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Introduction:  As noted by [1], the possible occur-

rence of carbonate rocks on Mars and their relevance 
for buffering the atmospheric abundance of CO2 was 
first pointed out in Harold Urey's classic book on plan-
ets [2]. Thus began the search for Martian carbonates. 
Geomorphic and spectroscopic searches were champi-
oned by [1] as a means to test warm, wet early Mars 
hypotheses. In the intervening years, carbonates have 
indeed been identified on Mars, but first through Mar-
tian rocks delivered to Earth. 

At a time when a Martian origin for shergotitte me-
teorites was still debated, the presence of rare car-
bonate grains in one of them provided a first hint of 
carbonates on Mars [3]. Subsequent work on other 
examples of Mars meteorites demonstrated their rela-
tive ubiquity, although at ≤ 1% abundance [e.g., 4]. 

The first compelling spectroscopic evidence for 
Martian carbonates came from the orbiting Thermal 
Emission Spectrometer (TES), which revealed features 
consistent with ~2-5 wt% Mg-rich carbonate (magne-
site) in the ubiquitous surface dust [5]. Observations 
made by instruments on the Phoenix Lander found 
comparable amounts of carbonate (~3-5 wt% Ca-rich) 
in soils at the landing site [6]. The first evidence for 
carbonates in bedrock on Mars came from the Com-
pact Reconnaissance Imaging Spectrometer for Mars 
(CRISM), which revealed Mg-rich carbonates associ-
ated with a Mg-rich olivine-rich unit of Noachian age 
in Nili Fossae [7]. Subsequent observations demon-
strated widespread localized occurrences of carbonates 
across Mars [e.g., 8]. The first in situ identification of 
carbonates in rocks came from the Spirit rover in the 
Columbia Hills of Gusev crater where outcrops of oli-
vine-rich ash tuff dubbed Comanche include 16-34 
wt% Mg-Fe carbonates [9].  

A wide range of conditions and environments have 
been proposed to explain Martian carbonates, con-
sistent with their wide ranging chemistry, including 
hydrothermal settings, evaporative lakes, and ephem-
eral water films [cf. 10]. The prevalence of Mg-rich 
carbonates contrasts with the dominant Ca-rich car-
bonates on Earth, suggesting fundamental differences 
in the aqueous environments of the two planets. In this 
context, the presence of Mg-rich carbonate rocks in 
Nili Fossae and Columbia Hills, both in association 
with Mg-rich olivine rocks, bears closer scrutiny, espe-

cially given that the upcoming Mars 2020 rover will 
land among olivine-carbonate rocks in Jezero crater. 

Recent Developments: The olivine-rich rocks that 
host carbonates throughout the Nili Fossae region, in-
cluding Jezero crater, likely originated as volcanic ash 
deposits [11]. They share notably similar spectral, 
morphological, and thermophysical characteristics with 
the Comanche outcrops and adjacent olivine-rich Al-
gonquin outcrops (Fig. 1), thus are interpreted to form 
through similar processes [12].  
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Figure 1. Morphologic expression of olivine-rich, car-
bonate-bearing rocks in Columbia Hills (left; cropped 
color HiRISE PSP_009174_1650) and Jezero crater 
(right; ESP_022680_1985). Bouldery knobs and ridges 
amidst light-toned fractured bedrock and a lack of 
small craters are the morphologic hallmarks of this 
material. Scale bar applies to both scenes. 

A candidate origin for the carbonates in both loca-
tions involves dissolution of olivine by carbonic acid 
produced from water in contact with a thick CO2 at-
mosphere [e.g., 13]. Support for this scenario comes 
from recent results from the MAVEN mission, which 
demonstrate that at least 0.8 bars of CO2 could have 
been lost from the Martian atmosphere over its history 
[14]. As noted by [15], water in equilibrium with PCO2 
= 1 bar produces carbonic acid with pH = 3.9, an effec-
tive solvent of mafic minerals like olivine that can lead 
to carbonate formation. Modeling of Comanche and 
Nili Fossae carbonates and their associated olivine-rich 
hosts supports this scenario [16]. 

We have initiated laboratory experiments to inves-
tigate the products of olivine alteration by carbonic 
acid. Although such investigations have been docu-
mented previously, we are not aware of any that pro-
duced infrared spectra for comparison to those from 
Mars. In an effort to achieve alteration in a short 
amount of time, we used powdered olivine (<63 µm, 
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Fo90) and carbonic acid spiked with citric acid, which 
lowered the pH to 3.1 from the pH 5 starting carbonat-
ed water. Although citric acid has been identified in 
carbonaceous meteorites [17], we are not suggesting it 
occurs on Mars. Rather, it is known to enhance disso-
lution of olivine [18], thus serving to promote car-
bonate formation that might otherwise be kinetically 
slow. Two grams of powdered olivine was placed in a 
60 ml glass jar, which was filled with the carbonic acid 
solution, vigorously mixed, and allowed to react for 
~18 hours at ~23°C. Approximately 40 ml of solution 
was then decanted, allowing the remaining solution 
and solids to be mixed and poured into a shallow 5 cm 
diameter glass dish and allowed to evaporate. 

Infrared reflectance spectra spanning ~0.7 to 3.6 
µm were measured directly from the material coating 
the bottom of the glass dish. These were acquired us-
ing a Nicolet 6700 spectrometer configured with a 
quartz beamsplitter, PbSe detector, and custom exter-
nal reflectance apparatus illuminated with a quartz-
tungsten-halogen source. As shown in Fig. 2, the re-
sulting spectrum shows remarkably similar features to 
those obtained with the CRISM instrument for loca-
tions of the olivine-carbonate unit in Nili Fossae [7]. 
Reflectance minima at 2.3 and 2.5 µm are consistent 
with magnesite, and a strong minimum in the 1 µm 
region is attributable to olivine. Also notable are strong 
features near 1.9 µm and 3 µm that are present in the 
CRISM spectra, where they are attributed to a water-
bearing phase (or phases) [7]. 
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Figure 2. CRISM spectra of the olivine-carbonate unit 
in Nili Fossae compared to a laboratory spectrum of 
Mg-rich olivine altered by a carbonic acid solution 
(red). Figure modified from [7]. 

 

Discussion: If the above experimental results can 
be replicated using materials and conditions that more 
accurately represent those of Mars at the time of car-
bonate formation, then they will demonstrate a viable 
alteration pathway that could have led to olivine-
carbonate rock units. Carbonic acid solutions produced 
from rainwater, snowmelt, or groundwater in commu-
nication with a relatively dense CO2 atmosphere, per-
colating through olivine-rich ash deposits, may be re-
sponsible for the olivine-carbonate rocks in Nili Fos-
sae, Columbia Hills, and perhaps elsewhere. Car-
bonates sequestered at depths sufficient to escape sub-
sequent dissolution could have ultimately been ex-
posed by erosion, producing the small and widely sep-
arated occurrences observed today. 

Conclusions: Carbonates have gone from specula-
tive components of the Martian crust, to confirmed 
trace components of Martian meteorites, and then to 
widespread and, in places, abundant components of the 
Martian regolith. A suite of observations demonstrate 
that the Comanche outcrops are comparable to the oli-
vine-carbonate rocks of the Nili Fossae region, perhaps 
originating from a similar set of geologic processes. 
This hypothesis is testable with the upcoming Mars 
2020 rover in Jezero crater, which hosts comparable 
olivine-carbonate materials. With in situ observations 
and returned samples, it should be possible to ascertain 
whether the carbonates originated from carbonic acid 
alteration of olivine-rich rocks or some other pro-
cess(es). The significance of carbonates as indicators 
of habitable conditions requires this assessment. 
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