,
29). ALH 84001 has the most carbonate with an average
composition [Mc5Sdg 20CCo.12RNg 01 (28, 30)] that is similar
to the Comanche carbonate composition. Synthetic analogue
samples for ALH 84001 carbonate globules, with comparable
average compositions
(MC(0.11-0.72S0(0.16-0.83)CC0.06-0.17RN(0.00-0.02), have the same
Mdssbauer parameters as Comanche carbonate [Fig. 3B and
(23)].

Like Comanche and ALH 84001 carbonates, orbital data
for Martian dust and regional-scale surfaces in Nili Fossae
point to Mg-rich carbonates, although the dust detection (<5
vol.% magnesite) has alternatively been interpreted as sulfate
instead of carbonate (7-9). Visible, near-infrared (VNIR)
spectra for Nili Fossae are interpreted as magnesite on the
basis of two bands whose centers vary from spectrum to
spectrum (2.29 to 2.31 um and 2.49 to 2.52 um) (6). Using
laboratory spectra (31) and an assumed linear relationship in
band position between Mc, oo and Sd; o, We calculated band
centers at 2.31 and 2.51 um for a Comanche-like carbonate
(Mcg755dg.25). Thus, Comanche and Nili Fossae carbonates
have the same composition within VNIR constraints. Like
Comanche carbonate, Nili Fossae carbonate is associated with
olivine (6, 32, 33).

The apparently similar chemical compositions for
Comanche, ALH 84001, and Nili Fossae carbonates suggest a
common formation pathway. Although we do not exclude an
igneous origin (e.g., 34), multiple lines of evidence point to
aqueous processes under probable hydrothermal conditions.
Synthetic carbonate globules with average chemical
compositions similar to ALH 84001 and Comanche
carbonates and Mdssbauer parameters similar to the
Comanche carbonate [Fig. 3B and (23)] were produced in the
laboratory by precipitation from Mg-rich supersaturated
carbonate solutions under hydrothermal conditions (~150 °C)

Sciencexpress / www.sciencexpress.org / 3 June 2010 / Page 2 / 10.1126/science.1189667

Downloaded from http://science.sciencemag.org/ on September 18, 2016


http://science.sciencemag.org/

and near-neutral pH (~6 to 7) (35). Mg-rich carbonate at
Spitsbergen (Norway) is interpreted to result from
precipitation from hydrothermal solutions in association with
volcanic activity (36, 37). Morphologic (layered, clastic
deposits) and mineralogic (high-SiO, and sulfate-rich
deposits) manifestations of volcanic activity and
hydrothermal processes abound in the vicinity of the
Comanche outcrops, especially near Home Plate (17-21).

The inferred styles of hydrothermal activity at the
Comanche outcrops and at Home Plate are quite different,
with the former dominated by near-neutral pH, carbonate-
bearing solutions [by analogy with (35)] and the latter
dominated by acid-sulfate solutions (18, 19). If the similarity
in chemical composition, mineralogical composition, and
association with ultramafic rock for Comanche and ALH
84001 carbonates extends to a common formation era, both
carbonates are Noachian in age after ALH 84001 (38). In any
case, Comanche outcrops on contemporary Mars may be
remnants of a larger carbonate-bearing deposit that evolved in
ultramafic rock in association with alkaline-neutral volcanic
activity during the Noachian and then preferentially eroded
(compared to massive olivine-pyroxene outcrops like
Algonquin) by a combination of aeolian abrasion and
chemical decomposition from exposure to acid-sulfate
vapors/fluids associated with volcanic activity at Home Plate.
A plausible source for carbonate-bearing solutions is, by
analogy with Spitsbergen (39, 40), extension of the
hydrothermal system into or through subsurface carbonate-
bearing rocks where carbonate dissolution took place.

The Comanche outcrops and their substantial carbonate
concentration (16 — 34 wt.%) imply extensive aqueous
activity under near-neutral pH conditions that would be
conducive to habitable environments on early Mars. The
well-separated Nili Fossae and Gusev crater carbonate
locations (~6300 km on a great-circle) imply that such
environments have multiple occurrences in Noachian terrain.
The high carbonate concentration in the Comanche outcrops
is evidence for climate models (e.g., 3) involving a CO,
greenhouse gas on a wet and warm early Mars and
subsequent sequestering of at least part of that atmosphere in
carbonate minerals.
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Fig. 1. False color Pancam image (Sol689_P2571) looking
downslope over Algonquin and Comanche outcrops. Strike
and dip are indicated by black lines and arrow. Location of
the Mossbauer and APXS workspace is indicated by the
white circle. Inset locates from high to low elevation the
olivine-rich outcrops Larry’s Bench (LB), Seminole (S),
Algonquin (A), and Comanche (C) on Spirit’s traverse across
Haskin Ridge down the southeast slope of Husband Hill. The
distance between Algonquin and Comanche outcrops is ~85
m. [Image credits: NASA/JPL/Pancam and
NASA/UA/HIRISE]

Fig. 2. (A) Navcam mosaic image of the Comanche outcrop.
Taabe, Saupitty, and Yackeschi are Mini-TES and Pancam
target locations. (B) Hazcam image that locates APXS and
Massbauer targets Horseback (H) and Palomino (P) on
Comanche Spur. The objects in the lower right and left
corners are rover wheels. (C) Pancam false-color image of the
~4.5 cm diameter RAT-brushed spots (light blue color within
white circles) that shows more complete removal of surface
dust for the Palomino target. M1 mosaic of post-brush
surfaces (field of view ~4 cm) of Comanche Spur Palomino
(D) with a granular surface texture (grain sizes ~0.5 to 1.0
mm) and Algonquin Iroquet (E) with a massive surface

texture. [Image credit:
NASA/JPL/Navcam/Hazcam/Pancam/MI]

Fig. 3. Mdssbauer spectra and Mini-TES spectra for
Comanche outcrops. (A) Comanche Spur Méssbauer
spectrum [composite of Horseback and Palomino targets (Fig.
2)]. Ol = Fe** in olivine; McSd = Fe** in Mg-Fe carbonate;
npOx = Fe** in nanophase ferric oxide; and Hm = Fe** in
hematite. (B) Mdssbauer doublet identification diagram
showing Gusev crater rocks and soils [after (19)] and
terrestrial and synthetic Fe-bearing carbonates (23). The
ranges of values of calcite (Cc) for the low- and high-Ca
terrestrial and synthetic carbonates are 0.00 to 0.17 mole
fraction and 0.47 to 0.95 mole fraction, respectively. The
uncertainty of the subspectral area is +2% absolute. & = (v2 —
v1)/2 and AEq = v2 — v1, where v1 and v2 are peak center
positions numbered from low to high velocity. (C) Mini-TES
spectra for target Taabe on Comanche Spur, target Saupitty
on adjacent Comanche outcrop, and six other targets on
Comanche outcrops (Fig. 2). (D) Model fit (blue line) for
Comanche Saupitty using the three geologic phases shown
(23). The laboratory spectrum of Mg-Fe carbonate component
is shown for reference. Gray lines are one standard deviation
of the 200 individual spectra averaged to produce the Saupitty
spectrum.
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Table 1. Chemical composition of Comanche Spur Palomino whole rock with light
elements as CO, and calculated components olivine, carbonate, and residue.

Component”
Whole rock? Olivine® Carbonate® Residue
(wt.%) (wt.%) (wt.%) (wt.%)

SiO, 36.1+0.4 37.8 - 62.1
TiO, 0.22 +0.06 - - 0.66
Al,O4 2.56 +0.08 - - 7.68
Cr,03 0.63+0.03 - - 1.88
Fe,O4 484 +0.03 - - 145
FeO 154 +0.1 25.6 19.2 -

MnO 0.37+0.01 - 1.43 -

MgO 21.6+0.2 36.4 26.2 -

CaO 1.69 £0.02 - 6.55 -

Na,O 1.0+0.2 - - 3.0
K>,O 0.03 +0.05 - - 0.1
P,Os 0.39 +0.07 - - 1.16
SO, 2.36 £ 0.04 - - 7.08
Cl 0.53+0.01 - - 1.61
CO, 12+5 - 46.4 -

Total 99.8 99.8 99.8 99.8
Total 99.8 40.9 25.7 33.2

4APXS data from (21) recalculated to 12 wt.% CO,. °All Ca and all Mn
calculated as carbonate. “Equivalent to (Mgg72F€g.2s)SiO.. quuivaIent to
(Mgo e2Fe€0.25Cag.11Mng 62)COs.
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