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Introduction:  Exposures of bedrock rich in olivine 

and carbonate link Gusev crater and the Nili Fossae 
region (NFR), both of which have the highest 
abundance of olivine yet identified on Mars. They are 
recognized as possible explosive volcanic tephra 
deposits [1-3], but the nature of their eruption and 
emplacement is poorly constrained, limiting 
understanding of what may be a widespread volcanic 
process on early Mars. The compositional and 
morphologic similarities of these widely separated 
olivine and carbonate-rich rocks have not been 
investigated previously.   

We used orbital TES and THEMIS and surface 
Mini-TES thermal infrared data to assess the 
mineralogic similarities between the two occurrences.  
Morphologic and textural observations were used to 
help characterize their lithology and constrain their 
origin through comparisons with terrestrial tephra 
deposits. Our results provide clear links between the 
olivine-carbonate rocks at the two locations and support 
for a hypothesis that they represent altered olivine-rich 
ignimbrite deposits, the products of pyroclastic density 
currents from cataclysmic explosive volcanic eruptions. 

Mineralogy:  TES and Mini-TES spectra from 
olivine-rich rocks in the NFR and Gusev’s Columbia 
Hills, respectively, share notable similarities. Based on 
TES spectra, olivine abundance ranges from 30 to 50% 
among the nine NFR locations included in our study. No 
single olivine composition was modeled but Fo75 olivine 
is dominant in four of the nine locations. The remaining 
five locations plus Jezero include substantial 
contributions from mixtures of olivine spanning Fo53-75. 
These results are mirrored by Mini-TES spectra and 
modeled results from the Algonquin and Seminole 
spectral groups in the Columbia Hills, with Fo75 
dominant and mixed Fo53-75 compositions, respectively. 

No single carbonate phase was modeled in any TES 
or Mini-TES spectra. A solid-solution Fe-Mg carbonate 
is the dominant phase modeled in TES spectra from the 
NFR but the Fe endmember siderite also is modeled in 
all but one case. The previously identified Columbia 
Hills Comanche outcrop and newly identified Ojibwa 
outcrop ~15 m away both appear to be from the 
carbonate-altered Algonquin group, with Mg-Fe solid-
solution carbonate as the dominant phase. Magnesite 

was not identified in the NFR TES spectra, which 
include locations recognized previously with CRISM 
spectra as carbonate-bearing. 

Morphology and Texture:  The polygonal 
fractures common among the olivine-rich bedrock in 
both the NFR and Columbia Hills indicate material that 
is sufficiently lithified to produce fractures under stress. 
This is consistent with, although not unique to, welded 
ignimbrites, where such fractures represent cooling 
joints [4] (Fig. 1). Air-fall ash deposits are unlikely to 
produce comparable fractures unless near a source vent 
where welding can occur. Similarly, the yardang-like 
features in NFR olivine-rich bedrock are consistent with 
yardangs formed in welded ignimbrite deposits on Earth 
[5] (Fig. 2) but not recognized in unwelded air-fall ash 
deposits. Rock textures among the olivine-rich bedrock 
and adjacent olivine-poor bedrock in the Columbia Hills 
include features that strongly resemble fiamme (Fig. 3), 
the flattened pumice fragments found in welded 
ignimbrite deposits on Earth and one of the key features 
used to distinguish them from other tephra deposits [6].  

Summary:  The suite of observations obtained in 
our study is consistent with an ignimbrite origin for the 
olivine-rich bedrock in the NFR and Columbia Hills. 
Such rocks are recognized elsewhere on Mars, typically 
in Noachian terranes, so they are additional candidates 
for ignimbrite deposits. Although ignimbrites on Earth 
typically arise from cataclysmic caldera-forming 
explosive eruptions of viscous, silica-rich magmas, 
magma-water interactions and magmatic CO2 also drive 
phreatomagmatic explosive eruptions, including in 
mafic and ultramafic magmas [7; 8]. If the ignimbrite 
hypothesis is correct and applies more broadly, olivine-
rich bedrock on Mars may represent a distinct style and 
composition for explosive volcanism in its early history. 
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Fig. 1.  (a) Example of NFR polygonally fractured 
olivine-rich bedrock in HiRISE false-color image 
ESP_017577_2020. (b) Cooling joints at the same scale 
in welded ignimbrite from the Vilama caldera in Bolivia 
centered on 22.13°S, 67.33°W. 

 
Fig. 2.  (a) Yardang-like ridges in NFR olivine-rich 
bedrock in CTX image G17_024948_2000_XI_ 
20N281W). (b) Yardangs at the same scale in welded 
Chuhuilla ignimbrite of Bolivia centered on ~21.37°S, 
68.12°W.

Fig. 3. (a) Dark-toned diagonal features with flame-like 
shapes are possible fiamme in this cropped MI mosaic 
of the RAT-brushed target Kestrel (Columbia Hills) 
from sol 646. Rectangle encloses the most prominent 
example of possible fiamme-wrapped crystals. Dark 
angular portions are shadows from rover hardware. (b) 
Cut section of welded ignimbrite (Bishop tuff) with 
wispy dark-toned fiamme and abundant light-toned 
crystals, some of which are wrapped and embayed by 
fiamme including the example in the rectangle (Scripps 
sample GRD00JFS0).  Scale bar is 1 cm in both panels. 
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