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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 sections extracted from the drill core
and used to represent the range of alteration products seen in field data collected over
1000m depth (Calvin et al., in press). Ten distinct spectral endmembers identified in the
cut sections were used to map the field point spectra. Trioctahedral Fe- and Mg-rich

smectites were present towards the top of the zone of analysis (972 m below the surface)
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and increased in abundance towards 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 towards 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 effects in
point spectra of these assemblages from natural surfaces in future terrestrial or planetary

work.

Keywords: visible to short-wave infrared spectroscopy, X-ray diffraction, scanning

electron microscopy, Mars analog, natural zeolites, Mg/Fe smectites, aqueous

alteration
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Introduction

VIS-SWIR spectroscopy can detect absorptions of most aqueous alteration
minerals and many primary minerals that result from a variety of processes and thus
provides valuable mineralogical information. Zeolites are identified by vibrational
absorptions associated with H,O near 0.97, 1.40, and 1.90 um while smectites are
identified by combinations of H,O (1.40, 1.90 um), OH (~1.40 um), and several metal-
OH combination bands, which vary in position from ~2.20-2.32 um based on
composition and structure (e.g. Clark, 1990a). Pyroxenes, iron oxides, and olivine are
identified by broad absorptions related to electronic processes involving electrons in Fe
and their energy state transitions (e.g. Hunt, 1977). However, overlapping or similar
vibrational 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 USGS (Clark, 1990a; Kokaly et al., 2017), though
modifications of these absorptions by compositional and structural differences is 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 unprecedented resolution at Mars of 18m/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
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locations on Mars, and genetic alteration mechanisms have been suggested to range from
impact and shock generated material, to low-temperature metamorphism or hydrothermal
activity, to neutral or acidic ground or surface water interaction (e.g., Bishop et al., 2008;
Ehlmann et al., 2011a,b; Catalano, 2013; Tornabene et al., 2013; Michalski et al., 2013;
Carter et al., 2013; Cannon et al., 2017; Carrozzo et al., 2017). Specific phases tied to
these genetic origins by Mars analog work on Earth are hydrated silicates, carbonates,
phyllosilicates, Fe-oxides, and sulfates, all of which have been spectrally identified on
Mars from orbit and ground truthed by rovers (e.g., Bibring et al., 2006; Ehlmann et al.,
2009; Morris et al., 2010; Ehlmann and Edwards, 2014; Arvidson et al., 2014; Vaniman
et al., 2014; Rampe et al., 2017).

These alteration minerals provide evidence for occurrences of specific surface
and subsurface processes on Mars, many of which can produce environments habitable
for microbial life. A challenge is deciphering what environmental conditions the mineral
assemblages on Mars represent, especially for common phases like Fe/Mg smectites,
which can form in multiple environments. Through laboratory measurements of analog
samples, we can observe the spectral properties of mineral assemblages, identify specific
constituent alteration minerals and their spectral properties, and use these data to provide
constraints on their environments of formation. This allows for comparison with spectra
from Mars with implications for better understanding alteration in Martian environments.
Here, we examine rock from drill core into Hawaiian basalts. These mafic flows were
sequentially erupted onto the surface and later altered by water and provide an analog for
aqueous alteration processes in the subsurface of ancient Mars. We utilize VIS-SWIR
spectroscopy, X-ray diffraction (XRD), and scanning electron microscopy on cut sections

of core and relate the spectral properties back to the field spectral data.
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Previous Martian Analog Alteration Studies

There have been many terrestrial analog studies of natural, Mars-relevant
alteration phases and mineral assemblages to help identify secondary minerals and
interpret environments on Mars. Many studies focus on the alteration of basalt and the
formation of smectite because Mars is primarily basaltic and smectite is a common
secondary mineral. In-depth spectral and geochemical analyses of an analog Martian
smectite similar to one observed in situ at Gale Crater were carried out by Treiman et al.
(2014). This ferrian saponite exhibited a similar XRD pattern to a smectite studied in-situ
at Yellowknife Bay using the CheMin instrument onboard the Mars Science Laboratory,
suggesting that most of the octahedral Fe*" in the Martian smectite had similarly been
oxidized to Fe*". However, geological context of the studied samples is not well-defined
as the samples were gathered at a field location which is no longer accessible. The
saponite is thought to have formed diagenetically in a marine environment as a vesicle
fill in basalt (Treiman et al., 2014), so the formation environment is not identical to that
of the lacustrine mudstone at Yellowknife Bay (Grotzinger et al., 2014).

Many Mars analog studies have been focused on minerals at the surface or near
surface and have inspected surface hydrothermal systems, impact sites, or groundwater-
facilitated alteration that has been exposed to the surface environment through erosion
(e.g., Bishop and Murad, 2002; Greenberger et al., 2012; Ehlmann et al., 2012; Hadnott
et al., 2017). Mauna Kea has been studied in the near surface environment by both
remote sensing and field methods (e.g., Morris et al., 2005; Guinness et al., 2007;
McCanta et al., 2014), and palagonitic tephra from Mauna Kea’s surface has been used

for decades as a Mars soil simulant since early work identified it as spectrally similar to
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bright regions on Mars (Morris et al., 1990). We probe a less-studied part of the volcanic
stratigraphy and note a different suite of mineral assemblages than in surface exposures.

Studying synthetic Mars analog minerals is also valuable for interpreting ancient
aqueous environments on Mars and identifying likely formation conditions. Chemtob et
al. (2015) characterized synthetic trioctahedral smectites both chemically and spectrally,
and oxidation effects on the VIS-SWIR spectra and XRD patterns of smectites were
studied by Chemtob et al. (2017). Chemtob et al. (2017) demonstrated that the abundant
ferrian smectites observed from orbital data could be formed from oxidation of ferrous
smectites. The formation of synthetic Fe-Mg smectites in oxidizing conditions was
examined by Gainey et al. (2017); results showed that both dioctahedral and trioctahedral
phases could form in basic, oxygen-rich conditions, given the presence of Fe’" and either
Mg”" or Fe*". However, Viennet et al. (2017) showed that while pH has little influence
on saponite formation, the presence of zeolites implies pH ~> 7.2, and increasing acidity
implies more trioctahedral chlorite formation versus saponite. These studies illustrate that
characterizing the entire secondary mineral assemblage is necessary for understanding
early Martian geochemical and atmospheric conditions.

Our methodology is derived from a combination of approaches that have worked
well in the past for identifying secondary minerals. Field-collected point-spectra provide
a rapid characterization of bulk alteration mineralogy changes and are compared with
more traditional, time consuming methods such as XRD, optical microscopy, and
geochemical analyses (Calvin and Pace, 2016). This allows for targeting areas of interest
for examining small scale spatial relationships through petrographic thin section work
(see Calvin et al., in press) and spectral imaging and directly comparing spectral data

with compositional information from scanning electron microscopy (Greenberger et al.,
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2015; Leask and Ehlmann, 2016). Bulk and clay-fraction XRD then allows for
identification of species which are spectrally and/or compositionally similar.

This analysis contributes a unique study of alteration of basalts in a subsurface
environment sheltered from direct atmospheric or seawater interaction and combines
multiple methods to observe small-scale and large-scale distributions, macro and
microscopic textural and spectral information, and mineral associations as a Mars analog.
We then tie the interpretations of formation conditions back to specific VIS-SWIR
absorption features to allow for broad applicability to other studies with the fast, non-

destructive method of VIS-SWIR spectroscopy.

HGRP Samples and Geologic Context

The Humu’ula Groundwater Research Project (HGRP) drilled the
continuously-cored hole PTA-2 in the saddle region of the Big Island of Hawaii in 2013,
searching for groundwater resources. The core traverses much of the shield building
phase of Mauna Kea, intersecting variably textured basaltic lava flows, explosive units,
intrusive units, and sedimentary units. This study focuses on the basaltic lava portions of
the stratigraphy, which make up the majority (>90%) of the core. Jerram et al. (2019)
describe wireline logging and imaging of PTA-2. Calvin et al. (in press) further describe
the geologic setting and drilling history for the study samples. As described in that paper,
initial field measurements collected 780 VIS-SWIR point spectra over 791m, yielding
eight distinct spectral types representing mineral assemblages at spot sizes of 1.5¢cm in
diameter. These were used to select 25 cut sections that were subject to additional

analyses as described in this work (one cut section was too small for XRD analysis). The
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eight spectral endmembers included primary mafic minerals (augite and augite with
olivine) and alteration minerals, which included three types of phyllosilicates and three

types of zeolites.

Methods

Spectral Data Collection

Twenty-five small (~2x3 cm) cut sections were measured with the same point
spectrometer used in the preliminary study (Calvin et al., in press), and eight samples
were selected for measurement at the Jet Propulsion Laboratory (JPL) with the Ultra
Compact Imaging Spectrometer (UCIS) (Van Gorp et al., 2014). These eight samples
were chosen as discussed by Calvin et al. based on petrographic analysis of thin sections
and the field spectral survey, which concluded that the breadth of aqueous alteration
mineralogy of the core was well represented across these eight samples.

Through the use of different front optics, the UCIS spectrometer can operate in
either a telescopic or microscopic imaging mode suitable for analyzing meter-scale
outcrops in the field or centimeter-scale laboratory samples, respectively. In the
microimaging mode utilized in this study, UCIS collects spectra from samples at 81
um/pixel across 213 discrete wavelengths from 0.5 — 2.5 um (roughly the same range as
the field-collected point spectra). The spectral resolution is approximately 10 nm. A
single scan over a ~3 cm x 3 cm area takes ~1 minute to complete. A spectralon
calibration target placed on the stage is used to calibrate each cut section image to
reflectance. The sample spectrum is divided by the calibration target spectrum and

multiplied by the spectral properties of spectralon to obtain an absolute reflectance. Due
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to low signal-to-noise ratio (SNR) from generally low albedo targets at very high spatial
resolution, all UCIS images were averaged 3x3 spatially to improve spectral mapping

capabilities, resulting in an effective pixel size of ~240 um for images used in this study.

Spectral Matching Methods

Micro-imaging spectroscopy was used to obtain a mineral map of the entire
surface of each of the eight samples. First, spectral variability and resulting endmember
minerals and mineral mixtures were identified via the three preliminary spectral data
products (spectral angle, decorrelation stretch, feature fitting) discussed in the following
paragraphs. These in-scene endmembers (Figure 1) were then used to produce the final
mineral maps (true color images in Figure 2, final maps in Figure 3), and multiple depth
profile “images” of the core from the 780 field spectra (Figure 4).

Initial spectral matching and all following mapping methods were performed
using the ENVI software package on both the micro-imaging spectroscopy dataset, and
the 780 field-collected point spectra. The eight, spatially downsampled UCIS cut sections
were mosaicked together into a single image, and the endmembers identified from the
field data (Calvin et al., in press) were used as an initial set of spectra to classify the
UCIS images. Spectral angle mapping (SAM) of the 1.70-2.45 um region, and
decorrelation stretching (DCS) of channels at 1.70, 1.91, and 2.15 pm were performed to
observe spectral variability and extract initial spectral endmembers from the cut sections.
SAM is a commonly used method in imaging spectroscopy in which each pixel is
represented as a vector and the angle between reference spectra and each pixel is

calculated as a measure of similarity. DCS removes inter-band correlation between
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selected channels by stretching principal component values before an inverse transform,
and emphasizes spatial variability (Campbell, 1996). Endmember spectra from the
samples were compared to spectra from the USGS spectral library (Kokaly et al., 2017)
that had been resampled to UCIS wavelengths. The one phyllosilicate endmember
without a good match in the USGS library was identified via decorrelation stretching and
extracted from UCIS data. After resampling the USGS spectra to the same wavelengths
as the UCIS spectra, spectral feature fitting (SFF) was performed using the USGS spectra
and the one unique UCIS spectrum as reference data. SFF fits continuum-removed target
spectra to continuum-removed pixels in the image, using a least squares optimization
(Clark 1990b). The algorithm was originally designed for fitting single, complex features
but has been shown to be effective across multiple features (Clark et al., 1991). The
RMSE between the best-fit reference spectrum and the pixel is then thresholded to
produce a classified image.

Final mapping was guided using a combination of these three data products
(SAM, DCS, and USGS-spectra SFF), and compositional information gained from
scanning electron microscopy (SEM). Mineral identification of the spectral endmembers
was guided by comparison to USGS library spectra, EDS-derived data, and other

published spectral data.

Spectral Mapping

Final mapping of the cut sections was accomplished using SFF and in-scene
pixels from UCIS data as targets. This was because the USGS library spectra lacked

representative secondary absorption features. These features included broad absorptions
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in the visible and near-infrared (VNIR) for phyllosilicates due to Fe absorptions and
compositionally dependent SWIR features not represented in the library (i.e., the 2.245
um absorption in one endmember discussed later) (Figure 1). Two specific endmembers
are also identified as mixtures (Figure 1) and thus have no representative match in the
USGS library.

Unlike in the initial SAM, where a single angle tolerance was applied to all
images, different RMSE tolerances and wavelength-mapping ranges were used to
specifically target wavelength ranges most characteristic of specific minerals for SFF.
The zeolites were mapped using features within the 0.9-2.15 pm range, the
phyllosilicates within the 1.30-2.45 pm range, and the primary mafic minerals within the
0.5-1.70 um range. In the case of a fibrous zeolite identified with the SEM in the SR-618
cut section, pixels were hand-selected for the class as the UCIS signal was too low to
result in a good automated match. Spectral imaging also reported unclassified pixels,
without the diagnostic absorptions, which were typically empty vesicles, plagioclase, or
certain primary iron oxides.

Finally, a profile of relative mineral abundance vs. depth was obtained for the
field data through linear unmixing of the 780 point spectra using averaged endmember
pixels from UCIS. A singular value decomposition-based approach was used as
described by Boardman (1989) with a unity constraint on endmember abundance, i.e. the
constraint that the sum of the abundances of all the endmembers must equal 1.
Endmembers are shown in Figure 1, and the results are shown in Figure 4 as “core-stack
images”, which are further described below. While it is understood that non-linear
mixing effects occur in VIS-SWIR spectra of mineral assemblages (Hapke, 1981), we

provide these data only as rough abundances for the sake of visualization.
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Scanning Electron Microscopy Data Collection

Preparation of the previously analyzed cut sections for SEM-EDS analysis
presented many challenges due to the vesicular nature of basalt and its pervasive
alteration in some portions of the core. The cut sections were trimmed parallel to a thin-
section (dimensions of ~27 x 46 mm) before polishing all eight samples. The samples
were polished through a series of grit sizes (from 30um to 1 pm) with silicon carbide
followed by a final polish with diamond paste to ensure a flat surface for sufficient and
uniform X-ray count rates for EDS mapping of elemental composition.

Carbon-coated cut sections (~1-2 mm thickness) were examined on a JEOL
6010LA W-filament SEM at the University of Nevada, Reno for textures and
morphology at a range of magnifications (~40—7000x). Select areas of samples were
mapped by EDS for local elemental composition mapping. Areas were selected to
capture the entire range of alteration mineral diversity characterized from the UCIS data.
EDS analyses were generally performed at a lower magnification (50x to 190x) and
focused on identifying elemental abundances to a few percent relative accuracy within

alteration products in order to aid in mineral identification.

X-Ray Diffraction Data Collection

Bulk XRD analyses of 24 samples distributed throughout the core (Table 1) were
performed on a Rigaku Smartlab diffractometer at NASA Ames Research

Center. Samples were ground with a pestle and mortar to less than 120 um, before being
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milled for 5 minutes with ethanol in a McCrone XRD-mill, equipped with zirconium
grinding elements. Milled slurries were dried before side-packing the resulting powders
into holders. XRD patterns were collected using a scintillation detector with Cu Ka
radiation. Patterns were collected between 2°<20<65° 20 in 0.02° steps, counting for 2
seconds per step. Minerals were identified using Jade MDI software. Relative mineral
abundances of clay minerals were estimated from patterns by Rietveld refinement using
BGMN software (Bergmann et al., 1998) (Table 1). UCIS-imaged samples were
examined on a later date using the same methods. Randomly oriented, and both air dried
as well as glycolated oriented preparations of the <0.5 pum fraction (separated by
centrifugation) of a subset of sample powders were also measured by the Rigaku

Smartlab instrument to characterize phyllosilicate structures (Appendix Figure 4).

Results

Ten spectral endmembers were identified in the UCIS data via the microimaging
spectroscopy methods discussed above and cross-checked with SEM and bulk XRD.
Four different primary endmembers and six alteration endmembers were found across the
eight cut-sections. These endmembers are shown as averages of classified UCIS pixels in
Figure 1.

The primary endmembers included two spectrally distinct pyroxenes, olivine, and
a mixture of fine-grained primary minerals with iron oxides. The two pyroxenes showed
strong, characteristic absorptions near 1 um, one centered at ~0.99um and the other at
1.02pum, a 3-channel difference. The endmember with the shorter wavelength absorption

(“fine-grained augite”) ((Ca,Na)(Mg,Fe,Al, T1)(Si,Al),O¢) was more dispersed throughout
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the samples while the longer wavelength absorption endmember (“coarse-grained
augite/diopside”) was concentrated in larger crystals and had a well-developed 0.63 pm
absorption feature. Both pyroxenes exhibited a strong, broad 2.3-um absorption. The
olivine endmember showed a strong, broad triplet absorption between 1.0-1.25 pm,
which varied slightly in shape and was flat through the SWIR after a significant rise in
reflectance to 1.80 pm. The “aphanitic matrix material” endmember has a strong
absorption in the visible at ~0.55 um and is flat elsewhere in the spectrum.

The alteration endmembers included three distinct zeolite types, two distinct
saponite types, and a possible zeolite-smectite mixture. The “heulandite-phillipsite-like”
(Heulandite (Ca): (Ca,Na),.3Al3(Al,S1),S113036°12(H,0), Phillipsite:
(Ca,Nay,K;)3Al6S11003,° 12H,0) zeolites captured the same spectral features as many
other zeolites: weak absorptions at 0.97 and 1.16 um, very strong, moderately broad
water absorptions at 1.43 and 1.92 um, and an overall high albedo with a steep drop-off
beyond 2.20 um. “Analcime” (NaAlSi,O¢*(H,0)) was nearly identical, but with a
characteristic 1.79 pm, medium-strength absorption. The “scolecite-natrolite-like”
(Scolecite: CaAl,Si3040°3(H,0), Natrolite:Na,Al,Si30;9°2(H,0)) endmember had a
strong blue slope, with steep, asymmetric absorptions at 1.1, 1.45, and 1.94 pm, in
addition to a weak 0.97 um absorption. The two saponites (low and high-Al saponite)
were differentiated by the shape of their 2.32 um absorption, and the presence/absence of
a 2.245 pum absorption feature associated with ferrous Fe and Al. The “zeolite-smectite
mixture” was spectrally similar to the “high-Al saponite” endmember but had an
exceptionally broad 1.91 um water feature and elevated reflectance throughout the

VNIR, similar to all zeolite endmembers.
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Semi-quantitative EDS-derived elemental compositions supported the spectral
data and narrowed the possible range of specific mineral species. Table 2 shows EDS-
derived elemental compositions for all endmembers and additional primary material.
Both pyroxenes contain similar amounts of Fe, Mg, and Ca in general, but showed
distinctive differences between the two spectral endmembers. The fine-grained
clinopyroxene contains more Al (~4 wt%) and less Ca (~7 wt%) compared to the coarse-
grained clinopyroxene. The range of values suggests the finer grained material is augite
and the coarser material may be diopside or more Ca-rich augite. EDS data of olivine
consistently yield wt% Mg/Fe ratios of ~2-3, demonstrating a forsteritic composition.
The “aphanitic matrix material” contains a mixture of fine-grained iron oxides at low
abundances with plagioclase/clinopyroxene/ilmenite and very minor amounts of Na.

The saponites are Mg-dominated, and the low-Al phase wt% Mg/Fe ratio ranges
from ~1.40-2.0 across all cut-sections, while the higher-Al phase ranges from ~2.1-3.0
and is only measured in SR-459. The zeolite-smectite mixture is chemically similar to the
high-Al saponite but has an elevated Si/Al ratio (~4 vs ~3, respectively). The higher Al
phase appears to have slightly higher Ca, but the Ca abundances are too low to determine
this with confidence. The “heulandite-phillipsite-like” endmember is variable in cation
abundance, yielding K or Ca across different cut sections, but has a consistent wt% Si/Al
ratio of ~3, which is consistent with either heulandite or phillipsite. Analcime shows very
high Na and a wt% Si/Al ratio of >2, whereas scolecite-natrolite contains a mixture of Ca
and Na and a wt% Si/Al ratio of <2.

XRD provided verification of saponite as the dominant phyllosilicate throughout
the core (based on significant expansion upon glycolation to ~17 A for all clay fractions

and an (060) peak at ~1.53 A), and also identified heulandite, natrolite, phillipsite, and
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analcime in several of the cut sections. Hematite was only detected in two samples (SR-
537 and -631), while ilmenite was noted in nearly all samples. Olivine was only found at
depths shallower than about 1360 m, while plagioclase and pyroxene were noted to
persist through the bottom of the zone of analysis. Sparse quartz is noted in two samples
towards the bottom of the hole, while sparse orthoclase is identified in only one sample.
Table 1 shows XRD identifications and estimated saponite abundances. Figure 5 shows
bulk XRD patterns from samples SR-425, -503, -513, and -537. Despite bulk XRD being
performed on different pieces of the same samples, the only major discrepancies in
identifications are that SR-513 contains weak analcime peaks in XRD, and zeolites noted
in SR-618 by UCIS are not seen in XRD. A weak 1.79 um absorption is present in the
interior of pixels classified as natrolite by SFF in sample SR-513 and is also noticeable in
the point spectrum of the cut face. The lack of identification of heulandite-phillipsite in
SR-618 is likely due to loss during sample preparation, or heterogeneity of the sample.
Additional XRD patterns (both bulk and clay fraction) for a subset of samples not
examined with UCIS are included in the supplement.

Spatially mapped spectral endmembers can be seen in Figure 3 with a
corresponding true-color image in Figure 2. Depths of each of the cut sections discussed

below are noted in Table 1.

Mineralogical Variation within Core Samples

SR-392 (1032 m depth), collected closer to the top of the core hole, was devoid of
alteration minerals. SR-425 (1125 m depth) represented a transitional zone where fresh

olivine was still present, but smectites had formed from olivine crystals preferentially in

16

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7131. http://www.minsocam.org/

fractures, as seen in Figure 6. Though both SR-392 and SR-425 are vesicular, empty
vesicles are devoid of alteration minerals. This can be observed in Figure 2 in the true
color images. All saponite in SR-425 is spatially associated with large crystals of olivine
and is low in Al.

SR-459 (1216 m depth) is also representative of phyllosilicate formation and
shows the only presence of the zeolite-smectite mixture and the high-Al saponite in the
UCIS imaged cut sections. Also co-occurring are coarse-grained augite/diopside and low-
Al saponite, but no unmixed zeolites are present.

Both SR-503 (1346 m depth) and SR-513 (1379 m depth) were zeolite dominated,
though SR-513 also contained low-Al saponite. In addition to zeolites, pure-silica
veinlets were identified via SEM in SR-503. There was a clear replacement process
occurring in SR-513 (see Figure 6), with scolecite-natrolite-like endmembers being
replaced by a heulandite-phillipsite-like zeolite. SR-537 (1452 m) was dominated by
saponite, but had small occurrences of a heulandite-phillipsite-like zeolite. In both SR-
503 and SR-537, Fe-rich aphanitic matrix material dominated, and clinopyroxene
features were weak.

Alteration in SR-560 (1522 m depth) produced low-Al saponite material. This cut
section lacked zeolites, and many of the phyllosilicate occurrences were nearly perfectly
spherical (see Figures 2 and 3). In SR-618 (1699 m depth) alteration mineralogy was
primarily composed of a fibrous, radiating zeolite with a higher Si/Al ratio. This zeolite
may be clinoptilolite or mordenite, but the spectral and EDS data are poor quality due to
the sample morphology, making specific identification difficult. Coatings of saponite on
vesicles were also present, though not pervasive. XRD identified only saponite on

another piece of the same sample.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld

17



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7131. http://www.minsocam.org/

Alteration in Point Spectra

Through linear unmixing, relative mineral abundances were determined for all
781 field spectra collected from the drill core to determine changes in mineralogy with
depth. Zones of zeolite or phyllosilicate dominance were clear, but most of the core
contains mixtures as observed in the UCIS imagery. The 2.245-um, 2.32-pm high-Al
saponite was more abundant higher in the stratigraphy. The low-Al saponite was
stratigraphically pervasive starting at depths of about 1200 m, generally increasing in
abundance with depth. Analcime was present in a few small zones higher in the hole, but
was more abundant at intermediate depths through the bottom of the hole. Zeolites were
generally present as mixtures at spatial scales below the ~1.5 cm footprint of the point
spectrometer (as seen in most of the UCIS images at 240 um/pixel).

Linear unmixing was accomplished with UCIS scene endmembers. Final RMSE
values for the field spectra were a maximum, mean, and standard deviation 0.038,
0.0037, and 0.0028, respectively. It is noted that the higher RMSE values using UCIS
endmembers were concentrated in areas of exceptionally sharp featured zeolites. This is
likely due to weakened feature strength of the “heulandite-phillipsite-like” target
endmember produced from UCIS pixel averaging, where mixing with primary minerals
occurs due to its fibrous crystal habit in SR-618.

A three-band composite was formed into an RGB image using summed linear
unmixing results to show relative mineral abundances correlated with depth. The three
bands chosen were primary (olivine+clinopyroxene+aphanitic matrix material) in red,
zeolites (scolecite-natrolite-like + heulandite-like + analcime) in blue, and smectite

(high-Al saponite+low-Al saponite) in green. The RGB composite allows for observation
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of mixtures between the three distinctly different spectral types and demonstrates
stratigraphic control of the mineral assemblages better than single matches. Point spectra
of the cut face for each slab analyzed with UCIS are shown in Figure 4, color-coded to
approximate what the spectrum would look like in the adjacent RGB composite. Figure 4
also shows an alteration “exaggerated” form of the RGB composite, where primary
mineral abundances have been artificially reduced by 50% in order to emphasize the

alteration colors and distinct zones.

Interpretation

The bulk matrix chemistry and primary mineralogy show a tholeiitic composition,

based on the SEM-EDS. This means that all cut sections are likely from shield-stage lava
flows, rather than younger alkali-rich post-shield phase lavas. These shield phase lavas
are not presently exposed on the surface (Wolfe, Wise, and Dalrymple, 1997) and have
not been extensively studied in the past with a focus on alteration. As members of the
upper portions of the shield phase, their age is likely ~350-500 ka (Wolfe, Wise, and
Dalrymple, 1997). The samples used in this study were collected below the level at
which continuous groundwater was encountered during drilling (Jerram et al., 2019), but
the discontinuous alteration likely indicates complex lateral and vertical migration of
groundwater controlled by physical rock properties and closing of pathways by
secondary mineralization.

Sulfates and carbonates are distinctly absent in the cut sections and all field

spectra. The lack of Fe’" oxide formation (with the exception of hematite in the matrix
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material of SR-537, and detection by XRD in SR-631), jarosite-family minerals,
kaolinite/illite, and palagonite indicate that alteration occurred at depth in a low-oxygen
environment. The saponite clay occurred in vesicles, but primarily as a replacement of
olivine. Augite appeared to stay intact and spectrally pristine at depth, though the higher-
Ca, coarse-grained pyroxene that was present at shallow depths did not appear at depths
and may not have initially been present or may have been replaced. Glass was not
identified by any of the analytical methods and is likely completely replaced by saponite
or zeolites below the largely unaltered portion of the hole. Primary oxides (ilmenite)
remain unaltered through the bottom of the core.

No high-temperature minerals were identified, and the mineralogy is all
consistent with the modern geothermal gradient. Heulandite is generally a higher-
temperature zeolite but can still form at temperatures as low as 84 °C (Wohletz and
Heiken, 1992). Epidote and prehnite, indicative of temperatures of ~250-300 °C (e.g.
Freedman et al., 2009) were absent. Viennet et al. (2017) described the preferential
formation conditions of phyllosilicates, zeolites, and carbonates in detail. They note that
Ca-zeolite formation implies a lack of dioctahedral clay formation, and that under mildly
acidic conditions, dioctahedral clay minerals and carbonate minerals are preferentially
formed. Trioctahedral clay minerals preferentially formed in conditions with near neutral
pH values but can form across a wide range, and zeolites are favored at pH > 7.2. Ca-
zeolites are present here as both phillipsite and heulandite, which are abundant and
present throughout much of the stratigraphy. Because saponite and zeolites often co-
occur in this core, it is likely that any stratigraphic control on abundance of zeolites
versus smectites is probably caused by availability of olivine or basaltic glass as a source

of Mg*" and small pH fluctuations from near neutral to basic.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld

20



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7131. http://www.minsocam.org/

The scolecite-natrolite-like zeolites were replaced by heulandite-phillipsite-like

zeolites at depth in at least one case (see SR-513 in Figure 3 and Figure 6). This could be

due to rising temperatures and pressures, or an earlier Na" rich fluid being overprinted by

a more recent Ca”" rich fluid. Stratigraphic, temperature-controlled zonation like that
described by Weisenberger et al. (2009) is not clear in the spectral data for this analyzed
section of the core, with all three spectral types persisting from intermediate depths
through the bottom of the hole in multiple discontinuous zones. However, bulk XRD
results (Table 1) could imply a transition from phillipsite to heulandite at roughly 1460
m, a transition that could be temperature dependent.

EDS values of all smectites analyzed from the cut sections record a wt% Mg/Fe
ratio of ~1.5 to slightly over 3, showing magnesium dominance. Trioctahedral Fe/Mg
smectites of this composition have a Mg-OH absorption between 2.309 and 2.317 um
(e.g. Michalski et al., 2015), consistent with all distinct smectites observed in all the
UCIS cut sections. This feature shifts to shorter wavelengths as oxidation progresses,
thus indicating only weak oxidation of these samples (Chemtob et al., 2017). Results
show only two samples (537 and 631) with detectable hematite using bulk XRD.
Combined with the exclusively trioctahedral phyllosilicate structure observed with both
bulk XRD and clay-fraction XRD, most evidence points to Fe*"-rich, trioctahedral

smectites with minimal dioctahedral mixing or oxidation. However, variable strength of

0.70,0.91,and 1.11 pym Fe?" and Fe*" electronic transitions and Fe*'-Fe** charge-transfer

transition features (Chemtob et al., 2017), varying shape of the 2.32 pum feature,

particularly on the short-wavelength side (Appendix Figure 3), and iddingsite formation

(Calvin et al., in press) hint towards possible dioctahedral mixing and incipient oxidation

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld

21


https://paperpile.com/c/xQo4qp/iFOq

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7131. http://www.minsocam.org/

in some samples. Mossbauer spectroscopy would need to be performed to confirm
oxidation states and verify octahedral composition and occupancy.

Interlayering of smectite and chlorite or other phyllosilicates, a process seen
elsewhere on Earth and on Mars (Ehlmann and Edwards, 2014), is possible in the case of
the high-Al saponite, and the “zeolite-smectite mixture” (which may simply be a more
water-saturated form of the high-Al saponite). The abundant Mg®" availability from
olivine, the heightened Al levels (Beaufort et al., 1997), and the 2.245 um absorption
feature point to this as a possibility. However, trioctahedral smectites often have an
absorption at 2.245 um from the AlAl(Fe*",Mg)-OH combination band (Chemtob, 2015)
as well. Increasing Al levels from AI’* substitution in the octahedral layer are noted to
increase the depth of the 2.245 um feature (Chemtob et al., 2015). Glycolated clay
fraction XRD patterns (Appendix Figure 4) show full expansion of (001) spacings to
~17-17.7 A across the range of spectral variability of the M-OH features seen, with no
(002) reflection near 7-7.5 A indicative of chlorite, and no remnant ~14 A (001) peak
after glycolation. Thus, the heightened Al is likely from a combination of both tetrahedral
and octahedral AI’", and not enough Mg*"/Fe*" substitution by Fe’" or A’ to lead to a
significant dioctahedral character in the XRD patterns. The 2.245 pm feature is more
abundant and stronger shallower in the hole, but persists through the bottom. While the
spatial segregation of the low-Al and high-Al phases in SR-459 might point to different
fluid sources and alteration events, more data are needed to verify whether the 2.245 pm
absorption present throughout the hole is only from the high-Al saponite.

Nearly all of the collected data are representative of low to moderate temperature

aqueous alteration from moderate to basic pH fluid in low oxygen conditions.
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Hydrothermal brines or acidic fluids derived from sulfide weathering likely did not affect
these samples.

Implications for Mars Exploration

Smectites and Zeolites on Mars

Fe- and Mg-rich phyllosilicates make up the bulk of aqueous alteration
mineralogy that has been identified on the Martian surface via orbital VIS-SWIR
spectroscopy (e.g., Carter et al., 2013; Ehlmann and Edwards, 2014). However, the
distribution of hydrous phyllosilicate phases raises many questions. Both dioctahedral
and trioctahedral smectites have been observed on Mars from orbit and in-situ (e.g.,
Ehlmann and Edwards, 2014; Vaniman et al., 2014; Bristow et al., 2018), and current
oxidation states of Fe provide a snapshot of the outcome of several environmental
possibilities during their formation and post-formation history. Trioctahedral, Fe*'-
bearing smectites are present on Mars in the lower units of stratigraphic sections exposed
by erosion, in materials exhumed by impact, and in diagenetically altered sediments in
Gale crater (Bishop et al., 2008; Ehlmann et al., 2011a; Bridges, 2014; Treiman et al.,
2014; Vaniman et al., 2014). Trioctahedral, Fe-Mg smectites are the thermodynamically-
favored product of lower-temperature, anoxic aqueous alteration of basaltic material
(Catalano, 2013). Smectites with an absorption closer to 2.30 pm, which are
predominately interpreted as dioctahedral, Fe*'-rich smectites (i.e. nontronite) are the
most abundant smectite identified in CRISM pixels (> 70% of smectite identifications)
(Michalski et al., 2015). These smectites may have formed from prolonged oxidation of

trioctahedral smectites which formed under low-oxygen conditions, or they may have
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formed directly under oxic aqueous conditions (Chemtob et al., 2015, 2017; Gainey et
al., 2017). These varying formation conditions place very different constraints on Mars’
atmospheric transitions and regional phenomena. The samples from this study of Mauna
Kea drill cores provide an example of trioctahedral smectites formed under low-oxygen
conditions, which are generally difficult to study due to their instability on Earth’s
surface where they are rapidly weathered or oxidized (Chemtob et al., 2017). The co-
occurrence of smectite with either primary or associated alteration minerals affects the
shape and band position of the Mg-OH feature, which is generally used to identify
dioctahedral versus trioctahedral smectite phases. The spectra provided in the supplement
here exhibit a range of shapes for trioctahedral smectites of very similar composition
(Appendix Figure 2), but mixed with different mineralogy based on their stratigraphic
occurrence. Additionally, the ~2.25 pm feature commonly used in remote sensing studies
to identify chlorite is shown here to be present and strong in naturally occurring saponite
with likely no chlorite component in Mars-like lithology.

Zeolites are both a possible component of the widespread dust on Mars and an
aqueous alteration product, much like on Earth where they replace glassy material and
infill amygdaloidal cavities of volcanic rocks and volcaniclastic sediment (Ruff, 2004;
Ehlmann et al., 2009; Ehlmann and Edwards, 2014; Viennet et al., 2017). Though many
of the zeolite species are spectrally similar, their presence alone in low to moderate
temperature aqueous alteration of basalt and basaltic glass provides limits on pH
(Viennet et al., 2017). Analcime, a Na zeolite, has been observed in theorized impact
excavated or hydrothermal-generated material on Mars in multiple locations (Ehlmann et
al., 2009; Carrozzo et al., 2017). Here we identify analcime and other zeolites and

observe how they spectrally mix with smectites and primary mafic minerals. While

24

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld


https://paperpile.com/c/xQo4qp/6Skt+ywpM
https://paperpile.com/c/xQo4qp/6Skt+ywpM
https://paperpile.com/c/xQo4qp/ywpM
https://paperpile.com/c/xQo4qp/ywpM+1ZCG
https://paperpile.com/c/xQo4qp/DSMS+OyfY
https://paperpile.com/c/xQo4qp/OyfY
https://paperpile.com/c/xQo4qp/vqwV
https://paperpile.com/c/xQo4qp/vqwV
https://paperpile.com/c/xQo4qp/mmLH

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7131. http://www.minsocam.org/

identifying zeolites in mixtures with hydrated smectites is difficult, mapping of zeolites
on Mars has great implications for understanding pH in the early surface and subsurface
environment.

Wordsworth et al. (2018) suggest that the characterization of “climatically
important mineral deposits” is an important goal for future missions. Spectral
characterization of geologically realistic mixtures of Mars-relevant primary and zeolite
mineralogy with trioctahedral smectites presents a pathway for identifying this
subsurface environment of formation on Mars. In addition, we identify specific features
to help differentiate these materials. Further work to better constrain alteration conditions
and stratigraphic constraints in these samples, including complete core VIS-SWIR
scanning, will provide additional insight into similar environments that were likely

present on early Mars.
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Figure and Table Captions

Table 1: Phases identified by XRD of all cut sections analyzed in this study. Abundances
of trioctahedral clay minerals (saponite) were determined by XRD analyses with the

BGMN software (2:1 clay row). UCIS imaged cut-sections have their rows highlighted.

Table 2: Normalized, non-standardized EDS-derived compositions (in mass %) of all

spectral endmembers in addition to a bulk average of both distinct matrix materials. All
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reported compositions are means of multiple mapped areas, and should be interpreted

only in a semi-quantitative sense.

Figure 1: Spectral endmembers produced from in-scene averages of UCIS reflectance
pixels. Vertical lines highlight features at 1, 1.2, 1.4, 1.79, 1.91, 2.245, 2.29, 2.32, and 2.4

um.USGS spectral library standards are included for comparison to UCIS spectra.

Figure 2: True color mosaic of the individual cut section images produced from UCIS

images.

Figure 3: Classified image results from spectral feature fitting of in-scene endmembers.
Unclassified pixels are generally vesicles, plagioclase grains, or very low signal, low

albedo areas. See Appendix Figure 1 for quantification of pixel classes for each sample.

Figure 4: The left spectral stack plot illustrates the point spectra of the cut face of UCIS
imaged sections. Vertical lines highlight features at 1, 1.2, 1.4, 1.79, 1.91, 2.245, 2.29,
2.32, and 2.4 um (also denoted in Figure 1). Line colors in the spectra plots represent
approximate colors of spectra in the corresponding “core stack” image to the right. In the
vertical color images, the color of a particular location is based on UCIS endmember
abundance. Here, relative abundances produced from linear spectral unmixing form red
“primary endmembers,” green “saponite endmembers,” and blue “zeolite endmembers”
channels in the “raw” image. The second image represents an “alteration exaggerated”
form of the RGB composite to the left, where primary mineral abundances have been

artificially reduced by 50% in order to emphasize the alteration colors. This better
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illustrates to the human eye the stratigraphic pervasiveness of the saponite, and the zeolite

zonation. Horizontal black bars represent local zeolite enrichments.

Figure 5: XRD patterns for samples SR-425, -503, -513, and -537, with characteristic

peaks annotated.

Figure 6: SEM images demonstrate textural relationships of primary and secondary
phases in cut sections. In A, exposed heulandite-phillipsite crystals radiate towards
matrix material (SR-503). In B, scolecite-natrolite (interior) is being replaced by
heulandite-phillipsite (SR-513). In C, well-organized saponite platelets are exposed by a
scratch, and smectite swelling is observed within the high-Al saponite endmember (SR-
459). In D, a different texture of heulandite-phillipsite in more tabular crystals is
exhibited (SR-503). In E, euhedral olivine crystals are replaced by the low-Al saponite
endmember, which is preferentially forming in fractures (SR-425). In F, a radiating
zeolite shows a distinctly different texture from the other heulandite-phillipsite

occurrences, possibly hinting at a different zeolite phase (SR-618).

Appendix Figure Captions

Appendix Figure 1: Spectral endmember classified pixel abundances from UCIS image

mosaic. Unclassified pixels are generally plagioclase and primary oxide grains, though

voids in the interior of samples are included in this case.
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Appendix Figure 2: Ratioed CRISM Minerals Identified through CRISM Analysis
(MICA) spectra (Viviano-beck et al., 2014) of relevant mineralogy compared to both
mean UCIS pixels of each sample, and bulk point spectra of each sample.

Appendix Figure 3: Feature shape variation of all UCIS pixels classified as saponite-
containing. The ratio values on each axis are of continuum-removed spectra.

Appendix Figure 4: Clay fraction and bulk XRD results for samples SR-446, -541, -544,
and -639 and their cut face point spectra for comparison. Each panel shows the 0-35 20
range both glycolated and air dried, with a zoomed in view of the 59-65 °20 range. All

samples, despite varying VIS-SWIR spectral shapes, are characteristic of saponite.
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Table 2

Endmember Fe (Mg |Al |Ca |[K [Na |Ti |Si |[© Si/Al|Mag/Fe
Coarse Matrix 6 |88 (4 |95 |0 |0 ]0.8(24.2|46.6 |6 1.5
Aphanitic Matrix 16.1(7.4 |3.6 (8.1 |0 [0 |1.6|19.9/43.4 5.5 |0.5
Olivine 10.2|28.5|0 |0 |0 [0 |0 [18.8|42.85|N/A |2.8
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Fine-Grained Clinopyroxene |7.7 |7.9 6.5 |5.7 (0 |0.7 |0 (23.6|47.9 (3.9 |1

Coarse-Grained Clinopyroxene|6.2 (9.4 2.5 (13.4|0 |0 [0 |24.9(43.1 |12.1|1.5
High-Al Saponite 5 |13.4(79 |22 [0 |0 |0 (23 |48.5 |29 (2.7
Low-Al Saponite 8.7 |144(3 |06 [0 |0 |0 |(25.8{47.5 |85 (1.7
Saponite-Zeolite Mix 51 [14.2|16.3 |2.7 |0 |0 0 [22.8|/48.9 |3.8 (2.8
Heulandite-Phillipsite-Like 0 0.6 (10.2|46 [1.7|11.5 |0 |26.6|54.8 |2.6 |N/A
Analcime 0 |0 10.8/0 [0 [11.5]0 (26 |[51.8 (2.4 |N/A
Scolecite-Natrolite-Like 0 |0 14218 |0 (4.6 |0 [21.5|51.8 [1.51 [N/A
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