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Abstract
We performed a multi-scale characterization of aqueous alteration of Mars analog basaltic rock from 

a Mauna Kea drill core using high-resolution visible and short-wave infrared (VIS-SWIR) spectral 
imaging, scanning electron microscopy, X‑ray diffraction, and point VIS‑SWIR spectra. Several types 
of smectites, zeolites, and primary minerals were identified. Mineral classes were mapped in cut sec-
tions extracted from the drill core and used to represent the range of alteration products seen in field 
data collected over 1000 m depth (Calvin et al. 2020). Ten distinct spectral end‑members identified in 
the cut sections were used to map the field point spectra. Trioctahedral Fe‑ and Mg‑rich smectites were 
present toward the top of the zone of analysis (972 m below the surface) and increased in abundance 
toward the bottom of the drill core (1763 m depth). The mineralogy demonstrates a general trend 
of discontinuous alteration that increases in intensity with depth, with less pervasive phyllosilicate 
alteration at the top, several zones of different mixtures of zeolites toward the center, followed by 
more abundant phyllosilicates in the lowest sections. Distinctly absent are Fe‑Mg phyllosilicates 
other than smectites, as well as carbonates, sulfates, and Al phyllosilicates such as kaolinite or illite. 
Furthermore, hematite was only detected in two of 24 samples. The suite of assemblages points to 
aqueous alteration at low-to-moderate temperatures at neutral to basic pH in low-oxygen conditions, 
with little evidence of extensive surface interaction, presenting a possible analog for an early Mars 
subsurface environment. We also present a library of VIS-SWIR spectra of the analyzed cut sections, 
including both spatial averages (i.e., unweighted linear mixtures) of spectral images of each cut section 
and single point spectra of the cut sections. This will allow for consideration of nonlinear mixing ef-
fects in point spectra of these assemblages from natural surfaces in future terrestrial or planetary work.
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Introduction
VIS-SWIR spectroscopy can detect absorptions of most aque-

ous alteration minerals and many primary minerals that result 
from various processes and thus provides valuable mineralogical 
information. Zeolites are identified by vibrational absorptions as-
sociated with H2O near 0.97, 1.40, and 1.90 mm while smectites 
are identified by combinations of H2O (1.40 and 1.90 mm), OH 
(~1.40 mm), and several metal-OH combination bands, which 
vary in position from ~2.20–2.32 mm based on composition and 
structure (e.g., Clark et al. 1990a). Pyroxenes, iron oxides, and 
olivine are identified by broad absorptions related to electronic 
processes involving electrons in Fe and their energy state transi-
tions (e.g., Hunt 1977). However, overlapping or similar vibra-
tional absorption features of mineral phases are common, so other 

methods are often required to provide complete mineralogical 
characterization; this is especially true for mineral assemblages. 
The absorptions discussed in this paper are well documented and 
library spectra are available from the U.S. Geological Survey 
(Clark et al. 1990a; Kokaly et al. 2017), though modifications of 
these absorptions by compositional and structural differences are 
still an active area of study.

With the Compact Reconnaissance Imaging Spectrometer 
for Mars (CRISM) instrument aboard the Mars Reconnaissance 
Orbiter (MRO), orbital VIS-SWIR spectra achieved the unprec-
edented resolution at Mars of 18 m/pixel in targeted mode. This 
resolution allows for interpretations of single, outcrop-sized areas 
and for more robust inspection of lower-concentration minerals 
(Murchie et al. 2007). Multiple recent papers by the CRISM team 
and their collaborators revealed that martian secondary alteration 
is both spatially and temporally heterogeneous (e.g., Ehlmann and 
Edwards 2014). Several different phases that formed from aqueous 
alteration have been studied in hundreds of locations on Mars, and 
genetic alteration mechanisms have been suggested to range from 
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