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A Word from the Authors 
We are a diverse group of researchers ranging in age from senior faculty to graduate 

students, who share a common experience of analysis and interpretation of Mars orbital 
visible/short-wave infrared (VSWIR) spectral data in the context of supporting robotic Mars 
rovers. Our common experiences provide insight into the future potential for orbital VSWIR 
techniques to advance understanding of the geology and resources of the Martian surface.  
 

Executive Summary 
The last 16 years witnessed a rapid growth in understanding the composition and aqueous 

alteration of Mars’ surface from orbital data from the Observatoire pour la Mineralogie, l’Eau, 
les Glaces et l’Activité (OMEGA) [1] and Compact Reconnaissance Imaging Spectrometer for 
Mars (CRISM) [2]. Both are sensitive to water-, hydroxyl-, sulfate-, and carbonate-bearing and 
ferric phases that record past liquid water. As the spatial resolution of such data has improved, 
and supporting laboratory data have been acquired, the diversity of mineral phases that are 
recognized has likewise expanded. The same phases typically contain recoverable water, a 
resource for future human exploration, and are the only near-surface water reservoir in the >50% 
of Mars over which ice likely does not occur in the shallowest subsurface. Knowledge of the 
distribution and abundance of these water-bearing phases, and their geologic implications, is 
limited by spatial resolution of the available data. A revolutionary advance in understanding the 
inventory, diversity, and stratigraphy of these materials can be obtained from Mars orbit, using 
two complementary approaches: hyperspectral imaging at ~6 meters per pixel at 0.7–4 µm, and 
1 meter-per-pixel imaging at selected VSWIR wavelengths from 0.4–1.7 µm. 
 

1. Recent Results of VSWIR Orbital Mapping of Mars 
VSWIR wavelengths contain absorptions diagnostic of primary and secondary minerals 

present in Mars’ crust. These absorptions are caused by electronic transitions due to Fe2+ in 
olivine, pyroxene, and glass and Fe3+ in oxides / oxyhydroxides as well as plagioclases that 
contain a trace of Fe2+ [3-7]. Absorptions are also caused by vibrations in H2O-, OH-, SO4-, and 
CO3-bearing hydrated / hydroxylated silicates, sulfates, oxyhydroxides, and carbonates [8-13]. 

Detailed knowledge of mineral composition of Martian rock formations began with the 
Imaging Spectrometer for Mars (ISM) onboard the Phobos 2 spacecraft [14]. Its improved spatial 
resolution compared to Earth-based telescopic measurements revealed heterogeneity in the 
strength of the 3-µm absorption associated with molecular H2O. 

The first global compositional maps from Mars orbit used thermal infrared (TIR) 
wavelengths measured by the Thermal Emission Spectrometer on Mars Global Surveyor (TES, 
~6 km/pixel [15]) and the Thermal Emission Imaging System on Mars Odyssey (THEMIS, 100 
m/pixel [16]). These found an overall basaltic composition of highlands crust, regional 
differences in primary mineral abundances, olivine-rich units, and a distinct composition of the 
northern plains [17-20]. Relatively few aqueously formed minerals were recognized initially—
hematite in Meridiani Planum and elsewhere [21] and chlorides in the highlands [22]. 

OMEGA on Mars Express (0.3–1 km/pixel) and CRISM on Mars Reconnaissance Orbiter 
(18 or 36 m/pixel) confirmed those inferred primary rock compositions and, additionally, 
revealed heterogeneity in pyroxene composition in the southern highlands [23] and abundant 
glass as the cause of the distinct composition of the northern plains [24]. They also revealed a 
large variety of secondary minerals that had not been apparent in TIR data. At OMEGA’s spatial 
resolution, hydrated sulfates in association with the hematite discovered by TES, plus a variety 
of clay minerals, are apparent over large areas [25-27]. At CRISM’s 15–50x higher spatial 
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resolution a far greater variety of minerals has been discerned, and their geologic settings 
characterized with the aid of ~0.3 m/pixel images from HiRISE [28]. Among the key phases are 
hydrated silica indicating extensive leaching [29], serpentine and prehnite indicating 
hydrothermal alteration of the crust at elevated temperature [30,31], carbonate minerals 
indicating formation in liquid water at a neutral to alkaline pH [32], and a variety of other 
minerals having more limited occurrence that bound the range of temperatures and pressures at 
which low-grade metamorphism of the highlands crust occurred [33-35]. Poorly crystalline 
aluminosilicates (e.g., allophane) indicate environments where liquid water was transient [36]. 

In aggregate, CRISM and OMEGA data—combined with constraints on stratigraphy from 
HiRISE—indicate nearly a dozen distinct aqueous environments including lightly altered 
subsurface bedrock, three variants of clastic- or evaporite-dominated lake sediments, pedogenic 
horizons, eolian sediments cemented by acid sulfates from saline groundwater discharge, acid-
leached silica-rich materials, and hot springs [33,34,37]. Several of these environments have 
been studied in situ by rovers, and CRISM characterizations have been critical for establishing 
geologic context beyond rover traverses, generating testable hypotheses, and highlighting 
specific outcrops for investigation. For example, Wray et al. [38] identified metal-OH and H2O 
absorptions indicative of clay-bearing material on the rim of Endeavour crater. In situ 
observations by the Opportunity rover substantiated this inference, and demonstrated the 
majority of the clays formed post-impact by fluids that circulated through fractures, with limited 
volumes of rock indicating more extensive leaching [39,40]. Milliken et al. [41] inferred from 
CRISM data and HiRISE images that the lower beds of Mount Sharp in Gale crater were clay-
bearing sediments, and in situ analyses by Curiosity’s instrument suite substantiated the clay 
detections and demonstrated that they formed in a habitable lacustrine environment [42-43]. 

Arranged temporally based on stratigraphy and crater densities, these distinct environments 
trace the climatic evolution of early Mars (Fig. 1; [44]). Aqueous alteration from the pre-
Noachian through the late Noachian periods was dominated by formation of phyllosilicates and, 
rarely, carbonates, which indicate a generally neutral to alkaline pH environment. Significant 
alteration occurred in the subsurface at low to moderate temperatures (from <0 °C in brine, 
locally or regionally to 200–400°C as sub-greenschist facies metamorphism). Deposition of 
secondary minerals in surface water and pedogenic formation of smectites were concentrated 
during a relatively short interval that occurred during the mid- to late Noachian period when 
relatively warm, wet conditions prevailed [45-47], and less so during the early Hesperian period 
in lacustrine environments including at Gale crater [42,48]. Younger deposits having aqueously 
formed minerals, emplaced mostly before the mid-Hesperian period, are hematite-, sulfate-, or 
silica-rich materials that formed in a drying, acidic environment. 

 

2. Convergence of Science and Resource Mapping 
Indicator minerals of past aqueous environments typically contain “bound water,” 

coordinated to sulfate or carbonate molecules or trapped in crystal structures of hydrated 
silicates. As such, many aqueous mineral assemblages that record past wet environments also 
provide an “ore” of water, oxygen, and hydrogen for future human explorers [49], particularly at 
latitudes ≤35° at which shallow near-surface ice has not been detected [50]. Based on a synthesis 
of orbital estimates and ground truth measurements of water abundance, it is possible to estimate 
the water recoverable from various formations [49]. Typical soils may yield ~1 wt.% H2O by 
heating to ~400 °C. Some formations enriched in aqueous minerals may have 2–10 wt.% bound 
H2O in sulfate, carbonate, or clay, recoverable (depending on the phase) by heating to 100–
250°C. Such resources are being mapped globally using CRISM and OMEGA data [51,52]. 
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Figure 1. Schematic history of 
Martian alteration environments 
as indicated by secondary 
mineralogy, compared with time 
stratigraphic periods and the 
ages of water-related surface 
features and geologic units rich 
in alteration morphologies. 
Modified from Murchie et al. 
(2020). 

3. The Challenge: Spatial Resolution 
As summarized in MEPAG’s NEX-SAG report [53], improving the spatial resolution of 

orbital VSWIR spectroscopy by a factor of 3—to ~6 m/pixel—would enhance interpretation of 
the history and resource potential of rock formations that include aqueously formed minerals, 
enabling characterization of the Martian surface far beyond current capabilities.   

Evolution of the knowledge of Martian surface composition using VSWIR spectroscopy 
illustrates this important point: as resolution has improved from the regional to outcrop scale, 
more of the diversity of Martian surface composition is detectable. For example, hydrated silica-
rich deposits near Valles Marineris were unresolved by OMEGA, but easily resolved by CRISM. 
Evidence is clear that improved spatial resolution—to 1 meter per pixel—would continue 
to yield new discoveries. CRISM has employed an observing technique whereby some 
observations are spatially oversampled. Ground processing enables rendering of the data at an 
improved resolution with a pixel scale of 12 or even 9 m/pixel vs. the 18 m/pixel native spatial 
sampling [54]. Studies that use this approach demonstrate detection of small exposures that are 
not resolvable at 18 m/pixel, yielding a more detailed view of compositional stratigraphy that has 
in turn driven rover traverse planning [40,55-57]. Comparison of CRISM and Curiosity 
measurements reveals what limits orbital detectability of bedrock spectral variations: dust cover 
and muting of spectral absorptions by multiple materials, such as dark basaltic sand, occurring 
within a single pixel [58]. These limitations can be addressed through improved resolution 
of dust- and debris-free windows, which would guide rovers to the most interesting locations. 

Of critical importance, volumetric estimates of aqueous mineral deposits for in situ resource 
utilization requires high resolution mapping of their thickness through vertical windows (scarps, 
crater walls) which is not currently practical at CRISM’s spatial resolution. 

In addition, new techniques to process CRISM data have emerged that should inform design 
of future orbital investigations. The “Fandango” group serves as a forum to compare them [59]. 
Key among them is spatially oversampling a scene and rendering it with resolution 
improved by ≥50% [54], leveraging data volume to simulate an instrument with greater focal 
length (and mass and cost). Also, noise in the data can be reduced using any of several methods; 
one highly effective approach that has been employed uses a Maximum Log-likelihood Method 
with weighting penalties to denoise and reconstruct the data [60]. The denoised data are of 
sufficient quality to highlight small spectral differences that can be correlated with surface 
topography to separate spectral variations due to bedrock heterogeneity versus mass wasting and 
debris cover, a critical capability to fully utilize improved spatial resolution [61]. Finally, 
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CRISM-measured thermal emission at 3.4–4 µm has been used to estimate thermal inertia at 18 
m/pixel, a >5x improvement over THEMIS, revealing texture at the same scale as composition, 
to provide additional information with which to interpret lithology of near-surface materials [62]. 
 

4. Key Questions for Future Orbital Investigation 
The MEPAG NEX-SAG report [53] identified high priority questions to be investigated by a 

future orbital VSWIR investigation: (1) What are the nature and relative prevalence of different 
parent lithologies in the Noachian crust that interacted with liquid water, and how were they 
affected by metamorphism? (2) What were the relative prevalence of different environmental 
settings involving liquid water: surface water bodies, transient surface water, near-surface 
weathering, and diagenesis, hydrothermalism, serpentinization, and metamorphism at depth? (3) 
What controls the observed spatial variability in secondary mineralogy? (4) What are the relative 
roles of endogenic heating and impact heating in driving alteration? (5) What is the full 
inventory of mineral water resources in the shallow subsurface? Each of these questions can be 
addressed through VSWIR observations with improved spatial resolutions compared to CRISM. 

MEPAG Goals 2020 [63] identified high priority investigations in Goal III, Origin and 
Evolution of Mars as a Geological System, that closely parallel the questions articulated in the 
NEX-SAG report and are directly addressed by compositional mapping at improved spatial 
resolution: Investigation A1.1–Determine the modern extent and volume of liquid water and 
hydrous minerals within the crust; Investigation A1.2–Identify the geologic evidence for the 
location, volume, and timing of ancient water reservoirs; Investigation A2.1–Constrain the 
location, volume, timing, and duration of past hydrologic cycles that contributed to the 
sedimentary and geomorphic record; Investigation A2.2–Constrain the location, composition and 
timing of diagenesis of sedimentary deposits and other types of subsurface alteration; 
Investigation A2.3–Identify the intervals of the sedimentary record conducive to habitability and 
biosignature preservation; Investigation A3.1–Link geologic evidence for local environmental 
transitions to global-scale planetary evolution; and Investigation A3.2–Determine the relative 
and absolute age, durations, and intermittency of ancient environmental transitions. 
 

5. Recommended Investigations Using the Modern State of the Art 
During the Mars Orbiter for Resources, Ices and Environments (MORIE) Planetary Mission 

Concept Study [64], different techniques for future VSWIR orbital investigations were explored. 
Two (whose attributes are shown in Figs. 2 and 3) emerged as complementary and feasible:  
 

5.1. High-Resolution Imaging Spectroscopy 
One concept is a follow-on hyperspectral imager to CRISM, having a wavelength range of at 

least 0.7–4 µm to cover absorptions due to key secondary minerals as well as thermal emission 
from the surface. Coverage of shorter wavelengths to ≤0.5 µm would provide improved 
discrimination of ferric and other phases. Spatial sampling of ~6 m/pixel would improve 
resolution of compositional stratigraphy (Fig. 3). This approach requires, compared to CRISM, 
an instrument with a longer focal length and larger aperture, plus gimbaling to support 
oversampling to allow rendering of the data at even better spatial resolution.  
 

5.2. High-resolution Multispectral Imaging at an Expanded Wavelength Range 
A complementary concept is meter-per-pixel multispectral imaging at selected VSWIR 

wavelengths that captures spectral heterogeneity due to key absorptions. New, large-format 
HgCdTe arrays allow a cross-track scene width at least that of HiRISE and can accommodate 
~20 fixed strip filters. Selected bands (Fig. 2) include widely spaced 60- and 30-nm bands with a 
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few 10-nm bands around narrow H2O/OH/CO2 absorptions. Preliminary calculations indicate 
that signal to noise ratio >100 (sufficient for detecting spectral features identified by CRISM at 
many sites across Mars) can be attained in the 60- and 30-nm bands (and in 10-nm bands with 
2x2 pixel binning) using time-domain integration over 64 pixels with a 20-cm aperture imager.  

 

Figure 2 (left). Schematic illustration of 60-
nm (gray), 30-nm (pink) and 10-nm (light 
blue) bandpasses in a passively cooled, 0.4–
1.7 µm, 20-cm aperture 1 m/pixel VSWIR 
multispectral imager, that could be used to 
map occurrences of minerals which have been 
detected in MRO/CRISM images at resolution 
approaching that of HiRISE color. 
Figure 3 (below). HiRISE image 
ESP_021466_1230 showing 120-m thick ice-
rich deposit rendered at different resolutions. 

     
HiRISE 0.26 m/pixel 1 m/pixel multispectral 6 m/pixel hyperspectral CRISM 18 m/pixel 
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