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Introduction:  Carbonate-bearing rocks have been 

detected in Jezero crater, Mars, using visible-to-near-
infrared (VNIR) hyperspectral images acquired by the 
Compact Reconnaissance Imaging Spectrometer for 
Mars (CRISM) [1-6]. The western and northern deltaic 
units [3-4], marginal unit [2, 5-6], and olivine-bearing 
unit [1,3] have 2.3 and 2.5 µm absorptions consistent 
with the presence of carbonate. In Jezero, the 2.5 µm 
absorption is strongest near the crater rim [6] and 
carbonate VNIR spectra are associated with Fe-rich or 
large grain size olivine [5]. Previous work has proposed 
that carbonate in the olivine-rich unit formed in-situ [1-
3], that carbonate in the Jezero deltas is detrital [2-3], 
and that the marginal carbonates may be lacustrine 
precipitates [6]. In this study, we integrate CRISM 
hyperspectral data analysis, THEMIS thermal inertia 
data, and recent photogeologic mapping by the Mars 
2020 team [7] to re-examine the origin and stratigraphic 
context of carbonate-bearing rocks in Jezero crater. 

Methodology:  We processed CRISM images over 
Jezero crater via three independent approaches, then 
identified VNIR spectra consistent with the presence of 
different minerals using three independent approaches. 
This resulted in high confidence that the carbonate-
bearing spectra identified in this work represent true 
surface spectral signal rather than possible artifacts 
introduced via image processing techniques or the 
ratioing method. To evaluate the geologic context of the 
reported mineral identifications, we combined spectral 
identifications with images and digital elevation maps 
(DEMs) from the Context Camera (CTX) and High 
Resolution Imaging Science Experiment (HiRISE), as 
well as qualitative thermal inertia (TI) estimates derived 
from THEMIS data [8]. Integrating the results from 
these orbital measurements, we interpret possible 
formation scenarios for the different carbonate-bearing 
outcrops in Jezero crater. 

Results:  We find that carbonate is present in Jezero 
crater in (1) relatively high TI bedrock in the margin 
fractured unit, (2) large aeolian bedforms proximal to 
the margin fractured unit, (3) the delta blocky unit, (4) 
the delta truncated curvilinear unit, (5) undifferentiated 
smooth material on the western delta, (6) the delta 
layered rough unit, (7) relatively moderate TI bedrock 
in the crater floor fractured 2 (CFF 2) unit, and (8) 
relatively low TI dunes and unconsolidated dark-toned 

material in the CFF 2 unit. We also report 5 occurrences 
of hydrated silica in the dark-toned smooth unit which 
overlie the CFF units and spectrally mix with carbonate-
bearing bedrock.  

CFF unit: Carbonate-bearing rock in the CFF 2 unit 
also contains absorptions consistent with phyllosilicate, 
hydrated silica or Al-phyllosilicate, and olivine.  

Jezero deltas: In the deltaic units, carbonate-bearing 
rock spectra contain absorption features consistent with 
the presence of phyllosilicate, hydrated silica or Al-
phyllosilicate, and either olivine or siderite. Carbonate-
bearing rocks in the Jezero deltas typically have 
stronger phyllosilicate spectral signatures compared to 
other carbonate-bearing rocks in Jezero crater.  

Margin fractured unit and proximal aeolian 
bedforms: Carbonate detected/identified proximal to the 
crater rim is in high-to-moderate TI bedrock and in 
aeolian bedforms that are proximal to (and perhaps 
overlie) that bedrock. ~75% of the surface area with 
VNIR carbonate spectra near the crater rim is high-to-
moderate TI bedrock, while ~25% of the surface area is 
covered by aeolian bedforms. The highest 2.5/2.3 µm 
band depth ratios are associated with the high TI 
bedrock. Carbonate-bearing rocks of the margin 
fractured unit and associated aeolian bedforms have 
VNIR spectra consistent with additional phyllosilicate 
phases and either olivine or siderite. These spectra 
notably do not contain a widespread 2.2 µm absorption, 
in contrast to both the CFF 2 and deltaic unit spectra. 

Discussion: Interpretations of observed spectral 
characteristics of each carbonate-bearing unit and self-
consistent formation hypotheses are listed below. 

CFF unit:  Carbonate-bearing rocks in the CFF unit 
have spectra consistent with mixed carbonate, olivine, 
phyllosilicate, and hydrated silica or Al-phyllosilicate. 
Given that this unit contains olivine throughout [9], it is 
likely that carbonate formed via olivine carbonation [1-
2]. Most carbonated olivine-rich deposits (listvenites) 
also contain hydrated silica, which precipitates as a 
geochemical byproduct of carbonation [10]. There are 
few pathways to olivine carbonation that do not include 
precipitation of hydrated silica, such as alteration under 
low temperature, low pressure, high CO2 activity, and 
low water activity conditions [11].  
• Origin hypothesis 1 | in-situ carbonation of olivine 

and precipitation of hydrated silica. 
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• Origin hypothesis 2 | in-situ carbonation of olivine 
without precipitation of hydrated silica. 

 
Figure 1 | Overview of silica and carbonate-bearing outcrops 
in western Jezero crater. (a) RPEAK1 CRISM parameter over 
Jezero crater, corresponding to dust (red) versus exposed rock 
(blue). (b) Clusters of CRISM pixels used to generate spectra 
shown in (c). 
 

Jezero deltas: The presence of carbonate in the 
clastic units of the western delta is consistent with a 
primarily detrital origin for this mineral, which agrees 
with past interpretations [2-3]. Carbonate cements could 
also have precipitated in the Jezero lake or in subsurface 
diagenetic fluids. The increased 2.3 µm band depth and 
narrower 2.3 µm band shape in deltaic CRISM spectra 
containing carbonate is consistent with a higher spectral 
abundance of phyllosilicate. Because phyllosilicate is 
present in the Nili Fossae basement unit [2], which is 
incised by the fluvial channels feeding into Jezero crater 
[3], some of this phyllosilicate is likely detrital.  
• Favored origin hypothesis | carbonate in the Jezero 

deltas is primarily detrital, but may also exist in 
authigenic cements. 

Margin fractured unit and proximal aeolian 
bedforms: The highest 2.5/2.3 µm absorption ratios are 
found in the margin fractured unit, consistent with the 
highest spectral abundance of carbonate being found in 
this unit. Here we show that these strong VNIR spectral 
signals of carbonate are associated with both high TI 
bedrock and proximal aeolian bedforms, which are 
likely derived from that bedrock. 

Recent results from Curiosity rover analysis of the 
Vera Rubin ridge (VRR) in Gale crater have 
demonstrated that increased spectral presence of 

hematite in CRISM data of this outcrop relative to 
surrounding units is likely due to higher hematite 
crystallinity in the ridge and less cover by sand/dust, not 
due to increased modal abundance of hematite relative 
to surrounding rocks [12]. Increased hematite 
crystallinity in VRR is attributed to diagenesis [12]. 
VRR has high TI [13] relative to the surrounding rock 
units. The spectral and TI properties of VRR and the 
margin fractured unit in Jezero crater are notably similar 
in that they are the highest TI rocks in their local areas 
and also contain the strongest VNIR spectral signals of 
specific minerals (hematite for VRR, carbonate for the 
margin fractured unit). It is therefore possible that the 
increased VNIR spectral abundance of carbonate in the 
margin fractured unit is due to higher carbonate 
crystallinity and less coverage by dust/sand relative to 
surrounding rock unit.  

As discussed in [6], a lacustrine origin for the margin 
fractured unit cannot be ruled out given orbital 
observations.  
• Origin hypothesis 1 (favored) | the margin fractured 

unit is the CFF unit with enhanced carbonate 
crystallization. 

• Origin hypothesis 2 | the margin fractured unit 
formed via lithification of carbonates precipitated 
in the lake water column. 

Conclusions: Carbonate is present in Jezero crater 
in (1) high TI bedrock in the margin fractured unit, (2) 
large aeolian bedforms proximal to margin fractured 
unit bedrock, (3) the delta blocky unit, (4) the delta 
truncated curvilinear unit, (5) undifferentiated smooth 
material on the western delta, (6) the delta layered rough 
unit, (7) moderate TI bedrock in the CFF 2 unit, and (8) 
low TI dunes and unconsolidated dark-toned material in 
the CFF 2 unit. The origin hypotheses for carbonate in 
each unit that are consistent with the reported 
observations are presented in the discussion section. We 
also report five new outcrops of hydrated silica in the 
smooth, dark-toned, hydrated silica-bearing material 
reported by [14-15]. 
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