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Introduction:  Gale crater is a 154 km diameter im-

pact crater on Mars, where the MSL Curiosity rover has 
been exploring since 2012. Previous studies using or-
bital remote sensing data have revealed the presence of 
hydrated minerals such as hydrated sulfates and clays, 
which record aqueous alteration in the crater [1]. Curi-
osity’s in situ analyses of rocks and soils have turned up 
abundant evidence for ancient water-rich environments 
in Gale crater, which has raised the possibility of Mars’ 
past habitability [2]. In this study, quantitative analysis 
of the hydration state (i.e., water content) and mineral 
abundances at Gale Crater are carried out using hyper-
spectral visible/near-infrared (VNIR) data from the Ob-
servatoire pour la Minéralogie, l’Eau, les Glaces et 
l’Activité (OMEGA) instrument onboard Mars Express 
[3] and from the Compact Reconnaissance Imaging 
Spectrometer for Mars (CRISM) instrument onboard 
Mars Reconnaissance Orbiter (MRO) [4]. Water con-
tents derived from orbital data can be directly compared 
to in situ heating experiments of regolith materials by 
Sample Analysis at Mars (SAM) Instrument Suite on 
Curiosity [5], which can in turn validate our approach.  

Methods:  Data Sets. The primary data sets used in 
this study are OMEGA and CRISM hyperspectral data. 
OMEGA consists of a visible near-infrared spectrome-
ter, sensitive between 0.35 and 1.05 µm, a C spectrom-
eter from 0.97 to 2.73 µm, and an L spectrometer from 
2.55 to 5.1 µm [3]. OMEGA spatial resolution ranges 
from 0.3 to 3 km. CRISM has 544 channels covering 
0.36–3.92 µm and has a spatial resolution of either full 
spatial resolution (FRT; 18 m/pixel) or 2 times spatially 
binned (HRL/HRS; 36 m/pixel) in targeted mode [4].   

Atmospheric and Thermal Correction. We use the 
Discrete Ordinates Radiative Transfer (DISORT) pro-
gram to simulate the I/F value observed by OMEGA and 
CRISM. DISORT simulations account for the atmos-
pheric contributions caused by the absorption, scatter-
ing, and emission of gas and aerosols. A lookup table 
approach was used to retrieve the single-scattering albe-
dos from the observed I/F. Specifically for OMEGA 
data, we also simulate thermal emission contribution, 
which allows us to perform thermal correction on I/F 
at > 3 µm wavelength region. Surface kinetic tempera-
tures over Gale were derived at the time of each 
OMEGA observation using the method [6]. Tempera-
ture values were used to correct for thermal emission 
contribution to the spectral data across 3-5 µm region. 

Water Abundance Estimation. To quantify the water 
abundances at Gale crater, we used the method of [6]. 
The method consists of using the single scatter albedo 
to extract effective single-particle absorption-thickness 

 
Figure 1: Temperature map over Gale crater using 
swath 2363_4  (left, LTST: 12:07:48, Ls = 324.43°) and 
0436_2 (right, LTST 09:29:57, Ls = 37.87°).  
 

 
Figure 2: Water percentage per mass distribution cov-
ering Gale crater as inferred from the 2.9 µm value of 
ESPAT parameter. 
 
(ESPAT). The single scatter albedos were extracted from 
the reflectance data using Hapke’s simplified relation-
ship for the bidirectional reflectance function (BDRF) 
[7]. The ESPAT parameter at a given wavelength is [7]: 
 

𝐸𝑆𝑃𝐴𝑇 =
1 −𝜔*
𝜔*

 

 
Where 𝜔* is the single-scatter albedo. The ESPAT value 
at 2.9 µm was then used in the linear relationship relating  
wt.% H2O to the ESPAT value [8]: 

 
𝑤𝑡.%	𝐻1𝑂 = 4.0064 ∗ 𝐸𝑆𝑃𝐴𝑇(2.9	𝜇𝑚) 

 
Spectral Unmixing of CRISM SSA. The CRISM at-

mospherically corrected single scattering albedo (SSA) 
data was run in a spectral unmixing software, which 
models the single pixel spectra using non-negative least 
squares (NNLS) method [9]. The model reproduces the 
shape and depth of absorption bands, the continuum and 
the absolute value of the reflectance. The software runs 

(1) 

(2) 
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a model with a set of endmembers and grain sizes care-
fully chosen and excludes unwanted ones. 

Results and Discussion: Water Abundance at Gale 
Crater. Figure 1 shows a map mosaic of temperature 
over Gale crater, which allows pixel by pixel thermal 
correction over the OMEGA long wavelength region and 
thus derive water abundance based on the 3 µm absorp-
tion band. The 3 µm water absorption band allows esti-
mate of water content through ESPAT parameter. Figure 
2 shows a map over Gale crater of the regolith’s water 
contents. Regolith on the plains north of Gale crater con-
tain ~2-3 wt% H2O. The in situ measurements of the 
Rocknest sand shadow materials by SAM instrument on 
Curiosity yield bulk water content values between 1.5 
and 3 wt% H2O [10], which is consistent with our esti-
mates with orbital data. Our results also show that the 
equatorial region of Mars has water content of 2-3 wt% 
H2O percent without much variations, and water content 
slightly increase with increase of the latitude. 

Mineral Abundances Derived from Spectral Unmix-
ing of CRISM Data. Spectral unmixing modeling was 
performed over phyllosilicate and sulfate rich-units us-
ing CRISM single scattering albedo spectra, respec-
tively, to extract the abundances and grain sizes of both 
hydrous and anhydrous phases. To investigate spatial 
distribution of the secondary mineral abundances, we 
applied our spectral unmixing model to CRISM image 
HRL0000BABA to generate the mineral abundance 
maps. Figure 3a shows the secondary phases mapped 
over Mount Sharp using CRISM parameter map [11], 
and Figure 3b shows the results of the spatial spectral 
unmixing analysis over the selected region enclosed in 
the white box in Figure 3a. From Figure 3b it is possible 
to resolve the hematite, phyllosilicate and hydrated sul-
fate unit, and these units are consistent with spatial dis-
tribution with CRISM parameter map shown in Figure 
3a. The spectral unmixing of CRISM image cube over 
Gale indicate that there are 39% hematite, 4% phyllosil-
icates, and 16% hydrated sulfates. In situ analysis of Cu-
riosity will shine more light on this when it will start to 
traverse the phyllosilicate and hydrated sulfate unit, al-
lowing direct comparison with our results.  

Conclusions and Future Work: In this study, we 
estimated the water abundance over Gale crater based 
on the 3 µm water absorption feature using OMEGA 
data. Our results indicate a water content over Gale 
around 2-3%, which is consistent with the in situ meas-
urements of the Rocknest sand shadow materials by 
SAM instrument on Curiosity. The spectral unmixing of 
CRISM data over Gale crater was performed to derive 
mineral abundances in this region. The mapping results 
from our method is consistent with CRISM parameter 
maps. Our unmixing results indicate that the area has 
relatively low abundance of phyllosilicate and relatively 

 
Figure 3:(a) Secondary phases mapped in Mount  Sharp 
using CRISM parameter map [11]. Red: hematite; 
Green: hydrated sulfates; Blue: phyllosilicates. (b)  The 
RGB map of the spectrally unmixed data covering the 
same region showed in the white box in (a). The star 
shows the current position of Curiosity. 
 
high abundance of hematite and hydrated sulfates. The 
future in situ analysis by Curiosity will provide ground 
truth for our modeling approach. Future work will con-
sist in processing more orbital data from OMEGA, thus 
having a better coverage in water wt.% of Gale, espe-
cially in the west region, as well as performing spectral 
unmixing analysis of CRISM data covering other areas 
of Gale crater to provide a more complete mineral abun-
dance map. 
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