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ABSTRACT

Neutron spectroscopy is used to determine bulk water abundances in the near
surface of planetary bodies. The Dynamic Albedo of Neutrons (DAN) instrument on
the Mars Science Laboratory (MSL) rover, Curiosity, is able to determine the depth
distribution of water and neutron absorbers in the top ~50 cm of the subsurface. In
this dissertation, I focus on answering significant geologic questions by interpreting
DAN results in the geologic context provided by other MSL and orbital datasets. This
approach enabled me to investigate significant outstanding questions in Gale crater
geology, with implications for the evolution and habitability of Mars.

I mapped an extensive silicic volcaniclastic layer in the subsurface, the first
identified and mapped on Mars. This layer served as a silica source for other silica-
rich features. But unlike those features, this layer contains abundant rhyolitic glass,
indicating an evolved volcanic origin. Similar material on Earth is produced by plate
tectonics, so this layer has important implications for the evolution of Mars, which
has no evidence of plate tectonics.

One of the primary motivations for exploring Gale crater is a distinct clay
mineral signature from orbital data of the Compact Reconnaissance Imaging
Spectrometer at Mars (CRISM), which has also identified a corresponding hydration
signature. I compared DAN and CRISM hydration results and found that CRISM
hydration results are biased by the presence of regolith, indicating that this regolith
is either more hydrated or has a different grain size texture than bedrock.

Clay minerals are primary binding sites for organics on Earth, and most
organic-mineral binding mechanisms involve either water or hydroxyl. This makes
hydrated clays the most efficient hosts for organic preservation, but clays are
normally dehydrated when measured by MSL. However, my DAN-derived water

abundances are greater in the most clay-rich unit of Gale crater, suggesting that clay



minerals may be hydrated in the subsurface. I developed a new amorphous
component analysis method that simultaneously constrains clay mineral hydration
and abundances of various hydrated amorphous phases. I found a strong correlation
between “excess” water and smectites (expandable clay minerals), indicating that

these clay minerals are hydrated in the subsurface.
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CHAPTER 1
INTRODUCTION

Planetary science is a relatively young discipline. Only in the 1960s did we
begin studying another planetary body in detail with the Apollo program and the
missions preceding it. Much of what we know today about lunar science came
directly from the Apollo missions and analysis of the Apollo samples. But remote
sensing missions in the decades since Apollo have greatly expanded lunar science,
especially for the lunar farside, polar regions, and the lunar subsurface and interior.

Today, much of planetary science is driven by the need to understand volatile
abundances, transport, and sequestration/preservation. Several planetary missions,
including to the Moon and Mars, have included neutron spectrometers (NS) capable
of sensing hydrogen (i.e., water) up to a meter deep in the subsurface; but only one
mission has included an active NS on a roving platform. The Mars Science Laboratory
(MSL) Curiosity rover carries the Dynamic Albedo of Neutrons (DAN) instrument.
Most DAN science to date has focused on determining water abundances from many
locations to track hydration trends along the Curiosity traverse. In contrast, my
research focus for this dissertation is putting my DAN-derived hydration results into
a broader context to answer specific questions related to the geologic history and
habitability of Mars. By doing so, I also demonstrate the utility of active neutron
spectroscopy for answering a variety of planetary science questions.
1.1. Planetary Neutron Spectroscopy and DAN

Orbital NS are used to map the abundance of water in the subsurface. They
measure the neutron flux from the surface that is due to galactic cosmic rays
(GCRs), which bombard planetary surfaces and release neutrons from subsurface
nuclei. Neutron detectors use a variety of materials and techniques to count neutrons

by measuring the ionization energy produced by neutrons in a detection volume. He-



3 proportional counters are a type of neutron detector using He-3, which has a large
probability of an absorption reaction. When an incident neutron is absorbed, or
captured, by a He-3 nucleus, it releases ionizing radiation into the surrounding He-3
and produces an electrical signal. Proportional counters therefore record each
neutron absorption reaction as a distinct signal with energy proportional to that of
the absorbed neutron. But because the probability of neutron absorption is much
higher for low energy (or “thermal”) neutrons, detection volumes are often
surrounded by a neutron moderator material, which reduces the kinetic energy of
(i.e., “thermalizes”) neutrons by nuclear scattering reactions before they reach the
detection volume, thereby increasing thermal neutron count rates.

Missions with NS have flown to several planetary bodies, including the
MESSENGER Gamma-Ray and Neutron Spectrometers (GRNS) to Mercury (Goldsten
et al., 2007), the Lunar Prospector GRNS (Feldman et al., 1998), the Mars Odyssey
Neutron Spectrometer (MONS) (Boynton et al., 2004), and the DAWN GRaND
(Gamma-Ray and Neutron Detector) to asteroids Vesta and Ceres (Prettyman et al.,
2011). These are typically paired with gamma-ray detectors which measure other
subsurface elemental abundances. Active neutron spectroscopy is an alternate
technique using an active neutron source. Active sources are only useful on landed
surface platforms because they only irradiate a small area. Orbital NS measure
neutron flux from very large areas (pixels tens or hundreds of km wide) and are
useful for mapping entire planetary surfaces, while active methods are useful for
detailed geologic investigations of a particular site.

Active NS have some other differences from passive methods. By using a
pulsed neutron generator (PNG), neutron count rates can be increased by orders of
magnitude over natural GCR production (<102 neutrons per second vs. 10 - 10°

neutrons per second), which allows measurements to be obtained in a matter of
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minutes, rather than requiring many orbits over a particular measurement area. A
PNG ‘pulse’ accelerates deuterium ions into a tritium target causing a nuclear
reaction which emits 14.1 MeV neutrons, and many pulses are used for a single
measurement. Neutrons counts are binned by time elapsed since the last PNG pulse
and summed over many pulses, producing a neutron “die-away” curve. The shape of
this die-away curve is dependent on the physical characteristics of the material being
measured, including its composition.

DAN is a NS with a PNG and two He-3 neutron detectors (Mitrofanov et al.
2012), which can operate in active and passive modes. In active mode, a typical
measurement pulses the PNG at 10 Hz, producing 107 14.1 MeV neutrons per pulse,
emitted isotropically. Some of these enter the subsurface, are thermalized by
scattering reactions, and return from the top ~50 cm of the subsurface to be
counted by the detectors. DAN measures the “albedo” of neutrons which are
returned from the subsurface dynamically (i.e., after multiple scattering reactions).
One detector is coated in Cd, a thermal neutron absorber, which only counts
epithermal neutrons (0.4 eV < n < 100 keV). The other detector counts both thermal
(n < 0.4 eV) and epithermal neutrons. By subtracting the first detector’s count rate
from the second detector’s count rate, a thermal count rate is determined.

NS like DAN are sensitive to macroscopic neutron scattering cross section
(Zsct, @ measure of the probability of a neutron scattering off of a target nucleus) and
macroscopic thermal neutron absorption cross section (Zabs, @ measure of the
probability of a thermal neutron being absorbed by a target nucleus) (e.g., Lawrence
et al. 2011). st and Zabs are units of area within which the number of reactions
(dependent on reaction probability) equals the number of incident neutrons
multiplied by the number of target nuclei. Zsct and Zabs are dependent on the

probability of the specific reaction. Hydrogen has a large Zs«t and reduces neutron
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kinetic energy by up to 50% per scattering reaction. s results are often reported as

WEH (water-equivalent hydrogen), derived by dividing H abundance by the mass

fraction of H in H20, which converts H abundance to a corresponding H20 abundance.

Although the vast the majority of neutron scattering reactions are due to H and H

reduces energy more per reaction, other light elements such as B or C can also

contribute to neutron moderation. Other elements (e.g., Fe, Cl, B, Mn) have large

2abs, reducing the number of neutrons that return to the detectors to be counted

(Hardgrove et al., 2011). So NS are sensitive to both H (which increases thermal

neutron counts) and Fe, Cl, B, Mn, etc. (which decrease thermal neutron counts).
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Passive neutron spectroscopy produces a single thermal neutron count rate
and cannot independently measure both H and neutron absorber abundances. Active
NS with a PNG, on the other hand, measure several neutron count rates at different
times after the PNG pulse (e.g., Mitrofanov et al., 2012). As shown in Figure 1.1, the
count rates in DAN active die-away curves increase both with increasing H and with
decreasing Zabs, but the shape changes differently with increasing H vs. decreasing
2abs. Comparing DAN active data to simulations with H and Zabs as independent
parameters, each can be determined. Another advantage of active neutron
spectroscopy is the ability to determine WEH and Zabs as functions of depth below the
surface by comparing active data to simulation data generated using multiple
subsurface layers with different compositions.

1.2. Evidence for Water and Habitability on Mars Prior to MSL

Aside from Earth, Mars is probably the most intensely studied planet in the
last several decades, surpassing any other for number and diversity of missions.
Mars is of interest because the geologic record over billions of years is exposed at
the surface and there are abundant fluvial and lacustrine surface features, as
summarized in recent years by Ehlmann et al. (2016) and the last planetary decadal
survey (NASEM, 2022). These features suggest ancient Mars was wetter and warmer
than today, and could perhaps have once supported life. NASA’s focus on Mars has
been driven by the search for life or habitable environments where life could have
existed. NS, including DAN, play an important role in this architecture because they
measure bulk subsurface water, a necessity for life.

MSL, which hosts the DAN instrument, is the result of a long succession of
increasingly ambitious Mars missions, starting with the Mariner missions in the
1960’s. The Mariner program included flyby and orbiter spacecraft that investigated

atmospheric and surface characteristics, as well as mapping the surface from mid- to



equatorial-latitudes (Steinbacher & Haynes, 1973). Hartmann & Raper (1974) is a
great reference for the state of Mars science before and after the Mariner missions.
Mariner was followed in the 1970’s by the Viking missions with one orbiter and one
lander each, giving us our first close look at the martian surface. The Viking orbiters
provided more detail on surface cratering and volcanic, fluvial, glaciation, and flood
features, while the landers characterized the present and past surface and
atmospheric conditions and also had life detection experiments (Soffen & Snyder,
1976). The Viking goals reflect the primary motivations of today’s Mars Exploration
Program, to characterize the evolution of Mars as a planetary body, and to search for
present or past conditions suitable for life.

But one great limitation of the Viking landers was their immobility. In the
1990’s and 2000’s, the Sojourner, Spirit, and Opportunity rovers revolutionized not
just Mars science, but planetary science as a discipline. While Sojourner, of the NASA
Pathfinder mission (Golombek et al., 1997), was only able to traverse a small area
near the lander, it observed many rocks in the area to be rounded, possibly by
water. Similar to the Viking sites, the Pathfinder landing site shows signs of
catastrophic flooding and evidence of secondary minerals formed by water-rock
interactions. The NASA Mars Exploration Rovers (MER; Crisp et al., 2003) Spirit and
Opportunity each travelled many km across the martian surface over several years.
The science results of these far-ranging rovers revealed a larger diversity of Mars
surface materials (e.g., Morris et al., 2010; Ruff et al., 2011; Squyres et al., 2012).
In 50+ km of traverse over 14+ years, the MER rovers showed that Mars was a
geologically active planet, including aqueous activity at the surface and in the
subsurface that is recorded in present-day rocks.

While the Viking, Pathfinder, and MER landed missions were advancing Mars

surface science, a fleet of orbiters was characterizing the atmosphere,
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magnetosphere, and surface characteristics using visible, infrared, ultraviolet, and
gamma ray wavelengths as well as neutron data. These missions include the NASA
orbiters Mars Global Surveyor, Mars Odyssey, Mars Reconnaissance Orbiter (MRO),
and MAVEN, and the European Space Agency missions Mars Express and Trace Gas
Orbiter. Mars Odyssey included a NS (MONS) (Boynton et al., 2004) that was used to
map global WEH values (e.g., Feldman et al., 2004; Wilson et al., 2018). MONS
results show hydration as high as several wt.% WEH in equatorial locations, and
significantly higher near the poles.

Orbital missions have played a key role in many areas of Mars planetary
geology, but they also have been invaluable for surface missions like MSL. Orbital
mapping is used to determine landing sites for surface missions and to provide
additional science observations of these landing areas and rover traverses. MRO
includes the High-Resolution Imaging Science Experiment (HiRISE; McEwen et al.,
2007) and the hyperspectral Compact Reconnaissance Imaging Spectrometer at
Mars (CRISM; Murchie et al., 2007). HiRISE image mosaics are often used as
basemaps by the MSL science team, and have been used to create geomorphic maps
of Mars at many scales, including the area of the MSL traverse (e.g., Hughes, 2022).
CRISM detects light in a wavelength range that encompasses many important
spectral absorption features due to specific molecular compounds or minerals. These
absorptions include, e.g., the 3.0 ym hydration band (e.g., He et al., 2022) and the
2.3 uym phyllosilicate metal-OH band (e.g., Milliken et al., 2010; Fraeman et al.,
2016). CRISM results have been used to map the mineralogy of the entire MSL
traverse from orbit and these results were important in selecting the MSL landing

site, Gale crater (Golombek et al., 2012).



1.3. The Mars Science Laboratory: Searching for Habitability

The combination of results from the MER rovers and orbital instruments led to
the development of a more ambitious rover with several advances in instrumentation
and science objectives (Grotzinger & Milliken, 2012). The NASA Mars Exploration
Program had evolved to search for habitable environments and organic matter on a
planet that was more active in the past. The MSL rover, Curiosity, was designed as a
mobile laboratory with the ability to collect rock samples and deliver them to internal
instruments that quantify mineral and volatile abundances. Curiosity has instruments
for determining rock geochemistry and hydration, atmospheric characteristics, and
the radiation environment, in addition to many cameras for imaging and
spectroscopic science. Curiosity is about the size of a sport utility vehicle, with a
mast housing navigation, multispectral, and long-distance camera systems and a
robotic arm with the drill mechanism, a spectrometer, a high-magnification camera,
and a dust-removal tool (DRT) to brush dust from rock surfaces.
Figure 1.2. Schematic
diagram showing DAN and
the other science
instruments on the MSL
rover, Curiosity. The ‘DAN’
label points to the DAN
electronics and detectors.
The DAN PNG is in the
same location on the
opposite side of the rover

(not visible). Credit:
NASA/JPL-Caltech.
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1.3.1. MSL Instruments

The following subsections provide brief overviews of MSL science instruments
(Figure 1.2) which appear in the following chapters. In addition to these instruments,
MSL has the Mast Cameras (Mastcam; Malin et al., 2017), Mars Hand Lens Imager
(MAHLI; Edgett et al., 2012), and Mars Descent Imager (MARDI; Malin et al., 2017)
color cameras. Mastcam is a multispectral instrument which is mounted to the
rover’'s mast and has two lenses for stereo imaging and filters wheels for
multispectral use. MAHLI is a high-resolution camera mounted to the rover’s arm for
close up imaging of targets. MARDI acquires images from beneath the rover.
Curiosity also has two environmental monitoring stations, REMS (Gomez-Elvira et al.,
2012) and RAD (Hassler et al., 2012) which have collected continuous records of
atmospheric characteristics and the radiation environment in Gale crater for over 10
years. The many MSL cameras designed for navigation (Maki et al., 2012) are also
used for science such as dust devil and cloud surveys.
1.3.1.1. The Alpha-Particle X-ray Spectrometer (APXS)

APXS builds on the heritage of similar instruments on the Pathfinder and MER
missions (Foley et al., 2003; Squyres et al., 2003). It uses an active Co source to
induce the emission of X-rays characteristic of the constituent elements in rock and
soil surfaces. APXS quantifies many major, minor, and trace elements: Na, Mg, Al,
Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Zn, Br, Rb, Sr, and Y (Campbell et al., 2012).
The APXS sensing area is a few cm wide and is placed in contact with target
materials, deriving mean surficial compositions of materials in this sensing area.
Most science target areas studied by MSL have a few APXS measurements. Drill sites
receive additional APXS analyses of the undisturbed drill target, the brushed (i.e.,
most dust removed by the DRT) drill target, the drill tailings, and the unused drill

powder which is dumped on a nearby rock surface after powdered portions have
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been delivered to other instruments. APXS data from drill tailings are most
representative of material sampled from a drill target.
1.3.1.2. The Chemistry and Camera Instrument (ChemCam)

ChemCam is an instrument that compliments, extends, and enhances
geochemistry results for MSL (Maurice et al., 2012; Wiens et al., 2012). Unlike APXS,
which is limited to targets within reach of Curiosity’s arm, ChemCam determines
elemental chemistry using laser-induced breakdown spectroscopy (LIBS) which can
focus to measure target chemistry up to seven meters from Curiosity’s mast, where
the laser is housed. LIBS creates a plasma at the target which emits photons
characteristic of the elemental constituents which are analyzed by three
spectrometers housed in the rover body. ChemCam quantifies many elements
including H, Li, B, Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe, Rb, Sr, and Ba (Lanza et al.,
2014; Clegg et al., 2017; Gasda et al., 2017; Payré et al., 2017; Rapin et al., 2017).
New elements are calibrated on a regular basis, with P (Dimitracopoulos et al.,
2023), S, and Cl set to be calibrated in the future. Typical ChemCam LIBS
measurements are rasters of 5 or 10 points on a target with 30 laser shots on each
point. Spot sizes are 150 - 500 ym wide, so small features like pebbles or diagenetic
nodules and veins can be targeted. ChemCam LIBS is also capable of removing dust
without the DRT by vaporizing dust from the rock surface with the first few laser
shots. Subsequent shots measure the dust-free target chemistry. Many targets in an
area can be used together to approximate the mean chemistry of an area similar to
the mean chemistry measured by APXS.

The ChemCam spectrometers also operate in passive mode, enabling spectral
investigations of more distant targets or the atmosphere. The black-and-white
remote micro-imager (RMI) takes high-resolution images of distant targets for

photogeologic interpretation. RMI context images are also collected for LIBS targets.
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1.3.1.3. The Chemistry and Mineralogy Instrument (CheMin)

Drilled/powdered rock samples and scooped soil samples acquired by
Curiosity are portioned to CheMin for mineralogical analysis. CheMin is an X-ray
diffraction and X-ray fluorescence instrument (Blake et al, 2012). It uses transparent
Kapton cells to hold sample material while being exposed to X-rays from one side
while a charge-coupled device (CCD) records a 2D image on the other side. X-rays
are diffracted in crystal lattices as they pass through the sample material and
produce the image. This image is converted to a 1D diffraction pattern for
comparison against mineral standards. A technique called Rietveld refinement is used
to quantify abundances and chemistry of minerals > 1 wt.% of the bulk sample
(Morrison et al., 2018), and the full pattern fitting program FULLPAT is used to
quantify the phyllosilicate and amorphous fractions (Chipera & Bish, 2013).

Phyllosilicates have non-unique basal spacing between silicate sheets. So
CheMin is not always able to conclusively determine the specific phyllosilicate in a
sample. But CheMin does provide constraints on phyllosilicate phases, and with
Sample Analysis at Mars (SAM) dehydration/dehydroxylation temperatures (see
below), a best candidate phyllosilicate phase can usually be indentified.

Amorphous material is even more difficult to identify. In diffraction patterns,
it manifests as a broad hump with few or no distinguishing features. SAM data is able
to identify certain phases (see below), however neither CheMin nor SAM are able to
quantify the abundance of any individual amorphous phase. Because Rietveld
refinement quantifies the abundance and crystal chemistry of minerals, and FULLPAT
quantifies the abundance of the amorphous fraction, the crystal chemistry (weighted
by the crystalline fraction) can be subtracted from the bulk chemistry measured by
APXS drill tailings in order to determine the amorphous chemistry of each sample

(e.g., Smith et al., 2021). This provides the best insight into the composition of the
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amorphous fraction, but what amorphous phases are present is still mostly
undetermined throughout Gale crater.
1.3.1.4. The Sample Analysis at Mars Instrument (SAM)

The SAM instrument package (Mahaffy et al., 2012) consists of a quadrupole
mass spectrometer, gas chromatograph, and tunable laser spectrometer. In a
process called evolved gas analysis (EGA), SAM bakes powdered rock samples up to
~900 °C, releasing volatiles to the mass spectrometer. Gases measured by SAM
(e.g., H20, CO2, SO2) are evolved from minerals, amorphous material, or organics,
and the temperature releases of these gases indicate which material(s) they evolved
from. For instance, H20 temperature releases can indicate whether water is being
evolved from adsorbed water, hydrated phyllosilicates, hydrated sulfates, etc.

Different phyllosilicate phases release interlayer water or structural hydroxyl
at different temperatures. SAM is therefore able to constrain what phyllosilicate
phases are present in a sample based on H>O temperature release profiles. In
conjunction with phyllosilicate phase constraints from CheMin, a best candidate
phase is usually determined. SAM EGA is also able to identify some individual
amorphous phases based on temperature release profiles of volatiles like H20 or SO..
But SAM is not able to quantify the abundances of these amorphous phases.
1.3.2. MSL in Geologic Context: Gale Crater

The several hundred-meter-thick stratigraphic succession investigated by MSL
in Gale crater is the best-studied sedimentary section outside of Earth (e.g., Milliken
et al., 2010; Grotzinger et al., 2014; Sutter et al., 2017; Bedford et al., 2019;
Rampe et al., 2020b; Smith et al., 2021; Tu et al., 2021; Vasavada, 2022). Gale
crater is an ~150 km equatorial sedimentary basin with an ~5 km tall central
mound, Aeolis Mons (informally “"Mt. Sharp”). Gale crater sedimentary units are ~3.8

- 3.6 Ga (Thomson et al., 2011), with fluvial resurfacing up to ~1.1 Ga (Le Deit et
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al., 2013). Curiosity has traversed tens of km across the crater floor and up the
slopes of Aeolis Mons (Figure 1.3a), covering several hundred meters of stratigraphy
(Figure 1.3b). One major goal of MSL, the identification of habitable environments,
was first accomplished at “Yellowknife Bay”, the oldest unit investigated by Curiosity
(Grotzinger et al., 2014). Since then, habitability has been established in other areas
of the traverse as well (e.g., Grotzinger et al., 2015). Most of the MSL traverse has
been through the “Murray” formation on Mt. Sharp. The Murray is primarily
lacustrine mudstones with some sandstone intervals, and has a dip of ~3° northwest
in the region of Curiosity’s traverse (e.g., Kite et al., 2013). Above the Murray is the
“Carolyn Shoemaker” formation, which marks a transition from primarily mudstones
to primarily sandstones. The "Stimson” formation, an aeolian sandstone, of the
“Siccar Point” group unconformably overlies parts of the Murray and Carolyn
Shoemaker formations. Several drill samples have been obtained from each
formation (Figure 1.3) for analysis by CheMin and SAM. In addition to these samples,
three scooped samples of modern windblown sand have also been collected.

Some of the stratigraphically higher geologic units in Figure 1.3b can also be
grouped by CRISM spectral signatures identified prior to the MSL landing. As
mentioned above, distinct phyllosilicate signatures were observed in CRISM spectra
from Gale crater. This signature corresponds to a geomorphic sloped trough-like
feature called “Glen Torridon”. Although almost all units in Gale crater below Glen
Torridon contain phyllosilicates (Vaniman et al., 2014; Rampe et al., 2017; Bristow
et al., 2018; Rampe et al., 2020a), CheMin analysis of samples from Glen Torridon
have confirmed that this is the most phyllosilicate rich interval investigated by MSL
(Thorpe et al., 2022). The units immediately below Glen Torridon also correspond to
distinct CRISM spectral features (associated with hematite) and a geomorphic ridge

feature called the “Vera Rubin ridge” (e.g., Fraeman et al., 2020). Despite the CRISM
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hematite signature, ChemCam and APXS did not observe an increase in Fe on the
ridge and DAN did not observe an increase in Zaps that would correspond to an
increase in Fe. However, as I show in Chapter 3 below, there is a distinct increase in

WEH between Vera Rubin ridge and Glen Torridon, and this is most likely associated

with phyllosilicate hydration (Chapter 4, below).
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Figure 1.3. (a) Map of the Curiosity traverse up to Sol ~3200. Drill sites are marked
by yellow dots with target name acronyms. Selected locations are labeled in green.
Inset is a locator map of Gale crater showing the MSL traverse. HiRISE basemap
credit: NASA/JPL-Caltech. (b) Partial stratigraphic column compiled by the MSL
science team showing unit lithologies and drill targets.
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Above the stratigraphic section shown in Figure 1.3b lies the “sulfate unit”,
which has distinct absorptions in CRISM spectra related to mono-and poly-hydrated
magnesium sulfates. The Stimson formation mentioned above also unconformably
overlies the sulfate unit. Curiosity has recently begun exploring these strata and
CheMin results show a decrease in phyllosilicate abundances compared to Glen
Torridon, and eventually are absent from samples entirely. The “Canaima” drill
sample in the sulfate unit represents the first sample with crystalline Mg-sulfate in
the form of kieserite (Vaniman, 2012; Chipera et al., submitted).

1.4. Outstanding Mars Geology Questions Addressed in This Dissertation
1.4.1. Evolved Igneous Lithologies on Mars

The surface of Mars is primarily mafic, as shown by orbital and surface
investigations (e.g., Singer et al., 1979; Mustard et al., 2005; Taylor et al., 2010;
McSween et al., 2015). But felsic lithologies have also been observed (Christensen et
al., 2005; Carter & Poulet, 2013; Wray et al., 2013; Cousin et al., 2017). Felsic rocks
are very common on Earth, where plate tectonics provide a mechanism for crustal
recycling which leads to evolved igneous rocks. But evidence of plate tectonics has
not been found on Mars, leaving the origin of these evolved felsic lithologies poorly
understood. Processes of magma evolution are intimately linked with internal
planetary dynamics, so understanding the origin of evolved rocks on Mars is
important for planetary evolution models.

The discovery of tridymite, a high-temperature, low-pressure silica polymorph
at “Marias Pass” in Gale crater (Figure 1.3a; Morris et al., 2016) provided an
opportunity to study an evolved igneous material in detail. This material is thought
to be a source for silica-rich fracture halos at “Bridger Basin” and “Naukluft Plateau”
in the unconformably overlying Stimson formation (Frydenvang et al., 2017), but the

tridymite-bearing drill sample was obtained from the conformable Murray bedrock.
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High-silica Murray material was only observed at the surface in a relatively small
area within Marias Pass, but DAN’s depth sensitivity and the very low Fe content of
this silica-rich material allow DAN to detect this material where MSL’s geochemical
instruments (ChemCam and APXS) cannot.

Alternate theories for the origin of the tridymite have persisted (Yen et al.,
2021). But if this material is igneous, it is the only approximately datable (based on
the age of Gale sediments referenced above) evolved igneous lithology on Mars, and
therefore an important clue for martian planetary evolution. Chapter 2 of this
dissertation presents the results of my DAN active data analysis within Marias Pass.
These DAN results are combined with results from ChemCam, APXS, CheMin,
Mastcam, and CRISM, and interpreted as evidence for a widespread silicic
volcaniclastic tridymite-bearing layer that is conformable within the Murray formation
and exposed at Marias Pass.

1.4.2. Preservation of Martian Organics in Clay Minerals

The CRISM 2.3 um metal-OH band is diagnostic of phyllosilicates (clay
minerals). There is a distinct absorption at this wavelength in the Glen Torridon
region of Gale crater, and abundant clay minerals (up to 34 wt.%) in this region
were confirmed in CheMin samples (Thorpe et al., 2022). Hydrated clay minerals also
have absorptions at the 3.0 ym hydration band, which has contributions from both
water and hydroxyl, and Glen Torridon also has deep 3.0 ym absorptions relative to
geologic units stratigraphically below it.

Almost all clay minerals identified in Gale crater are collapsed (i.e.,
dehydrated) when measured by CheMin (e.g., Rampe et al., 2020b). Rapin et al.
(2018) showed evidence of sample dehydration prior to CheMin analysis, and clay
minerals could also dehydrate during sample acquisition and handling. Additionally,

DAN measures hydration from depths of ~50 cm, while CheMin measures drilled
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samples from depths of < 6 cm. If clay minerals are hydrated at depth, DAN WEH
results should include contributions from them.

Clay minerals are well known to efficiently preserve organics (Shen et al.,
1999; Kennedy et al., 2002; Ehimann et al., 2008; Fiorito et al., 2008; Broz, 2020),
and sorption of organics can be enhanced by hydroxyl or water (Keil & Mayer, 2014),
so hydrated clays are the best candidate materials for organic preservation on Mars.
Organic matter has been identified by SAM in Gale crater samples (e.g., Sutter et al.,
2017), but the Mars surface radiation environment should break down most organics
at the MSL sample depth over geologic time (Hassler et al., 2014). Organics at
greater depths (e.g., the DAN depth of sensitivity, ~50 cm) should be broken down
more slowly due to greater radiation shielding of overlying material, so organic
abundances measured by SAM are lower bounds. In Chapter 3, I show that WEH is
elevated in the most clay-rich units in Gale crater (Glen Torridon), where CRISM also
records a significant increase in the 3.0 ym absorption band. This serves as the
motivation for Chapter 4 in which I use DAN WEH results with mineralogy and
chemistry from sample sites across the traverse to demonstrate a correlation
between abundances of clay minerals and modeled WEH.
1.4.3. The Composition of X-ray Amorphous Material

X-ray amorphous phases are ubiquitous in Gale crater, comprising 20 - 56
wt.% of all drilled samples (Vaniman et al., 2014; Rampe et al., 2017; Bristow et al.,
2018; Rampe et al., 2020a; Thorpe et al., 2022). The presence of significant
abundances of amorphous material in > 3.5 Ga rocks is surprising because
amorphous material tends to crystallize over time in the presence of water, and as
discussed above, there is abundant evidence of surface water on ancient Mars. The

persistence of these amorphous materials is an indication of infrequent and low
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water-rock interactions in the syn- and post-depositional history of Gale crater
(Rampe et al., 2020b; McLennan et al., 2019; Smith et al., 2021).

CheMin X-ray diffraction data are able to quantify the overall abundance of
amorphous material, but because these materials appear in diffraction patterns as
broad humps with crystalline mineral peaks superimposed on them, individual
phases cannot be well constrained. Several candidate amorphous phases have been
proposed for Gale crater or elsewhere on Mars including volcanic or impact glass,
amorphous sulfates, opal-A, allophane, hisingerite, and ferrihydrite (e.g., Dehouck et
al., 2014; McLennan et al., 2019; Achilles et al., 2020; Rampe et al., 2020b; Smith
et al., 2021). These phases are important indicators of depositional environment
characteristics and environmental changes (e.g., Hurowitz et al., 2017). In Chapter
4, I model abundances of these amorphous phases simultaneously with “excess”

WEH that is likely bound to clay minerals, as described above.
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CHAPTER 2
IDENTIFICATION AND DESCRIPTION OF A SILICIC VOLCANICLASTIC LAYER IN GALE
CRATER, MARS, USING ACTIVE NEUTRON INTERROGATION

Abstract

The Dynamic Albedo of Neutrons instrument aboard the Mars Science
Laboratory rover, Curiosity, has been used to map a stratigraphically conformable
layer of high-SiO2 material in Gale crater. Previous work has shown that this material
contains tridymite, a high-temperature/low-pressure felsic mineral, interpreted to
have a volcanic source rock. We describe several characteristics including
orientation, extent, hydration, and geochemistry, consistent with a volcaniclastic
material conformably deposited within a lacustrine mudstone succession.
Relationships with widely dispersed alteration features and orbital detections of
hydrated SiO2 suggest that this high-SiO2 layer extends at least 17 km laterally.

Mineralogical abundances previously reported for this high-SiO2 material
indicated that hydrous species were restricted to the amorphous (non-crystalline)
fraction, which is dominated by SiO2. The low mean bulk hydration of this high-SiO2
layer (1.85 £ 0.13 wt.% water-equivalent hydrogen) is consistent with silicic glass in
addition to opal-A and opal-CT. Persistent volcanic glass and tridymite in addition to
opal in an ancient sedimentary unit indicates that the conversion to more ordered
forms of crystalline SiO2> has not proceeded to completion and that this material has
had only limited exposure to water since it originally erupted, despite having been
transported in a fluviolacustrine system. Our results, including the conformable
nature, large areal extent, and presence of volcanic glass, indicate that this high-
SiO2 material is derived from the product of evolved magma on Mars. This is the first
identification of a silicic volcaniclastic layer on another planet and has important

implications for magma evolution mechanisms on single-plate planets.
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Plain Language Summary

Using the Dynamic Albedo of Neutrons instrument aboard the Mars Science
Laboratory rover, Curiosity, we mapped a silica-rich layer throughout a small region
in Gale crater known as Marias Pass. Previous work has shown that some rocks in
Marias Pass contain minerals formed in explosive volcanic eruptions. We determined
several key characteristics including orientation, extent, hydration, and elemental
composition, which are consistent with material derived from a volcanic deposit. This
layer is likely related to nearby silica-rich material deposited by groundwater along
subsurface fractures, and geometric relationships to hydrated silica identified from
orbit suggest that this high-silica layer extends over at least 17 km. Mineralogical
data from previous work indicates the crystalline fraction is anhydrous. As such, we
interpret the low hydration of this material, attributable to the amorphous (non-
crystalline) fraction, as being consistent with a significant abundance of volcanic
glass in addition to other hydrated phases. The presence of volcanic glass indicates
that this material has had limited exposure to water since its formation, because
glasses tend to preferentially weather. Our results show that this layer is parallel to
surrounding rocks, covers a large area, and contains volcanic glass, indicating that it
derived from an explosive volcanic product.
Key Points
e A > 1 m thick SiO2- and tridymite-rich layer in Gale crater likely extends over

several kilometers.
e This layer is stratigraphically conformable, with low water content consistent with
significant volcanic glass.

e This material is consistent with an evolved igneous material deposited in a

lacustrine environment.
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2.1. Introduction

Orbital and surface investigations as well as meteorites analyses have shown
that the surface of Mars is dominantly basalt (e.g., Agee et al., 2013; McSween,
1984; McSween et al., 2006; McSween, 2015; Mustard et al., 2005; Singer et al.,
1979; Taylor et al., 2010), though felsic (e.g., Carter & Poulet, 2013; Christensen et
al., 2005; Cousin et al., 2017; Gross & Filiberto, 2014; Humayun et al., 2013;
Mangold et al., 2016) compositions have also been identified. Silicic igneous
lithologies in various regions of the Martian southern highlands (e.g., Christensen et
al., 2005; Wray et al., 2013) support evolved igneous lithologies on early Mars.
Felsic compositions are common on Earth where plate tectonics is a mechanism for
magma evolution, but there is no evidence for plate tectonics on Mars, requiring
other formation mechanisms (Bandfield et al., 2000; Wyatt & McSween Jr., 2002).

Recent results from the Mars Science Laboratory (MSL) Curiosity rover have
shown evidence for a large diversity of igneous materials in Gale crater, including
SiO2-rich rocks. One such SiO2-rich deposit is at a location known as “Marias Pass”
where Curiosity detected SiO2 abundances >80 wt.% (Frydenvang et al., 2017) as
well as tridymite, a high-temperature/low-pressure SiO2 polymorph formed in silicic
volcanic eruptions (Morris et al., 2016). Hardgrove et al. (2011) demonstrated that
high-SiO2 material in the near subsurface (<50 cm), if it is associated with depleted
levels of iron, would have a significant effect on the neutron flux measured by the
MSL Dynamic Albedo of Neutrons (DAN) instrument. We use in situ neutron
spectroscopy provided by the DAN instrument in conjunction with in situ
geochemical, in situ multispectral, and mineralogical results to characterize the
extent and hydration of this material in Marias Pass. We also incorporate other
surface and orbital observations to map the layer's extent outside Marias Pass and to

investigate the implications for its origin.
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Figure 2.1. Maps on MRO HIiRISE image mosaics from Calef III & Parker (2016). (a)
Map of the MSL traverse showing the location of cross section E-E' (Figure 2.8e) and
CRISM detections of hydrated SiO2 (B, v, §). (b) Map of a traverse section showing
drill locations, an unnamed fracture alteration halo, and cross sections C-C' and D-D'
(Figures 2.8c,d). Location shown in (a). (c) Map of Marias Pass showing DAN and
Chemistry and Camera instrument (ChemCam) measurement locations and cross
sections A-A' and B-B' (Figures 2.8a,b). Location shown in (b). DAN surface
footprints for analyzed sites are shown as numbered black ellipses. The location of
the Site « Mast Camera (Mastcam) multispectral image is marked by a yellow a.
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2.1.1. Geologic Setting

Since landing in August 2012, Curiosity has been exploring Gale crater, an
~150 km diameter sedimentary basin on Mars. Curiosity has conducted detailed
geologic investigations while traversing the crater floor and up the slopes of the ~5
km tall central peak, Aeolis Mons (informally Mount Sharp; Figure 2.1a). The data
returned are used to interpret the depositional environments of geologic units, which
include lacustrine, fluvial, and aeolian deposits of primarily basaltic material
(Grotzinger et al., 2015). Some of these depositional environments have been
interpreted as habitable (Grotzinger et al., 2014) with sedimentary sequences
deposited ~3.8-3.6 Ga (Thomson et al., 2011), and possibly as late as ~3.46 Ga
with fluvial resurfacing up to ~1.10 Ga (Le Deit et al., 2013).

While traversing up the slopes of Mount Sharp, Curiosity has encountered
several rock units including those of the Bradbury group, the Murray formation of the
Mount Sharp group, and the Stimson formation of the Siccar Point group (Figure
2.2). The Murray, which this study focuses on, has a regional dip of ~3° to the
northwest (Lewis & Turner, 2019; Kite et al., 2013), away from Mount Sharp. The
Murray formation is primarily a lacustrine mudstone (Fedo et al., 2017), though it
also contains sandstones and conglomerates (Grotzinger et al., 2015). As of January
2020, over 350 m of Murray stratigraphy has been observed. The lowest exposed
unit of the Murray formation is the Pahrump Hills member, a laminated lacustrine
mudstone with layers and lenses of cross-stratified fluvial sandstone (Grotzinger et
al., 2015; Stack et al., 2019). As shown in Figure 2.2, the Pahrump Hills member is
stratigraphically overlain by the Hartmann's Valley member of the Murray formation
and unconformably overlain by the Stimson formation, an aeolian sandstone

(Banham et al., 2018; Fraeman et al., 2016).
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Figure 2.2, Stratigraphic column showing geologic units defined by the MSL team
for the lowest ~145 m of stratigraphy investigated by Curiosity. The Buckskin drill
target in Marias Pass is located at about the midpoint of the ~23 m thick Pahrump
Hills member, which is primarily composed of laminated lacustrine mudstone.

2.1.2. Marias Pass

“Pahrump Hills” is the location (Figure 2.1b) where the geologic member of

the same name was first described in detail (Grotzinger et al., 2015), and where the
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“Telegraph Peak” mudstone drill sample was obtained. Marias Pass, a 20-30 m wide
shallow topographic depression, is ~500 m to the southwest (Figure 2.1b), and 6 m
above (Figure 2.2) Pahrump Hills. Curiosity entered Marias Pass on sol (Martian day)
991 after landing. Marias Pass is located at the approximate midpoint of the Pahrump
Hills member stratigraphy (~—4448 to —4445 m; Figure 2.2).

Calcium sulfate veins are present throughout the lower Pahrump Hills member
(Nachon et al., 2017) as well as in Marias Pass and indicate a post-depositional
history of aqueous alteration. Intact calcium sulfate veins present in the Stimson at
Marias Pass indicate that alteration continued after the deposition of the Stimson.
Crosscutting relationships between calcium sulfate veins and high-SiO2 fracture
alteration halos, which we discuss further in section 2.1.3, indicate that the calcium
sulfate veins continued to form during and possibly after alteration halo formation
(Frydenvang et al., 2017; Yen et al., 2017).
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Figure 2.3. Plot of SiO2 versus FeOr for ChemCam targets of Murray mudstone
within Marias Pass. Labeled data points are reference geochemistries used in
simulations (Table 2.1). Colors represent macroscopic neutron absorption cross
section (Zabs) for each target. This strong SiO2-FeOr anticorrelation demonstrates
that low-Zabs (low-FeOt) compositions in Marias Pass can be interpreted as having
high-SiO2 abundances. These data were first reported by Frydenvang et al. (2017).
Representative error bars are provided for end-member compositions.
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Table 2.1. Bulk mineralogy, SiO2, FeOr, and Cl of modeled geochemistries

Baseline Marias Pass High-SiO>

Murray Bedrock?® Murray BedrockP Buckskin® Telegraph Peakd
SiOz® 56.3 £ 5.2 82.0 £ 5.9 71.0+ 5.4 514 5.0
FeOr® 18.0 £ 3.8 1.63 £ 1.70 5.60 £ 2.10 18.7 £ 3.9
CIf 0.34 £ 0.01 0.34 £ 0.01 0.34 £ 0.01 0.34 + 0.01
Zabs? 0.0088 + 0.0011 0.0055 + 0.0007 0.0065 = 0.0007 0.0086 + 0.0009
Plagioclase - - 17.1 £ 1.2 27.1 £ 2.8
Sanidine - - 3.4 £0.7 5.2 +£2.2
Magnetite - - 2.8 £0.3 8.2+ 0.9
Hematite - - - 1.1 £ 0.5
Quartz - - - 0.9+0.4
Anhydrite - - 0.7 £0.2 -
Tridymite - - 13.6 £ 0.8 -
Cristobalite - - 2.4 £0.3 7.3£1.7
Other" - - - 12.1 £ 3.6
Opal-CT - - 6.0 10.9
Amorphous - - 54 27.2 £ 15

Note. Oxide, elemental, and mineral abundances are listed in wt.%.

3Si0; and FeOt averaged from “Mission,” “Piegan,” and “Fisch_Scale,” representative low-SiO;
endmember ChemCam targets in Marias Pass and Bridger Basin. Cl abundance from APXS of
Telegraph Peak drill tailings. No drill sample taken for mineralogical analysis.

bSiO, and FeOr averaged from high-SiO, endmember ChemCam targets in the “Lion,” “Elk,”
and “Meeteetse” areas in Marias Pass and Bridger Basin. Cl abundance from APXS of Buckskin
drill tailings. No drill sample taken for mineralogical analysis.

¢Si0; and FeOr from “Blind_Gulch” ChemCam target at the Buckskin drill hole. Cl abundance
from APXS of Buckskin drill tailings. Mineralogy from Morris et al. (2016).

4Si0, and FeOr from “Telegraph_Peak_ccam” ChemCam target. Cl abundance from APXS of
Telegraph Peak drill tailings. Mineralogy from Rampe et al. (2017).

eSi0; and FeOr reported with accuracy uncertainties from ChemCam.

fCl reported with precision uncertainties from APXS.

9Macroscopic thermal neutron absorption cross section (Zabs) is @ measure of the probability
that a material will absorb thermal neutrons, reported in cm?/g.

hOther crystalline components include forsterite, pigeonite, orthopyroxene, and fluorapatite.
See Rampe et al. (2017) for abundances.

The goal of our work is to map and characterize high-SiO2/low-FeOt material
observed in Marias Pass to determine the origin of this anomalous material. The
lower ~100 m of Murray stratigraphy (including the Pahrump Hills member) has a
mean SiO2 abundance of 54.4 £ 7.0 wt.% (10) and FeOr abundance of 17.8 £ 5.2
wt.% (10) as measured by the MSL Chemistry and Camera (ChemCam) instrument
(Bedford et al., 2019). As reported previously by Frydenvang et al. (2017), SiO2

abundances ranging from 57 - 82 wt.% and FeOr abundances ranging from 2 - 18
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wt.% were observed in the Murray mudstone at Marias Pass. SiO2 and FeOr are
anticorrelated throughout the Murray (Bedford et al., 2019), including in Marias Pass
(Figure 2.3), where the highest-SiO2/lowest-FeOr material was measured in the
Murray “ElIk” and “Lion” areas exposed on the northern slope of Marias Pass (Figure
2.10).

Elevated thermal neutron counts in DAN data were observed at several
locations in Marias Pass. This suggested that the subsurface is enriched in hydrogen,
depleted in neutron absorbing elements (e.g., iron), or both (these effects are
discussed in section 2.2.1). A drill sample was obtained from the high-SiO2 target
“Buckskin” on sol 1060 (Figures 2.1 and 2.3, and Table 2.1). X-ray diffraction (XRD)
experiments with the MSL Chemistry and Mineralogy (CheMin) instrument have
shown that Buckskin contains 17.1 £ 1.0 wt.% tridymite and 3.0 £ 0.4 wt.%
cristobalite, high-temperature/low-pressure SiO2 polymorphs commonly formed in
felsic-intermediate volcanic eruptions (e.g., Morris et al., 2016; Rampe et al., 2017).

The absence of high-SiO2 mudstone just above the Lion area suggests that
this material is confined to a stratigraphic layer, as suggested by Frydenvang et al.
(2017). The DAN instrument is sensitive to differences in the depth distribution of
hydrogen and neutron absorbers such as iron in the top ~50 cm of the subsurface,
allowing us to determine the depth distribution of the high-SiO2/ low-FeOr material in
Marias Pass and map its extent and relationship to other SiO2-rich deposits in the
Murray and Stimson formations.

2.1.3. Fracture Alteration Halos

A rare exposure of the Murray/Stimson unconformity is at the southern end of
Marias Pass (Banham et al., 2018). Several light-toned alteration zones surrounding
fractures have been discovered in Gale crater, including in the Stimson just above

the exposed unconformity in Marias Pass (Figure 2.4). Upsection from Marias Pass,
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drill samples were taken from fracture alteration halo targets and nearby unaltered
bedrock targets in the Stimson. The alteration halo target “"Greenhorn” is located in
“Bridger Basin” ~300 m south of and ~10 m above Marias Pass, and the alteration
halo target “"Lubango” is located in “"Naukluft Plateau” ~640 m southwest of and ~5
m above Bridger Basin (Figure 2.1b). Geochemical analyses of sample drill tailings
show that these alteration halos have elevated SiO2 content (53 - 60 wt.%) relative
to nearby unaltered bedrock targets (43 - 45 wt.%) (Yen et al., 2017). Unlike
Buckskin, these high-SiO:2 alteration halo samples did not contain tridymite. The
association of these alteration halos with fractures indicates their formation is a
result of aqueous alteration that post-dated the lithification of the Stimson formation
(Frydenvang et al., 2017; Yen et al., 2017). Other light-toned fracture alteration
halos have been observed elsewhere in the Stimson formation (Banham et al.,
2018), in the Murray formation (Frydenvang et al., 2017; Gasda et al., 2016; Yen et

al., 2017), and in the Bradbury group.

Alteration Halcs

Site 16 DAN Footprint

Figure 2.4. Portion of Mastcam mosaic mcam04395 looking south, showing the
southeastern area of Marias Pass including Sites 16 and «. Light-toned fracture
alteration halos are visible in the overlying Stimson sandstone. Similar light-toned
Stimson alteration halos were analyzed upsection at “"Greenhorn” and “Lubango” and
are enriched in SiO2. Mastcam image IDs are listed in Appendix Text A.1.

The SiO2 enrichment mechanism which formed these alteration halos has
been debated in the literature and hypotheses include both passive enrichment
through acid leaching and active enrichment through SiO:z sintering. Yen et al.

(2017) argued that the Stimson alteration halos were passively enriched in SiO2
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through an acid leaching process in which acidic fluids preferentially remove some
geochemical species, leaving relatively more SiO2 behind. This is consistent with
some geochemical differences observed between the altered and unaltered Stimson
samples. Evolved Gas Analysis (EGA) by the MSL Sample Analysis at Mars (SAM)
instrument of the Greenhorn sample has shown reduced nitrate and oxychlorine
abundances relative to nearby unaltered Stimson material (Sutter et al., 2017). This
is also consistent with an acid leaching event during the formation of the Stimson
alteration halos. Alternatively, it has been suggested that the Stimson high-SiO2
alteration halos were actively enriched in SiO2 via mobilization from an underlying
source in the Murray formation (Frydenvang et al., 2017; Yen et al., 2017). This
helps explain the large SiO2 enrichment observed in the Stimson halos, which is
unlikely to be entirely due to acid leaching, and it is possible that both passive and
active enrichment occurred in multiple diagenetic (post-depositional alteration)
stages (Yen et al., 2017). Additionally, CO2 releases detected by the SAM instrument
from the Greenhorn drill sample are consistent with the presence of minor
carbonates, which in turn would indicate that alkaline alteration occurred after acidic
alteration in this halo (Sutter et al., 2017). The most likely source for the SiO2
mobilized into the Stimson alteration halos is the tridymite-bearing material
observed in Marias Pass that underlies the Stimson (Frydenvang et al., 2017).
2.2. Methods

We determined the layered geochemical structure and hydration of 16 sites
covering the area of Curiosity's traverse in Marias Pass and identified another
location consistent with a high-SiO2/low-FeOr composition. This involved integrating
compositional data from the DAN, ChemCam, Alpha Particle X-ray Spectrometer

(APXS), and Mast Camera (Mastcam) instruments aboard the Curiosity rover.
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2.2.1. Instruments

DAN is a neutron spectrometer with passive and active modes, which is
composed of a pulsed neutron generator (PNG) and two He-3 neutron detectors. In
passive mode, DAN detects neutrons created by galactic cosmic ray spallation in the
Martian subsurface. These data are gathered while the rover is stationary as well as
during rover mobility (Jun et al., 2013). In active mode, the PNG produces 14.1 MeV
neutrons over a typical measurement duration of 20 min. The time-of-flight and
energy of neutrons, which return to the detectors, are dependent on the subsurface
composition, primarily hydrogen (which efficiently scatters neutrons, reducing kinetic
energy) and elements like iron and chlorine which increase the macroscopic thermal
neutron absorption cross section (Zabs), @ measure of the probability that a material
will absorb thermal neutrons. DAN detects neutrons scattered within the top ~50 cm.
Since both hydrogen and iron are very efficient at thermalizing and absorbing
neutrons, respectively, DAN is sensitive to abundances of these species in the
Martian subsurface (e.g., Hardgrove et al., 2011; Mitrofanov et al., 2012; Sears,
1992) as well as their depth distribution (e.g., Gabriel et al., 2018). Further details
on the DAN instrument and its operation can be found in the literature (Litvak et al.,
2008; Mitrofanov et al., 2012).

To derive results from DAN, we compare DAN data to simulation data, which
incorporates in situ geochemical abundances from the ChemCam and APXS
instruments. ChemCam uses Laser-Induced Breakdown Spectroscopy (LIBS), which
ablates material from a target up to 7 m away and records the spectrum of the
resulting plasma over the 240 - 905 nm wavelength range (Clegg et al., 2017;
Maurice et al., 2012; Wiens et al., 2012). Typically, a raster of several LIBS target
points (e.g., 5x1 or 3x3) is performed and 30 LIBS shots are taken per point, with

each point being 300 - 500 um in diameter. The first five shots are removed from
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analyses due to surficial target dust contamination. The APXS sensor head is located
on the rover arm and can be placed in contact with selected targets. Curiosity is
equipped with a dust removal tool to minimize the effect of dust cover for APXS
surface measurements. Further details on the APXS instrument can be found in the
literature (e.g., Campbell et al., 2014). Several elements, such as silicon and iron
are quantified by both ChemCam and APXS. Since the geochemistry varies
considerably in Marias Pass, we primarily use ChemCam-derived geochemistries
because the small ChemCam spot size and larger data set captures more
geochemical variability. But because ChemCam does not typically quantify chlorine
abundance, we use chlorine abundances determined by APXS from nearby and
geochemically similar targets in our analyses.

The Mastcam instrument is a pair of charge-coupled device cameras with
fixed focal lengths (34 mm in the left camera and 100 mm in the right camera)
mounted roughly 2 m above the surface on the rover's mast (Malin et al., 2017).
Each camera obtains images through a Bayer pattern of red, green, and blue filters
and telecentric microlenses bonded onto the charge-coupled device and an eight-
position narrowband filter wheel that provides the ability to obtain spectra in 12
unique wavelengths between 445 and 1013 nm (Bell III et al., 2017).

2.2.2. DAN Active Data Analysis

After each pulse from the DAN PNG, neutrons from each detector are counted
and recorded in 64 lognormal time bins totaling 0.1 s. Total counts for each bin are
summed over all pulses for a given measurement, resulting in what is known as a
neutron “die-away” curve because the neutron signal first increases then decreases
back to the background level. We subtract the background galactic cosmic ray-
induced neutron count rate, weighted by bin width, from each time bin as in Gabriel

et al. (2018). See Gabriel et al. (2018) for further DAN active preprocessing details.
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To improve the statistical precision of data from those DAN active
measurements with a signal-to-noise ratio (SNR) less than 5, we coadded (summed
the neutron counts on a bin-by-bin basis) multiple such measurements together as
performed in Gabriel et al. (2018). Measurements are only coadded if they are
proximal both laterally (within 2 — 3 m) and topographically (within 2 - 3 cm
vertically), and there is no significant visible change in the material exposed at the
surface, determined using rover camera imagery (Abercrombie et al., 2019). Die-
away curves for each coadded measurement are also compared to ensure thermal
neutron peak location, relative peak height, etc., are similar. DAN active
measurements that had an SNR less than 5 for any time bin used in our analysis and
could not be coadded to improve SNR, were not included in our final results. Figure
2.5 is an example showing the individual die-away curves of the two DAN active
measurements coadded for Site 4, as well as the coadded die-away curve. Appendix

Text A.2 describes the process of DAN active collocation and coaddition used in this

work.
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neutron) data for sols 992
and 1037a, which were
coadded for Site 4, plotted
along with the coadded
data. Measurements are
only coadded if they are
spatially proximal and
exhibit similar die-away
curves. Because
measurement uncertainty
is statistical, the coadded
measurement has better
precision than either
constituent measurement.
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To estimate the subsurface geochemical composition, we use a forward
modeling scheme where the thermal neutron die-away data measured with DAN is
compared to synthetic die-away data produced in simulations using the Monte Carlo
N-Particle 6 (MCNP6) particle transport code (Werner et al., 2017). These
simulations model a 3-dimensional environment, which includes the DAN PNG and
detectors, a rover model, the Martian atmosphere, and various subsurface
geochemistries. We achieved a relative statistical uncertainty <5% for neutron
counts in each analyzed time bin in every simulation used for this study. We use the
same MCNP6 input file as that used by Gabriel et al. (2018) with subsurface
geochemical abundances from ChemCam and chlorine from APXS. Table 2.1 lists the
Si0O2, FeOr, Cl, Zabs, and mineralogy for the two in situ geochemistries used in our
models (“"Baseline Marias Pass Murray Bedrock” and “High-SiO2 Murray Bedrock”)
along with the Buckskin and Telegraph Peak geochemistries for reference. The SiO2,
FeOr, and Zabs are derived from ChemCam data of specific targets (listed in the table
notes) and Cl values are from relevant APXS targets (listed in the table notes). The
APXS target “"Wallace” is the nearest APXS measurement to the Marias Pass
ChemCam targets used to generate the Baseline Marias Pass Murray Bedrock
geochemistry. The Wallace Zabs of 0.0092 + 0.0001 cm?/g agrees with the Baseline
Marias Pass Murray Bedrock value of 0.0088 = 0.0011 cm?/g. No APXS
measurements were taken at the locations of the Marias Pass ChemCam
measurements used to create the High-SiO2 Murray Bedrock geochemistry. The APXS
Buckskin drill tailings Zabs value of 0.0060 £ 0.0001 cm?/g agrees with the ChemCam
Buckskin value of 0.0065 = 0.0007 cm?/g and the APXS Telegraph Peak drill tailings
Sabs value of 0.0089 + 0.0001 cm?/g agrees with the ChemCam Telegraph Peak
value of 0.0086 + 0.0009 cm?/g. We conducted simulations to test the effect of

calcium sulfate veins on derived DAN results since these veins are present
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throughout the Murray stratigraphy (Vaniman et al., 2018). In Appendix Text A.3 we
demonstrate that these veins are not in sufficient volumetric abundance in the
subsurface to have a measurable effect on our analysis of data in this region.
Depending on the type of model, we vary several parameters including layer
thickness/depth, hydrogen abundance, and Zabs. The parameters spanned by our
“grids” of models are listed in Table 2.2. Our initial simulations for each site used a
one-layer subsurface model grid in which individual models varied both hydrogen
abundance (reported as water-equivalent hydrogen or WEH) as well as iron and
chlorine (as proxies for Zabs) in @ homogeneous subsurface. In order to span the
range of Zabs Observed in Gale crater, our one-layer models vary iron between 0.48
and 14.22 wt.% and chlorine between 0.1 and 3.0 wt.%. Most sites in Marias Pass fit
best with lower Zaps values than the Zabs of Baseline Marias Pass Murray Bedrock
(Table 2.1). Sites that had significant sand/rubble cover within the DAN field of view
(FOV), or with a surface bedrock geochemistry that was inconsistent with the Zabs of
the best fit one-layer models, were analyzed using one or both of the two-layer
model grids. All two-layer models used in this study varied hydrogen abundance and
depth for each layer. Model Grid 2A varied the bottom layer geochemistry with the
top layer set to the Baseline Marias Pass Murray Bedrock geochemistry, and Model
Grid 2B varied the top layer geochemistry with the bottom layer set to the High-SiO2
Murray Bedrock geochemistry (Table 2.2). Chlorine abundances measured by APXS
of drill tailings from the Telegraph Peak and Buckskin samples are both 0.34 + 0.01
wt.% (Table 2.1), indicating that chlorine does not vary significantly between the
high-SiO2 Buckskin material and the Murray immediately down section, which was
sampled at Telegraph Peak. No other elements measured by ChemCam and APXS
contribute enough to the Zabs of these samples to be responsible for significant

variations in Zabs. The low Zaps determined for most DAN active measurements
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analyzed in this work (see section 2.3) do not allow for significant abundances of
other efficient neutron absorbers, which are not measured by ChemCam or APXS,
without requiring Fe or Cl to have nonphysical negative abundances. For the above
reasons, we take the variations observed in Zabs to be the result of variable FeOr,
following the trend seen in Figure 2.3. Appendix Text A.4 describes the process of
model generation and implementation for the modeling grids used in this work.

Table 2.2. Parameter ranges for model grids used in Markov-Chain Monte
Carlo (MCMCQC) analyses

Model grid WEH range [wt.%] Sabs range [cm2/g] Depth range [cm]
1 0.2 -6.0 0.0042 - 0.0237 -
2A Top: 1.4 - 3.8 Top: 0.0088 5 _ 5
Bottom: 0.2-3.0 Bottom: 0.0055 - 0.0086
2B Top: 1.8 - 3.4 Top: 0.0063 - 0.0101 5. 25
Bottom: 1.2 - 2.8 Bottom: 0.0055

To compare DAN data to MCNP6 simulation data, we analyze the time bins
with the most dynamic thermal neutron count rates (from 249 - 1838 us after the
pulse). At ~249 us, the PNG-induced epithermal neutron count rate falls to
background levels, so the background-subtracted neutron count rate is due to only
thermal neutrons. The area under the die-away curve in this range is normalized for
both the DAN data and the simulation data (Gabriel et al., 2018). Using the data
processing and analysis pipeline from Gabriel et al. (2018), a Markov-Chain Monte
Carlo (MCMC) analysis is performed to evaluate the active DAN data across the
modeled grid of simulations. See Appendix Text A.5, Gabriel et al. (2018), and
Foreman-Mackey et al. (2013) for further details concerning MCMC analyses.

2.2.3. Mastcam Multispectral Data Analysis

Mastcam multispectral observations (Appendix Table A.1) were acquired at
Marias Pass and at nearby fracture alteration halos with elevated SiO2 and low FeOr.
Spectra from the high-SiO2/low-FeOr targets were compared to those from other
observations of Murray rocks to determine spectral characteristics that distinguish
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high-SiO2/low-FeOr materials in Mastcam spectra. Spectra from additional Marias
Pass targets (at Site a) were then evaluated for these characteristics. See Appendix
Text A.6 for further details concerning our Mastcam multispectral analysis.
2.3. Results

The results of MCMC analyses for each investigated DAN active site are listed
in Table 2.3. WEH is a unit that represents the water abundance if all measured
hydrogen is in the form H20, and Zabs is the macroscopic thermal neutron absorption
cross section. Sites 1 — 10 are located in northeastern Marias Pass, and DAN results
show that all but one of these sites have relatively low Zabs, which is consistent with
a high-SiOz/low-FeOr composition (Figure 2.3). DAN results show that Sites 5, 6, 8,
and 10 contain > 10 cm of unconsolidated material covering low-Zabs bedrock
consistent with a high-SiO2/low-FeOr composition. Sites 15 and 16, in southern
Marias Pass, also are shown to contain relatively low-Zabs material beneath > 10 cm
of Baseline Marias Pass Murray Bedrock (Figure 2.1). Results from Sites 2
(northeastern Marias Pass), 11 — 13 (northwestern Marias Pass), and 14 (southern
Marias Pass) are not consistent with low-Zaps material, likely due to unconsolidated
bedrock fragments and/or windblown sand in the top ~50 cm. The hydration of
subsurface low-2aps material in Marias Pass ranges from 0.94 - 2.74 wt.% WEH.

Plots showing the results of our DAN active MCMC analyses are available in
Appendix Figures A.1 - A.16. An example plot is shown in Figure 2.6 for Site 16. Site
16, on the south side of Marias Pass, is ~25 m southwest of the high-SiO2 material
exposed at the Lion area (Figures 2.1c and 2.4). MCMC analysis shows that a low-
2abs Material is buried beneath surface bedrock. This low-Xabs material does not
match the geochemistry of the bedrock exposed at the surface, but is consistent with

the highest-SiO2/lowest-FeOr material present in the Lion area.
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Table 2.3. Results from MCMC analyses of Sites 1 - 16

Site Sol? WEH [wt.%]P Sabs [cM2/g]P Depth [cm]¢  Model Grid
1 991 1.88 £ 0.29 0.0053 + 0.0003 — 1
2 1037c 2.08 £ 0.38 0.0080 + 0.0004 — 1
3 1037b 2.59 +£ 0.32 0.0058 + 0.0003 — 1
4 992, 1037a 2.74 £ 0.32 0.0056 + 0.0003 — 1
5 1035d, 1042a 2.03 £ 0.37 0.0055d 12.0 £ 4.6 2B
6 1035c 1.92 £ 0.41 0.0055d 12.1 £ 4.5 2B
7 1035b 2.01 £ 0.32 0.0055 + 0.0003 — 1
8 1049 1.54 £ 0.52 0.0055d 14.3 £ 4.0 2B
9 1051 1.54 £ 0.25 0.0046 + 0.0003 — 1
10 1053, 1056 1.76 £ 0.41 0.0055d 12.4 £ 4.3 2B
11 1042b 2.03 £ 0.46 0.0126 + 0.0009 —

12 1044a, 1066 1.22 £ 0.31 0.0110 + 0.0007 —
13 1044b 0.92 £ 0.23 0.0090 + 0.0005 —
14 995 0.93 £ 0.25 0.0074 + 0.0005 —
15 1030, 1067 0.94 + 0.37 0.0061 + 0.0005 10.3 £ 5.1 2A
16 997 - 1028 1.36 £ 0.38 0.0060 + 0.0004 10.2 £ 4.7 2A

Note. Both one- and two-layer models were used in Marias Pass, with two-layer models

only being used when the surface geochemistry did not agree with one-layer-model Zaps fit

values.

3A sol number including a, b, ¢, or d refers to the first, second, third, or fourth
measurement taken on that sol, respectively. Measurements with multiple sols listed
have been coadded (see section 2.2.2). Site 16 is coadded from all six measurements in
the listed sol range.

bReported WEH and Z.,s are bulk values for one-layer models and high-SiO, layer values
for multiple-layer models.

“Burial depth of high-SiO, material in the bottom layer of a two-layer model

dBottom layer geochemistry set to High-SiO, Murray Bedrock geochemistry (Table 2.1)
based on preliminary one-layer model results (see Appendix Text A.4).

We also find that trends in DAN passive data in the Marias Pass region are
consistent with our DAN active results above. In the vicinity of Sites 1 - 8, the mean

passive count rate is relatively high (61.9 neutrons per second), suggesting elevated

hydrogen content and/or lower neutron absorber content. Lower mean passive count

rates in the vicinity of Sites 11 - 13 (29.7 neutrons per second) and moderate mean

passive count rates near Sites 14 - 16 (37.6 neutrons per second) suggest a lower

level of hydration and/or higher neutron absorber content near these sites. These

DAN passive count rate trends are consistent with a high abundance of high-

SiO2/low-FeOt material near sites 1 — 8, a lower abundance of high-SiO2/low-FeOt

material near sites 14 - 16, and no high-SiOz/low-FeOr material near sites 11 - 13.
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Figure 2.6. Corner plot showing MCMC free parameter posterior distributions of
models at Site 16 (Figures 2.1c and 2.4). Nondiagonal frames represent 2-D
posterior distributions and are used to understand instrument response to multiple
parameters and the measurement degeneracy. The diagonal frames represent the 1-
D (marginalized) posterior distribution and are used to determine the optimized
value of the free parameters (shown above the frames). This analysis most strongly
discriminates the value of the lower layer water content (1.36 = 0.38 wt.%) and the
depth to the bottom layer (10.23 £ 4.65 cm). The top layer water content is not
strongly constrained by this analysis, likely due to the fact that it is thin (as shown
by the depth result). The lower layer contains a low-Zabs material consistent with the
lowest-Zabs material observed in Marias Pass (0.0055 barns). The “f” parameter
parameterizes underestimated uncertainty. See Appendix Figures A.1 - A.16 for
corner plots of each site.
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Figure 2.7. Mastcam parameter-space plot comparing spectra of
high-SiO2/low-FeOr targets to spectra of other rock targets in the Murray formation.
The shaded region indicates a Mastcam-based spectral characterization of the high-
SiO2/low-FeOr targets at Marias Pass and nearby fracture alteration halos
(observations listed in Appendix Table A.1): high values of the blue-to-red slope
(447 - 638 nm) and small to negative values of the 937 nm band depth (measured
beneath a continuum line with shoulder positions at 805 and 1013 nm).
Representative error bars for each parameter are calculated from uncertainties in the
relative band-to-band reflectance. Spectra from Site a share the same spectral
characteristics of known high-SiOz/low-FeOr targets. This is consistent with the
prediction, based on DAN active analysis, that Site a exposes high-SiO2/low-FeOr
bedrock. See Figures 2.1c and 2.4 for Site a location.

In Mastcam spectra, the high-SiO2/low-FeOr targets from the observations
listed in Appendix Table A.1 exhibited small 937 nm band depths and steep blue-to-
red (447 - 638 nm) slopes compared to other Murray bedrock (Figure 2.7). 937 nm
band depth is defined as the percent drop in R* at 937 nm beneath a continuum line
with shoulder positions at 805 and 1013 nm, and indicates the presence of the broad
Fe?* absorption in iron-bearing primary minerals (e.g., Clark et al., 1990). The
absence of this absorption (negative band depth values) can be an indicator of iron
depletion. The blue-to-red slope is an indicator of the overall “redness” of the visible
spectrum and is strongly influenced by nanophase iron oxide in Mars' ubiquitous red

surface dust, which exhibits a steep ~400 - 600 nm iron-oxygen charger transfer
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absorption edge. Light-toned rocks are more easily “reddened” by a thin layer of
surface dust than are dark-toned mafic rocks. Therefore, high blue-to-red slope
values can indicate bright but otherwise spectrally bland materials, as would be
expected for the spectra of high-SiOz/low-FeOr targets (e.g., Smith et al., 2013).
SiO2-rich rocks observed by the Mars Exploration Rover Spirit's Panoramic Cameras
(Pancam, a multispectral camera system similar to Mastcam) at Gusev crater were
also characterized by large blue-to-red spectral slopes (Rice et al., 2010).

Although these spectral characteristics are not unique to the high-SiO2/ low-
FeOr targets, they are consistent among this compositional class and can be used to
determine whether other surface targets are spectrally similar. Figure 2.7 shows that
Mastcam spectra of rocks at Site a (from the "Red Horn” and “Red Sheep” targets)
fall within the same region of this parameter space as all other known high-SiO2/low-
FeOr targets. The specific bounds on these parameters (gray box in Figure 2.7)
exclude 70% of the other 832 rock spectra from the Murray formation analyzed here.
2.4. Discussion
2.4.1. Orientation and Extent of High-SiO2 Layer
2.4.1.1. Subsurface Expression in Marias Pass

Sites 1, 3 - 10, 15, and 16 contain material in the subsurface with Zabs values
consistent with high-SiO2/low-FeOr material measured by ChemCam and APXS in the
Elk and Lion areas (“"Hi-SiO2 Murray” and “Buckskin” in Figure 2.3 and Table 2.1).
Mastcam multispectral analysis (Figure 2.7) of Site « is also consistent with this high-
SiO2/low-FeOr material. Sites 2 and 11 - 14 do not contain high-SiO2/low-FeOr~
material within the DAN FOV, suggesting that the top ~50 cm of the subsurface is
detrital material transported from another location and filling an eroded volume. This
is supported by rover imagery showing a heterogeneous mixture of rock fragments

and sand at the surface in this area (see Appendix Text A.4).
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Figure 2.8. Topographic cross sections (locations shown in Figure 2.1). A-A' and B-
B' show interpreted subsurface compositions based on DAN-derived Zabs values and
surface compositions from ChemCam/Mastcam analyses. (a) Cross section from Site
12 to the Lion area, 4X vertical exaggeration. One possible high-SiO2/low-FeOr layer
dip is shown, but the dip component in this direction is not constrained. The
minimum thickness of the high-SiO2/low-FeOr layer is constrained by DAN results
from Sites 8 — 10. Site 10 bedrock (dashed, located about 2 m south of A-A') is
projected from its measured elevation. Site 9 is covered by a thin (<5 cm) veneer of
sand but was modeled as a single layer to reduce simulation complexity (see
Appendix Text A.4). (b) Cross section from Site 16 to the Lion area, 4X vertical
exaggeration. Relationships shown here constrain the maximum dip of the
high-SiO2/low-FeOr layer in this direction. (c, d) Cross sections from Marias Pass to
Naukluft Plateau (location of the Lubango fracture alteration halo) and Bridger Basin
(location of the Greenhorn fracture alteration halo). The projected apparent dip of
the high-SiO2/low-FeOr layer, based on a true regional dip of 3° northwest (Kite et
al., 2013; Lewis & Turner, 2019) is 0.11° and 1.38° from Marias Pass to Lubango
and Greenhorn, respectively. This places the high-SiO2/low-FeOr layer ~18 m below
Lubango, ~2 m below Greenhorn, and ~1.5 m below an unnamed alteration halo.
These vertical proximities support the hypothesis that the high-SiO2/low-FeO~
bedrock was a source for the SiO2 enrichment of the overlying alteration halos. (e)
Cross section passing through Marias Pass and hydrated SiO2 deposits observed by
CRISM (Fraeman et al., 2016; Seelos et al., 2014), 4X vertical exaggeration. <0.5°
dips are required for stratigraphic equivalence between Marias Pass and Sites g and
y, consistent with a 3° regional dip to the northwest.
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A single sub-horizontal layer can project through all high-SiO2/low-FeOr
material observed in Marias Pass. Our depth results constrain the orientation and
thickness of this layer. Figures 2.8a,b are cross sections in Marias Pass, locations of
which are shown in Figure 2.1c. Relationships shown in Figure 2.8a require a layer 2
1 m thick. The Lion area, Sites 5 - 10, and Site 12 are approximately colinear (for
clarity, Figure 2.8a only shows Site 8 near the center of the cross section). Since
upper and lower contacts of the high-SiO2/low-FeOr layer are not observed within the
DAN FOV at these sites, the east-west dip (stratigraphic layer orientation relative to
horizontal) is unknown, but we note that a smaller or larger dip angle than that
shown in Figure 2.8a requires a thicker high-SiO2/low-FeOr layer. The dip from the
Lion area to the top of the high-SiO2/low-FeOt material at Site 16 is at most 0.6°
southwest (Figure 2.8b). The Murray has a regional dip of ~3° northwest (Kite et al.,
2013; Lewis & Turner, 2019), and the orientation of the high-SiO2/low-FeOr layer in
Marias Pass is consistent with a minor local variation of this dip.
2.4.1.2. Relationship to High-SiO2 Fracture Alteration Halos

Mass balance calculations using the amorphous (non-crystalline) phase
fraction, relative crystalline phase abundances, and absolute geochemical
abundances of drill samples indicate that the amorphous component of the Buckskin
high-SiO2 bedrock (Morris et al., 2016) and Greenhorn and Lubango high-SiO:z
fracture alteration halos (Yen et al., 2017) contain little or no Al203. Other oxides
including SiOz, FeOr, MgO, Na:20, and P20s all have similar abundances in the high-
SiO2 bedrock and alteration halos. Exceptions include TiO2, CaO, and SOs. CaO and
SOs abundances in the alteration are due to abundant crystalline calcium sulfates
and amorphous sulfate phases, which likely were precipitated at least in part after
the SiO2 enrichment diagenetic event (Frydenvang et al., 2017; Yen et al., 2017).

TiO2 is generally immobile during diagenesis (e.g., Yen et al., 2017), and the reduced
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abundance of TiO:z in the alteration halos could be due to passive reduction as other
oxides such as SiO2 are added to the halo. Similar geochemical trends were observed
with ChemCam and APXS on an unnamed alteration halo (Figures 2.1b and 2.8d) in
the Murray formation near Bridger Basin (Banham et al., 2018). These geochemical
similarities are consistent with these materials being part of a shared diagenetic
system during amorphous phase formation.

Using the Murray formation's 3° northwest regional dip (Kite et al., 2013;
Lewis & Turner, 2019), we extrapolated the elevation of the Marias Pass high-
SiO2/low-FeOT bedrock to the locations of the Stimson alteration halos Lubango (in
Naukluft Plateau, Figure 2.8c) as well as Greenhorn and an unnamed alteration halo
(in/near Bridger Basin, Figure 2.8d). We find that the high-SiO2/low-FeOr bedrock
projects ~18 m below Lubango, ~2 m below Greenhorn, and ~1.5 m below the
unnamed alteration halo. The close proximity of these alteration halos to the
underlying high-SiOz/low-FeOr bedrock supports the hypothesis that this bedrock
layer is the source of SiO2 enrichment for the alteration halos (Frydenvang et al.,
2017). If the alteration halos are in fact genetically related to the high-SiO2/low-FeO~
bedrock, this implies that the high-SiO2/low-FeOr bedrock layer extends throughout
the area spanned by Marias Pass, Bridger Basin, and Naukluft Plateau (about 1 km,
Figure 2.1b).

Alteration halos were also observed earlier in the traverse, ~53 — 55 m below
and ~4.9 km northeast of Marias Pass in the Bradbury group. In this area, between
sols 383 and 409, anomalously low Zans were detected by several DAN active
measurements, consistent with high-SiO2/low-FeOt material. These alteration halos
lie ~11 m below the elevation to which the high-SiO2/low-FeOt bedrock projects from
Marias Pass, given the regional dip of the Murray formation. The Bradbury group

could either underlie the Murray formation or be coeval (deposited at the same time)
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with it (Grotzinger et al., 2015); so the relationship between these alteration halos
and those in the Murray formation above Marias Pass is unknown. If the Bradbury
group underlies the Murray formation stratigraphy, then the presence of these
alteration halos at their observed location could indicate (1) a change in structural
dip direction or magnitude between Marias Pass and these alteration halos, (2) the
mobilization of SiO2> down section instead of upsection as with the Murray/Stimson
alteration halos, or (3) the presence of a distinct high-SiO2 reservoir underlying
these Bradbury group alteration halos. If the Bradbury group is coeval with the
Murray formation and represents a more proximal environment than the distal
lacustrine Murray (Grotzinger et al., 2015), then the presence of these alteration
halos below the projected elevation of Marias Pass suggests that they are related to
a distinct, underlying high-SiO2 reservoir.
2.4.1.3. Relationship to Orbital Detections of Hydrated SiO2

Seelos et al. (2014) and Fraeman et al. (2016) used the orbital Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM) hyperspectral instrument to
identify three locations (Sites B, y, and § in Figure 2.1a) near the MSL traverse which
exhibit spectral signatures consistent with hydrated SiO2. These detections are based
on absorptions at 1.4 ym (OH), 1.9 ym (H20), and 2.2 ym (Si-OH), which are
consistent with either hydrated SiO2 glass or opal (Mustard et al., 2008; Rapin et al.,
2018). Site p is ~8 km southwest of Marias Pass, Site y is ~9.5 km northeast of
Marias Pass, and Site § is about 1 km south of Marias Pass (Figure 2.1a). Marias Pass
and Sites g and y are approximately colinear from southwest to northeast (azimuth
054). Since the Murray formation has a northwest regional dip (Kite et al., 2013;
Lewis & Turner, 2019) that is nearly perpendicular to this line, these deposits may be
bedrock exposures of the high-SiO2/low-FeOr layer discovered in Marias Pass. Marias

Pass lies ~20 m above Site g and ~80 m above Site y (Figure 2.8e). If these sites
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share a common stratigraphic layer with Marias Pass, the maximum regional dip of
this layer along this azimuth is constrained to <0.5° to the southwest or northeast,
in agreement with the regional northwest dip direction. A similar analysis shows that
Site 6 and Marias Pass would lie on the same stratigraphic horizon with a regional dip
~3.5° northwest, also in good agreement with the ~3° northwest regional dip. These
orbital detections expand the observed extent of high-SiO2 bedrock over an area at
least 17.5 km wide, which strongly favors a stratigraphically conformable relationship
within the Murray formation, and a depositional origin.

2.4.2. Hydration of High-SiO2> Material

2.4.2.1. Comparison to Other Data Sets

ChemCam also can determine hydrogen abundances, though the LIBS spot
size is significantly smaller than the DAN FOV. Hydrogen abundances measured by
ChemCam are typically reported as H20, calculated in the same way as DAN WEH
values. The mean hydration of 14 high-SiO2 targets measured by ChemCam in the
Lion area is 4.0 £ 1.2 wt.% H20. No DAN measurements were taken in this exact
location, but the 1.85 £ 0.13 wt.% mean WEH measured by DAN in Marias Pass
indicates that this ChemCam result is not representative of average Marias Pass
high-SiO2/low-FeOr material. In contrast, DAN active measurements centered over
the Lubango fracture alteration halo show a bulk halo hydration (~5.1 £ 1.0 wt.%
WEH) that agrees well with ChemCam results from within the Lubango drill sample
(4.0 £ 1.2 wt.% H20) (Rapin et al., 2018).

The much smaller FOV for individual ChemCam targets is potentially
responsible for the discrepancy between DAN and ChemCam results in Marias Pass.
The DAN FOV is a volume bounded by an ~1.5 m radius footprint on the surface and
extends to a depth of ~50 cmm. ChemCam, on the other hand, ablates material from

points 350 - 550 ym in diameter to a depth of <600 ym (Wiens et al., 2012).
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Unfortunately, no DAN active measurement was taken in coincidence with ChemCam
targets in the Lion area. But given that the 14 high-SiO> ChemCam targets in the
Lion area were within a 1.5 m radius, it is likely that the ChemCam results are
representative of this area, comparable in size to a DAN FOV. Thus, while the bulk
H20 of the 3 m wide Lion area is well represented by ChemCam results, DAN WEH
results represent a bulk view spanning Marias Pass over a few tens of meters.

The SAM tunable mass spectrometer aboard Curiosity also measures water
content (sourced from both H20 and OH) via EGA (Sutter et al., 2017). SAM
measured 1.8 £ 0.9 wt.% H20 from the Buckskin sample, which agrees well with our
results. However, possible partial dehydration prior to SAM analysis (Rapin et al.,
2018) could indicate that the Buckskin sample was significantly more hydrated prior
to sample handling, consistent with the ChemCam Hz0 results for high-SiO2 Murray
targets in the Lion area. SAM EGA data can also be used to understand the hydrated
phases present in a sample. The Buckskin sample shows three evolved water
temperature peaks. The first, at <400 °C, is likely due to H20 evolved from opal-A;
the second is from an unidentified source that could be jarosite (though in
abundance below the CheMin detection limit); and the third, broadest peak, above
~500 °C is attributed to inclusion water in the amorphous fraction, which is likely to
be a volcanic glass component based on CheMin XRD analysis (Sutter et al., 2017).
As we demonstrate in the following section, significant contributions to evolved water
from both opal-A and glass are consistent with our conclusion that both amorphous
phases contain a significant fraction of the WEH measured by DAN. Sutter et al.
(2017) also reports EGA results for H> and H2S from the Buckskin sample, but these
species (each <0.01 wt.%) do not make significant contributions to the WEH

measured by DAN.
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2.4.2.2. Constraints on Amorphous SiO2 Phase Abundances

Due to a lack of hydrous crystalline phases in the Buckskin drill sample, the water
content of the high-SiO2 Murray material is contained in the amorphous phase (Rapin
et al., 2018). The Buckskin drill sample contained 60 wt.% amorphous material,
which had a SiO2 abundance of 77 wt.%, based on CheMin and APXS mineralogical
and geochemical analyses (Morris et al., 2016). The broad XRD amorphous peak in
Buckskin is consistent with a mixture of ~6 wt.% opal-CT and ~33 wt.% opal-A
and/or rhyolitic glass in the bulk sample (Morris et al., 2016; Rampe et al., 2017),
which accounts for the large SiO2 abundance of the amorphous fraction. Based on
the presence of opal-CT, Morris et al. (2016) argue that the volcanic glass has been
altered wholly or in part to opal-A.

The irregular structure of amorphous SiO2 phases provides sites for H20 and OH
to bind and fill voids, which are lacking in microcrystalline (e.g., chalcedony) and
macrocrystalline (quartz) phases (Smith et al., 2013). Most terrestrial opals contain
4 - 9 wt.% water (Segnit et al., 1965), whereas SiO2 glasses on Earth only hold up
to 3 wt.% H20 (Graetsch et al., 1994; Newman et al., 1986; Rapin et al., 2018).
Rapin et al. (2018) describes a correlation between hydrogen and SiO2 abundances
in the high-SiO2 Murray material at Marias Pass. Using a ChemCam-derived
hydration of 4.0 £ 1.3 wt.% H20 for Buckskin, they predict that the measured
hydrogen resides in opal-A and conclude that the Buckskin opal-A has a maximum
hydration of 8.0 £ 2.6 wt.% H20. But our significantly lower DAN-derived WEH value
suggests there may be a significant volcanic glass component in Marias Pass.

Using the mean bulk hydration measured by DAN (1.85 £+ 0.13 wt.% WEH) and
other geochemical and mineralogical constraints, we can calculate a minimum

abundance of SiO2 glass in the high-SiO2/low-FeOt material at Marias Pass. In a
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system of n hydrated phases, we calculate the abundance of the ith hydrated phase

by solving

> WEH)[i] = WEH e

i=1

(2.1)
where [WEH]i = wt. fraction WEH of the jth phase and [i] = bulk abundance of the
ith phase. To obtain the minimum abundance of SiO2 glass we assume a maximum
hydration of 3 wt.% WEH in the glass (Graetsch et al., 1994; Newman et al., 1986;
Rapin et al., 2018), a ferrihydrite hydration of 4.0 wt.% WEH (Gabriel et al., 2018),
and an opal hydration of 7.4 £ 1.6 wt.% H20 reported by Rapin et al. (2018) for the
opal-A in high-SiO:2 fracture alteration halos that was shown to be consistent with
targeted DAN experiments of those features. Rapin et al. (2018) has shown that
hydrogen abundance is correlated with SiO2 abundance in ChemCam high-SiO2
Murray targets, indicating that only minor water is contained in non-SiO2 phases. For
this reason, we do not include non-SiO2 hydrous phases except ferrihydrite reported
by Morris et al. (2016). Ferrihydrite abundance in the Buckskin drill sample is limited
to ~1.7 wt.% (by available FeOr in the amorphous fraction) and accounts for a
maximum of 0.07 wt.% WEH. Given these constraints and assumptions, we find the
minimum abundance of SiOz glass in the high-SiO2/low-FeOt material to be 15.0 +
13.5 wt.%. The possible presence of other hydrated amorphous phases, such as
amorphous sulfates, would reduce the water inventory available for the SiO2 phases
and shift the glass-to-opal ratio toward more abundant glass, thus supporting our
conclusion that 15.0 £ 13.5 wt.% SiO2 glass is a minimum abundance. The present
retention of at least minor SiO2 glass supports the silicic volcaniclastic origin of this

material.
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2.4.3. SiO2-rich Sediment Origin and Implications for Magmatic History

The presence of silicic glass and opal along with tridymite in a discrete
stratigraphic interval in Marias Pass strongly suggests that this material is derived
from an evolved igneous protolith. Hydrated SiO2 has been identified in many
locations on Mars in addition to Gale crater (e.g., Glotch et al., 2006; Milliken et al.,
2008; Mustard et al., 2008; Squyres et al., 2008; Sun & Milliken, 2015; Weitz et al.,
2011). Multiple pathways for SiO2 enrichment in Martian environments have been
proposed, including active enrichment through SiO: sintering (Frydenvang et al.,
2017; Ruff et al., 2011; Skok et al., 2010), passive enrichment through acid leaching
(McAdam et al., 2008; Squyres et al., 2008; Weitz et al., 2011; Yen et al., 2017),
and fractional crystallization in an evolved magmatic system (Carter & Poulet, 2013;
Christensen et al., 2005; Edwards et al., 2017; McCubbin et al., 2008; Udry et al.,
2014, 2018). The crystalline mineralogy of the Buckskin sample is consistent with a
silicic volcanic deposit from an evolved source (Morris et al., 2016; Rampe et al.,
2017). Alternatively, it has been proposed that tridymite and cristobalite could form
in nonvolcanic environments on Earth, but no such mineral deposits have been
unambiguously documented. For instance, tridymite and cristobalite were inferred in
a terrestrial deep-sea chert by Klasik (1975). This identification was based on a
visual resemblance in photomicrographs; however, XRD experiments were unable to
detect these minerals, possibly due to low abundances.

Without plate tectonics, other mechanisms must be invoked to produce
evolved magma on Mars. One possible mechanism is mantle plumes that “shut off.”
Hawaiian volcanism provides a terrestrial analog for this mechanism. The Hawaiian-
Emperor seamount chain consists of volcanic edifices fed by a mantle plume beneath
the overriding Pacific plate. When a volcanic edifice is transported away from its

mantle plume source, the magma supply decreases and shallow magma reservoirs
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solidify. Deeper magma reservoirs persist but are cut off from the plume source and
can produce more evolved magmas through crystal fractionation of the deep magma
chambers (Clague & Sherrod, 2014). On Mars, a mantle plume cannot be cut off
from an associated volcanic edifice due to plate motion, but mantle plumes do “shut
off,” possibly resulting in evolved magmas as at terrestrial hot spots that are cut off
from their mantle plumes.

But experiments and simulations have shown that it is not necessary to “shut
off” a mantle plume to produce evolved magma on Mars. Experiments conducted by
McCubbin et al. (2008) demonstrated that a wet basaltic magma (1.67 wt.% water)
at the base of a thick Martian crust can be enriched in SiO2 up to an intermediate
igneous composition through a single stage of fractional crystallization. Additionally,
experiments have shown that intraplate magmatism can differentiate a tholeiitic
basaltic parent melt to a rhyolitic composition (Whitaker et al., 2007), and ChemCam
analyses of float rocks and conglomerate clasts in Gale crater (Cousin et al., 2017)
follow compositional trends consistent with this magmatic evolution (Edwards et al.,
2017). Further, simulations conducted by Udry et al. (2018) demonstrated that these
Gale crater felsic compositions are consistent with mantle melting and fractional
crystallization in intraplate magmatism.

In the presence of water, opaline SiO: is expected to alter to quartz under
typical Martian surface conditions in <400 Ma (Tosca & Knoll, 2009) following the
typical SiO2 diagenesis pathway: glass — opal-A — opal-CT — chalcedony — quartz
(e.g., Smith et al., 2013; Tosca & Knoll, 2009; Williams et al., 1985). Opaline SiO:
deposits observed on Mars today have likely experienced only intermittent, if any,
contact with liquid water since their formation (Tosca & Knoll, 2009). The presence
of opal-CT in the Buckskin drill sample and minor (~1 wt.%) quartz in the Lubango

fracture alteration halo indicate that diagenetic alteration of opal-A did occur in these
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materials, but the present retention of opal-A in both the bedrock and alteration
halos indicates that diagenesis did not proceed to completion and that these
materials have been in contact with liquid water for <400 Ma since the formation of
secondary amorphous phases (McLennan et al., 2019; Tosca & Knoll, 2009).

Opaline SiO:2 in the Buckskin drill sample could be either detrital (Morris et al.,
2016) or a product of tridymite/cristobalite alteration (Hurowitz et al., 2017). Due to
the large fraction of detrital igneous sediment and the likelihood that the amorphous
component of high-SiO2 material is a mixture of volcanic glass and its alteration
products, Hurowitz et al. (2017) suggests that mudstone sediments in Gale crater
are sourced from igneous provinces and are not recycled sediments. This suggests
that the high-SiO2 material in Marias Pass is the product of erosion from a primary
SiOz-rich volcanic source rock in the Gale lake catchment. The fine laminations
observed in Marias Pass high-SiO2 material are consistent with density sorting of
sediment in a lacustrine environment, which would carry less dense, SiO2-rich clasts
to more distal sections of the lake (Hurowitz et al., 2017). Edwards et al. (2017)
suggested that larger float rocks observed earlier in the MSL traverse were sourced
from regions closer to Gale crater than the generally finer-grained mafic mud-
stones, but the observation of a high-SiO2/low-FeOr mudstone layer suggests that
more distal felsic sources could also have contributed.

A weak correlation exists between ChemCam-derived SiO2 abundance and
chemical index of alteration (CIA) in the Murray formation (Bedford et al., 2019). CIA
is @ measure of how chemically altered a sample is. Due to the post-depositional
alteration of the high-SiO2 Murray in Marias Pass (see section 2.1.3), Bedford et al.
(2019) did not include these data in their CIA analyses. This correlation is not
significant enough to explain the variations in SiO2 observed within the Murray

formation, suggesting that SiO2 abundance in the Murray is likely a result of source
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region geochemistry. Based on larger CIA values, higher-SiO2 abundances, and the
presence of cristobalite (in the Telegraph Peak and Buckskin drill samples) and
tridymite (in the Buckskin drill sample), Bedford et al. (2019) argue that the Murray
formation records a detrital contribution from a more evolved magmatic source that
is not present in the Bradbury group. As Bedford et al. (2019) discusses, the higher
Murray CIA values could be a result of the felsic mineralogy produced by an evolved
magmatic source.

The SiO2 abundance in Marias Pass is significantly larger than in the Murray
stratigraphy above or below it, suggesting a temporal evolution of source region
during Murray deposition. The low density of tridymite and cristobalite allows these
minerals to remain entrained in fluviolacustrine systems longer than basaltic
sediments. Therefore, the source of these minerals could be relatively distant from
the Murray formation (Bedford et al., 2019). The nitrate and oxychlorine contents of
the Buckskin sample are greater than other Murray samples analyzed by SAM EGA,
also suggesting an alternate (or additional) source for this material (Sutter et al.,
2017), possibly due to an evolving fluvial catchment feeding Gale lake.

The tridymite and SiOz-rich glass in Marias Pass could also have been
deposited as sediment derived from impact melt. However, the high abundance of
tridymite and SiO2 in Marias Pass would require a significant sedimentary
fractionation by relative density if the tridymite-bearing impact melt formed in typical
Martian basaltic crust. Alternatively, the impact melt could have been enriched in
SiO2 at the time of formation, but this would likely require an impact into a region of
preexisting high-SiO2 material, requiring another SiO2 enrichment mechanism
preceding the impact, though compositional segregation of impact melt is also

possible (Bouska & Bell III, 1993). Terrestrial and lunar impact melts are typically
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enriched in Al and depleted in Si (Bouska & Bell III, 1993), inconsistent with the
SiOz-rich, Al2O3-poor material in Marias Pass.

Palucis et al. (2014) mapped a >1000 km? catchment outside of Gale crater
that fed Peace Vallis, an 80 km? alluvial fan between the Curiosity traverse and the
Gale crater rim to the northwest. Like the Murray formation, the Peace Vallis fan was
deposited in the Late Noachian/Early Hesperian (Palucis et al., 2014). If the drainage
network that fed Peace Vallis was active during the deposition of the Murray
formation, it would have provided an evolving sediment source as the network
incised into the plains north of Gale crater. This catchment area may have included
ash fall deposits related to volcanic plains further north (Palucis et al., 2014), and
this is a possible source of the tridymite-bearing material in Marias Pass. An
extensive fluvial network entering Gale crater from the south is another possible
sediment source.

The lateral extent, thickness, and conformable expression of the high-
SiO2/low-FeOr layer mapped throughout Marias Pass, in addition to its genetic
relationship to fracture alteration halos up to 1 km away and the orbital detection of
likely coeval outcrops over a several kilometer range, all support the hypothesis,
originally based on the detection of tridymite in the Buckskin drill sample (Morris et
al., 2016), that this material is volcanic in origin and therefore the product of an
evolved magma source, rather than being the result of passive or active SiO2
enrichment during diagenetic alteration like the high-SiO2 alteration halos upsection.
The stratigraphic correlation of Marias Pass with outcrops nearly 10 km away to both
the southwest and northeast, as well as an outcrop 1 km to the south, which is
consistent with the regional dip of the Murray formation, provides remarkable
evidence for a laterally extensive, stratigraphically bound interval of silicic

volcaniclastic sediments within the Murray formation.

53



2.5. Conclusions

Using ChemCam and APXS geochemistry to create subsurface models for DAN
simulations, we have identified and mapped a thick layer of high-SiO2/low-FeOr
material in the Murray formation throughout Marias Pass. Mastcam multispectral
analysis of a large outcrop, predicted to be high-SiO2/low-FeOr material based on our
DAN results, is consistent with a high-SiO2/low-FeOr composition and shares spectral
characteristics with known high-SiO2/low-FeOr material like that exposed in the Lion
area. A single sub-horizontal layer can project through all high-SiO2/low-FeOr
material observed in Marias Pass, and the thickness of this layer is at least 1 m. A
probable genetic link between the high-SiO2/low-FeOr bedrock in Marias Pass and
high-SiO:2 fracture alteration halos is suggested by geochemical similarities and
geometric relationships. This genetic link indicates that the high-SiO2/low-FeOr
bedrock extends throughout the region spanned by Marias Pass and these alteration
halos, or about 1 km. Orbital detections from CRISM of hydrated SiO2 material 1 -
10 km to the south, southwest, and northeast of Marias Pass are approximately
stratigraphically equivalent to Marias Pass assuming an ~3° regional dip to the
northwest. These outcrops are likely additional exposures of the high-SiO2/low-FeOr
bedrock investigated in Marias Pass indicating that the high-SiO2/low-FeOr material
exposed in Marias Pass is laterally extensive over at least a 17.5 km distance.

The DAN-derived WEH for the high-SiO2/low-FeOr material is significantly
lower than that from ChemCam data in Marias Pass. This is likely due to
heterogeneities in opal abundance throughout Marias Pass. The DAN result of 1.85 =
0.13 wt.% WEH represents the bulk hydration over tens of meters. This hydration
suggests that a lower-hydration phase is present in addition to opal-A. SAM EGA
temperature release profiles suggest that both rhyolitic glass and opal were present

in the Buckskin drill sample. Assuming a maximum SiOz glass WEH content of 3
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wt.%, we calculate that there is a minimum SiO2 glass abundance of 15.0 £ 13.5
wt.%.

The Buckskin drill sample from the stratigraphic layer described here contains
tridymite. This, along with our determinations of the large areal extent and thickness
of this layer, its stratigraphically conformable expression, and its inferred volcanic
glass component, indicates that it is a volcaniclastic product derived from felsic
igneous rock. Though felsic compositions have been observed in several regions on
Mars, it is not well understood how evolved magmas could form. Mechanisms to shut
off Martian mantle plumes are not well understood, but would provide a mechanism
for the production of evolved magmas on Mars, as seen in intraplate volcanism on
Earth. A few other mechanisms have also been suggested that could produce these
evolved compositions on Mars. This study is the first example of in situ mapping of a
silicic volcaniclastic layer and description of its compositional and stratigraphic
characteristics on another planet. Similar future applications of this neutron
spectroscopy technique on landed missions can help resolve questions that still
persist regarding the production of evolved magmatic bodies on Mars.
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CHAPTER 3
HYDRATION OF A CLAY-RICH UNIT ON MARS, COMPARISON OF ORBITAL DATA TO
ROVER DATA
Abstract
Glen Torridon (GT) is a geomorphic feature of Aeolis Mons (informally Mt.
Sharp) in Gale crater, Mars, variably covered by local regolith and wind-blown
basaltic sands. The Mars Reconnaissance Orbiter's Compact Imaging Spectrometer
for Mars (CRISM) detected clay minerals in GT, making GT a target of investigation
by the Mars Science Laboratory (MSL) rover, Curiosity, which confirmed a large
abundance of clays. The MSL Dynamic Albedo of Neutrons (DAN) instrument
observed enrichments in bulk subsurface (<50 cm) hydration along the rover
traverse compared to lower stratigraphic sections of Mt. Sharp. Here, we investigate
the relationship between the CRISM 3 uym hydration index and DAN results, taking
into consideration the different spatial scales and effective depths of these two
instruments. We show that the elevated hydration observed by CRISM in one area of
GT corresponds to elevated DAN-derived hydration, while the lower CRISM hydration
in another area of GT does not correspond to a significantly lower DAN-derived
hydration. We find that CRISM measured lower hydration in areas with good bedrock
exposure or sand cover, while DAN bulk hydration is relatively insensitive to these
characteristics. DAN active neutron results also show that the stratigraphically higher
section of GT has significantly higher neutron absorption, which could be due to Fe-
and Mn-rich diagenetic features. Additionally, DAN results show that GT is enriched
in hydrogen with respect to other, less clay-rich units observed throughout the
traverse, suggesting that subsurface clay minerals could be a significant reservoir for

the hydration measured by DAN in GT.
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Plain Language Summary
Glen Torridon (GT) is a region of Mt. Sharp in Gale crater, Mars. The Compact

Reconnaissance Imaging Spectrometer for Mars (CRISM), an orbital instrument,
detected abundant clay minerals in GT, which the NASA rover, Curiosity, later
confirmed. Both CRISM and the DAN instrument on Curiosity (used to measure
subsurface water) detected greater hydration in GT than in other rock layers
investigated by the rover. CRISM measures hydration of the uppermost surface
layer, while DAN measures the subsurface hydration to a depth of ~50 cm. CRISM
detected greater surface hydration in northern GT than in southern GT, but DAN sees
little difference in the hydration of these two areas. Northern GT has a rougher
surface (the bedrock is covered by small rocks and pebbles) than southern GT, which
is mostly exposed bedrock. Although northern GT appears to be more hydrated to
CRISM, it is probably an effect of the loose surface material boosting the signal.
Because DAN is not affected by surface roughness, DAN does not see this
enhancement. Instead, DAN sees elevated hydration throughout GT, suggesting that
subsurface clays may be more hydrated than previously thought.
Key Points
e The bulk hydration of a clay-rich unit in Gale crater is greater than that of clay-

poor units, suggesting hydrated clays are present.
e The bulk hydration of this clay unit corresponds to enhanced spectral features in

some, but not all, areas measured from orbit.
e Hydration features in orbital spectra are enhanced for areas with a surface cover of

regolith characterized by loose pebbles.
3.1. Introduction

Gale crater, a 154 km crater on Mars, contains a 5 km tall central mound of

sedimentary deposits known as Aeolis Mons (informally “Mt. Sharp”). The lower
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slopes of Mt. Sharp are mostly sandstones and clay-bearing mudstones and are
divided into several stratigraphic members. The Mars Science Laboratory (MSL)
rover, Curiosity, has conducted detailed investigations of the chemistry, mineralogy,
and hydration of several hundred meters of the exposed stratigraphy (e.g.,
Grotzinger et al., 2015). MSL investigations of Mt. Sharp have been guided, in part,
by orbital observations made prior to and during Curiosity's investigations, including
high resolution image data acquired with the Mars Reconnaissance Orbiter's (MRO)
High-Resolution Imaging Science Experiment (HiRISE) instrument (McEwen et al.,
2007) and the MRO Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) instrument (S. Murchie et al., 2007).

Orbital instruments such as CRISM provide a means of assessing geologic
history on a large scale. CRISM spectral data were used to detect the presence of
ferric smectites in an area known as Glen Torridon (GT), a broad valley on the slopes
of Mt. Sharp (Fraeman et al., 2016; Milliken et al., 2010). Additionally, CRISM
detected Mg-sulfate minerals overlying the GT strata. This represents a transition to
a more arid environment also found in other regions on Mars (e.g., S. L. Murchie et
al., 2009). Gale crater has been viewed as a location that could serve as a reference
section for environmental changes around the Noachian/Hesperian boundary (e.g.,
Grotzinger & Milliken, 2012; Milliken et al., 2010). MSL has been documenting Mt.
Sharp's stratigraphy to create such a reference section, but in order to translate
these results into characteristics to be usefully applied elsewhere on Mars, we must
be able to translate results from landed, detailed, but small-scale data sets to orbital,
large-scale data sets.

Results from the MSL Chemistry and Mineralogy instrument (CheMin) are
prime examples of tying landed data to orbital data. CheMin data showed that GT

bedrock drill samples contain greater smectite mineral abundances (most samples
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between 28 and 34 wt.%; Thorpe et al., 2022), than any previous clay-bearing
CheMin samples (maximum 28 wt.%; Bristow et al., 2018; Rampe et al., 2020;
Rampe et al., 2017; Vaniman et al., 2014). This agreed with CRISM spectra which
indicated a significant increase in 2.3 ym band depth in GT that corresponds to
smectite minerals. Smectite clay minerals are strong indicators of aqueous activity,

but they also have the potential to preserve organics (Summons et al., 2012).

DAN WEH [wt.%]

- CRISM 3 Micron
Band Depth

Figure 3.1. Map showing the study area with geomorphic features Vera Rubin ridge
(VRR), GT, and Greenheugh pediment (GP) labeled in white, and geologic units (Fedo
et al., 2022) “Pettegrove Point” member (PPm), “Jura” member (Jm), “Knockfarril
Hill” member (KHm), “Glasgow” member (Gm), and “Stimson” formation (Sf) labeled
in black (dashed where inferred). The Jura member spans the VRR-GT boundary.
Dynamic Albedo of Neutrons (DAN) active water-equivalent hydrogen (WEH) results
are symbolized along the Curiosity traverse (blue line). The basemap is a HiRISE
mosaic (Calef III & Parker, 2016). A CRISM 3 ym band depth map is overlain on the
HiRISE base. Several of the larger wind-blown sand patches are labeled “S” and
correspond to the lowest 3 ym areas. The green box above the scale bar identifies
the CRISM pixels shown in Figure 3.6.

Here, we attempt to connect orbital CRISM spectral data of tens of meters
scale to data from the MSL Dynamic Albedo of Neutrons (DAN) instrument, which
measures the bulk hydration at the meter scale. CRISM spectral data, corrected for
atmospheric gases and aerosols and thermal emission, was used to map the depth of
the broad 3 ym hydration absorption (He et al., 2022) in GT as well as on the Vera

Rubin ridge (VRR) to the north and the Greenheugh pediment (GP) to the south
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(Figure 3.1). Curiosity investigated VRR prior to entering GT (e.g., Fraeman et al.,
2020). Neutron count rates from DAN are also sensitive to hydration and these data
were acquired along the rover traverse through the VRR and GT regions. While these
two datasets are both sensitive to hydration, DAN measurement locations are limited
to the relatively small fraction of GT through which Curiosity traversed, whereas the
CRISM hydration band data cover the entire GT region (Figure 3.1). Additionally, the
DAN sensing volume (bulk rock within a few meters surface footprint to a depth of
tens of centimeters) is significantly different than the CRISM sensing volume (pixels
tens of meters wide and several micrometers deep). In this paper, we investigate the
relationship between DAN and CRISM hydration results to understand the bulk
hydration of GT and to explore the effects that surface cover and texture have on
comparisons of data from these instruments.

3.2. Methods

3.2.1. Dynamic Albedo of Neutrons (DAN)

DAN is a neutron spectrometer with a pulsed neutron generator (PNG) and
two He-3 neutron detectors (Litvak et al., 2008; I. G. Mitrofanov et al., 2012). In
active mode, the DAN PNG produces 14.1 MeV neutron pulses (fast neutrons) at 10
Hz. A typical measurement lasts 20 min, during which time PNG neutrons are
isotropically emitted with each pulse. A fraction of these neutrons enters the martian
subsurface below the rover, interact with subsurface nuclei via scattering reactions
which reduce kinetic energy (thermalization), and return to the detectors where they
are counted. One detector is coated in cadmium, which absorbs neutrons below ~0.3
eV (thermal neutrons) and only counts epithermal neutrons (between 0.3 eV and
100 keV). The second detector counts all thermal and epithermal neutrons. To record
thermal neutron count rates, the count rates from the Cd-coated detector are

subtracted from those of the uncoated detector. DAN also collects data in passive
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mode in which neutrons created by nuclear spallation due to the continuous galactic
cosmic ray (GCR) bombardment of the martian surface are counted.

During a DAN active measurement, the time of flight (time after pulse) is
recorded for thermal neutrons in 64 lognormal time bins totaling 0.1 s and the
counts in each time bin are summed for all pulses. When neutron counts are plotted
as a function of time after pulse, the time-resolved counting data are known as a
“die-away” curve. The shape of the die-away curve is primarily dependent on the
depth and abundance of neutron scatterers (primarily hydrogen) and thermal
neutron absorbers including iron, chlorine, boron, and manganese (e.g., Gabriel et
al., 2018; Hardgrove et al., 2011; I. G. Mitrofanov et al., 2012; Sears, 1992). In
active mode, DAN detects thermal neutrons returning from a lateral distance of up to
1 - 1.5 m, and depths of up to tens of cm in the subsurface.

We determined the bulk water-equivalent hydrogen (WEH, a standard
quantity used to report hydrogen abundance as an equivalent water abundance) and
thermal neutron absorption cross section (Zabs, @ measure of the probability of
thermal neutron absorption) from 123 sites measured by DAN in active mode in VRR,
GT, and GP. To be included in our analyses, a DAN active measurement was required
to have a signal-to-noise ratio (SNR) of > 5 in each of 16 analyzed time bins (249 -
1838 us after PNG pulse). SNR is dependent upon the number of fast neutrons
produced by the PNG and the fraction that are thermalized before returning to the
detectors. Hydrogen thermalizes neutrons and increases signal (Figure 3.2a), while
neutron absorbers such as iron and manganese reduce signal (Figure 3.2b) by
absorbing thermal neutrons before they return to be counted by DAN's detectors. To
achieve an SNR of > 5 in every DAN time bin, we coadded (summed counts in
common time bins) thermal neutron counts from DAN active measurements at the

same location (Figure 3.3). This was necessary in many locations because of the
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reduced PNG neutron production over the lifetime of the DAN instrument. In cases

where an SNR of at least 5 was not achieved in each analyzed time bin, the results

from those measurements were not included in this study.
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Figure 3.2. (a) Plot of
simulated thermal neutron
counts using DAN active
model geometry with set
subsurface neutron
absorption cross-section
(12.6 x 1073 cm?/g) and
variable subsurface
hydration (in WEH). (b)
Plot of simulated thermal
neutron counts using the
DAN active model
geometry with set
subsurface hydration (3.5
wt.% WEH) and variable
subsurface Zabs. Statistical
uncertainty error bars are
shown for the top and
bottom curves in each
plot.

There are multiple sources of background neutron counts that reduce SNR

during DAN active data collection. These include neutrons produced by GCR

spallation and neutrons produced by radioactive decay in Curiosity's radioisotope

thermoelectric generator. To remove background counts, we subtracted counts from

each time bin based on the average count rate in the later time bins, after PNG

neutrons have ceased returning to the DAN detectors from the subsurface. In these

later time bins, the signal is due only to background sources.
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Figure 3.3. Example of DAN data coaddition used in this study. DAN thermal
neutron “die-away” curves from measurements taken on sols 2320 and 2333 are
plotted with the coadded data from these two measurements. The data from sols
2320 and 2333 were collected at the same location in the Jura member. Note that
our analysis does not compare absolute DAN neutron count values to simulated
counts. Rather, we compare the shape of the DAN die-away curve to simulated die-
away curves by normalizing the DAN and simulated neutron counts to the area under
the curve as in Gabriel et al. (2018) and Czarnecki et al. (2020). This allows us to
compare the same simulated dataset to individual DAN measurements as well as to
data that has been coadded from up to 14 DAN measurements at the same location.
We compared DAN active time spectra to simulated spectra produced using
the Monte Carlo N-particle 6 (MCNP6) particle transport code (Werner et al., 2017).
MCNP6 simulates neutron transport in a 3-dimensional environment. Our MCNP6
simulations included a detailed rover model (modified from Jun et al., 2013) with the
DAN PNG/detectors, martian atmosphere, and variable subsurface compositions.
Each MCNP6 subsurface model is assumed to be homogeneous (i.e., laterally and
vertically homogeneous within the DAN sensing volume), with a subsurface density
of 1.8 g/cm?3 (Gabriel et al., 2018; Lewis et al., 2019; I. G. Mitrofanov et al., 2016).
For this study, we used a large grid of subsurface composition models with variable

WEH and Zabs. WEH was varied between 0.1 wt.% and 25 wt.% and Zans Was varied

between 4.2 x 1073 cm?/g and 23.7 x 1073 cm?/g (7.6 x 1073to0 42.7 x 103 cm~tin
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density-independent cross section units). This model grid spans the range of Zaps for
geochemistries measured by MSL geochemical instruments in Gale crater. For
reference, the geochemical model corresponding to 4.2 x 10-3 cm?/g includes 0.1
wt.% Cl and 0.48 wt.% Fe, while the model corresponding to 23.7 x 1073 cm?/g
includes 2.95 wt.% Cl and 14.22 wt.% Fe.

To determine the WEH and Zabs for each DAN active measurement, we
compared the time bins around the thermal neutron peak (249-1838 us after pulse)
from the DAN time spectra (e.g., Figure 3.3) to the grid of MCNP6 simulated spectra
(e.g., Figure 3.2) using a Markov-chain Monte Carlo (MCMC) analysis method
(Foreman-Mackey et al., 2013). This technique explores the grid space by
interpolating between model grid points and calculating the likelihood function of a fit
between DAN count rates and simulated count rates in each time bin. This method
produces best-fit mean values and uncertainties for the variable parameters in the
model grid space. In addition to the known physical parameters (WEH and Zabs), we
also include a term for underestimated uncertainty, the “f” parameter. High values
for “f” indicate that either the DAN data or simulation data were noisy, or that the
model assumptions did not reflect the physical reality of the DAN measurement (see
supplement to Gabriel et al. (2018)). Since we took steps to ensure SNR was above
a threshold value (see above), high “f” parameter values in this study indicate that
the model assumptions are inaccurate and this is likely due to significant differences
in WEH and/or Zabs with depth. We removed results for which the mean value of the
“f” term is greater than 20 counts, because an underestimated uncertainty of more
than 20 counts is close to the statistical uncertainties in many of the DAN active time
bins used in our analyses. See Gabriel et al. (2018) and associated supplemental

material for further detail regarding DAN active data analysis.
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We also report trends in DAN passive thermal neutron count rates for the
area studied to correlate with DAN active results. We do not derive compositional
results from DAN passive data; rather we qualitatively compare DAN passive count
rates to DAN active WEH and Zabs trends.

3.2.2. Compact Reconnaissance Imaging Spectrometer for Mars (CRISM)

CRISM is a hyperspectral imager on the Mars Reconnaissance Orbiter that
operates from 0.362 to 3.92 ym with 6.5 nm band spacings (S. Murchie et al.,
2007). For this paper, we chose to use an along-track oversampled observation
(FRT00021C92) centered over GT. This choice allowed projection of the data at 12
m/pixel using a log maximum likelihood approach for surface reflectance retrieval
and regularization as described in He et al. (2019). The Discrete Ordinates Radiative
Transport (DISORT) code was used to model atmospheric contributions, including
dust and ice aerosols, CO2, CO, and H20 gases, and the Hapke surface photometric
function (Hapke, 2012) to simulate incidence, emergence, and phase angle effects
on the surface single scattering albedo (SSA) for each pixel (e.g., Arvidson et al.,
2015). Thermal emission from the surface and atmosphere were also included. Data
were processed using a neural network approach to solve the undetermined nature
of retrieving surface SSA for wavelengths longer than ~2.65 ym. The
underdetermined nature is a consequence of both solar and thermal emittance terms
for the long wavelength data, that is, surface kinetic temperature adds an additional
unknown quantity. The details of the neural network approach are given in He et al.
(2019). The retrieved SSA spectrum for each pixel was then used to generate a
series of spectral parameter estimates using the techniques described in Viviano-
Beck et al. (2014). One important addition to the standard parameters is a 3 ym
integrated band index (BDI). This parameter or index is of crucial importance for

comparison of DAN data to CRISM data for this paper. This parameter is associated
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with the 3 ym H20 symmetrical and asymmetrical stretch absorptions, the 6.0 H20
fundamental bending mode absorption overtone, and the shorter wavelength OH
fundamental stretch absorption (e.g., Hawthorne, 1988). It is thus a strong indicator
of the presence of H20 to the several micrometer sampling depth for CRISM
observations. The 3 yum BDI was calculated using a continuum line defined between
2.1 and 3.7 yum and then computing the integrated area between the continuum line
and actual spectral data from 2.9 to 3.7 ym, employing the actual widths of each
spectral band pass.
3.2.3. DAN and CRISM Comparisons

In order to compare DAN and CRISM results, we first registered the map
projected CRISM scene to the MRO HIiRISE mosaic used by the MSL team for rover
traverse planning and locations (Calef III & Parker, 2016). This registration was
accomplished by matching common features such as buttes, edges of sand sheets,
and distinct albedo boundaries, which are distinct in both CRISM and HIiRISE data.
Because the CRISM pixels (12 m) are much larger than HIiRISE pixels (0.25 m) the
registered CRISM data necessarily has location errors of one to two HiRISE pixels,
based on detailed examination of sharp albedo boundaries between the two data
sets. To reduce the impact of this imperfect registration, the CRISM data were
resampled to 24 m/pixel by computing the mean value of the CRISM 3 ym band for
each group of four adjacent 12 x 12 m pixels. The surface areas of many, but not
all, 24 m CRISM pixels included in our analyses contain multiple DAN active
measurements. To compare CRISM 3 ym band depth to DAN WEH for these pixels,
we first determined the best-fit WEH and uncertainty for each DAN measurement,
then computed the mean value and propagated uncertainty for all DAN
measurements within a single CRISM pixel. Appendix Table C.1 identifies DAN

measurements that were used to derive mean values in this way.
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Because DAN measures the bulk hydration of the top tens of cm beneath the
rover, while CRISM measures the hydration of just the top few ym of the surface, we
took steps to identify CRISM pixels with surface cover that is not representative of
the subsurface measured by DAN. Sand cover is significant in many parts of GT, and
sand in Gale crater is known to have a low water content (Gabriel et al., 2018;
Sutter et al., 2017). We therefore investigated the effect of sand on CRISM 3 ym
band depth. To determine sand cover fraction, we drew polygons around sand
patches on a HiRISE basemap in ArcGIS. Because this process uses visual inspection
of HIRISE images and it is not always possible to separate sand from bedrock, we
determined that a relative uncertainty of 10% is reasonable for these estimated
areas. To determine this relative uncertainty, we repeated this method of drawing
polygons three times in the area of Figure 3.1 outlined in green. Our best estimate
for the area of sand cover within these nine CRISM pixels was 3,100 m?. A liberal
redrawing to include as much sand as possible resulted in an area of 3,290 m?, or
+6%. A conservative redrawing to exclude as much bedrock as possible resulted in
an area of 2,732 m?, or -12%.

Similarly, it is reasonable to expect that dust cover may have a measurable
effect on CRISM 3 ym data. To test for such an effect, we analyzed available Mars
Hand Lens Imager (MAHLI) high-resolution images taken on VRR and GT. MAHLI is
an arm-mounted camera that takes high-resolution images of the surface in front of
the rover. Dust cover percentages for MAHLI images throughout VRR and GT were
determined using the image analysis software Imagel (Schmidt et al., 2018;
Schneider et al., 2012). Each MAHLI image was matched to the specific CRISM pixel
which covered the area of that MAHLI image, and a mean dust cover fraction for
each CRISM pixel was determined. Dust coverage within an individual MAHLI image

of a horizontal “as is” rock target is generally uniform. Schmidt et al. (2018) found
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differences in dust coverages range between 2% and 15% (usually <10%) for
different locations within individual images. The presence of very fine dust that
cannot be resolved by 15 ym/pixel resolution of 2 cm standoff MAHLI images, may
contribute up to ~10% additional uncertainty. Linear or near linear correlations
between dust coverage estimates and Alpha-Particle X-ray Spectrometer (APXS)
chemistry (Schmidt et al., 2018) suggest these estimates of uncertainty are too
high. The overall range of dust coverage in Glen Torridon (~20% - 50%) is relatively
restricted compared to the range along the entire rover's traverse (~2% - 80%)
(Henley et al., 2021; Schmidt et al., 2018), where lower values are typically
associated with eolian dune fields. The length scale of these variations demonstrates
relevance to the 12 x 12 m scale of the CRISM pixel. Further details concerning the
dust coverage analysis can be found in Schmidt et al. (2018) and the Image]

software is available free at https://imagej.nih.gov/ij/.

3.3. Results

Appendix Table C.1 lists the mean WEH and Zabs results with associated
uncertainties for each DAN measurement analyzed. In the study area, there are
several geologic units as defined in Fedo et al. (2022): the “Pettegrove Point” (PPm)
and “Jura” (Jm) members of the “"Murray” formation, the “Knockfarril Hill” (KHm) and
“Glasgow” (Gm) members of the “Carolyn Shoemaker” formation, and the “Stimson”
formation. In this work, the Jm and KHm are further divided between measurements
on VRR and in GT due to the significantly different WEH results between these two
geomorphic features. Table 3.1 lists the mean DAN active-derived WEH and Zabs
results with associated uncertainties for each of these units (note only two DAN
active measurements are included for KHm/VRR). The three GT units have similar

WEH results while the VRR units also have similar, but lower, mean WEH values. This
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is the case even within the Jm, which spans the same elevation range within VRR

and GT, but shows elevated WEH in GT (Figure 3.4).

Table 3.1. MCMC WEH and Zabs results for geologic units PPm, Jm, KHm, and Gm

Unit D_AN WEH Mear? St.dev. 2 abs Mear? St.dev.
sites mean uncertainty of mean mean uncertainty of mean
[wt.%] [10°3 cm?/g]
PPmM/VRR 26 3.0 0.6 0.1 11.8 0.7 0.2
Jm/VRR 19 3.0 0.6 0.1 14.5 0.9 0.5
KHmM/VRR 2 3.4 0.6 0.3 11.9 0.6 0.3
Jm/GT 29 4.0 0.7 0.1 11.3 0.6 0.1
KHmM/GT 19 4.0 0.7 0.1 12.6 0.6 0.3
Gm/GT 26 3.7 0.8 0.2 13.8 0.9 0.4

Note. The mean of individual measurement uncertainties is given as well as the standard
deviation of the mean. The number of DAN active measurement locations within each unit is
reported as "DAN Sites.” MCMC results for individual DAN active measurements are provided
in Appendix Table C.1.

-4135

—4140 1
¢ o, ®
e
—4145 1 . ® .
o ®0
E o, -
— -4150 o o o™ .
& .3 - .
=i . ¢ °
© ® ° .
> —4155 o ° .
2 ®
1] * o ° . ° o ®08 ] L]
—4160 |-
—4165 - . e Jm/VRR ]
e Jm/GT
-4170 1 L L 1
1 2 3 4 5 6

DAN WEH [wt.%]

Figure 3.4. Plot of DAN-derived WEH for the Jura geologic unit in both VRR and GT.
Representative error bars are included for one measurement in each unit. A square
symbol marks the mean WEH for each unit with standard deviation of the mean. The
elevation range of the Jura is similar on VRR and in GT, but most JIm/GT WEH values
are larger than most Jm/VRR measured WEH values. See also Table 3.1 for mean
DAN results and uncertainties and Appendix Table A.1 for individual DAN
measurement results and uncertainties.

The map in Figure 3.1 symbolizes each DAN measurement along the rover
traverse by WEH over the CRISM 3 ym band depth scene. This map shows that

CRISM 3 um band depth is greater in the Jm/GT compared to the other geologic
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units in the map area. Conversely, both Figure 3.1 and Table 3.1 show that while
DAN WEH is higher in GT than on VRR, it remains high throughout GT. We will
investigate these differences below after examining the effects of sand and dust

cover on the data sets.
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Figure 3.5. DAN passive thermal neutron count rates for the sol range spanning the
Mars Science Laboratory (MSL) traverse through VRR and GT. Distinct differences in
count rates can be seen between VRR (up to sol 2300), Jm/GT and KHm/GT (sols
2300 - 2600), and Gm/GT (after sol 2600). The increase in count rates at sol 2300
corresponds to the increase in WEH from VRR to GT and the decrease at sol 2600
corresponds to a slight decrease in WEH and a significant increase in Zapbs from
KHmM/GT to Gm/GT.

Figure 3.5 is a plot of DAN passive thermal neutron count rates over the sol
range corresponding to the VRR and GT investigations. As with DAN active
measurements, higher DAN passive thermal neutron count rates are consistent with
an increase in WEH, a decrease in Zaps, or both (Jun et al., 2013). The mean DAN

passive thermal neutron count rate for VRR is 49.0 neutrons/s (mean uncertainty 2.1
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neutrons/s, standard deviation 5.4 neutrons/s). A sharp increase in count rate is
seen around sol 2300 which corresponds to the transition from Jm/VRR into Jm/GT.
The mean DAN passive thermal neutron count rate for Jm/GT and KHm/GT is 64.2
neutrons/s (mean uncertainty 2.3 neutrons/s, standard deviation 7.9 neutrons/s). A
drop in the passive thermal neutron count rate is seen at about sol 2600, which
corresponds with the transition from KHm/GT to Gm/GT. The mean DAN passive
thermal neutron count rate for Gm/GT is 46.9 neutrons/s (mean uncertainty 5.9
neutrons/s, standard deviation 15.6 neutrons/s).

3.4. Discussion

3.4.1. The Effect of Sand and Dust Cover

Generally, the Curiosity rover does not drive over significant sand patches. As
a result, the volume of sand in DAN active measurements is generally low. But
windblown sand can be present as (relatively thin) surface cover along the rover
traverse. The presence of a very dry material such as sand in the DAN active field of
view (FOV) will result in a high “f” parameter value from our MCMC analysis because
the simulation results are derived from models with a homogeneous subsurface
composition that is not representative of a dry sand layer above more hydrated
bedrock. High “f” parameter results have been removed from our analyses (see
Section 3.2).

To determine the effect that sand has on CRISM 3 ym band depth, a small
area of bedrock surrounded by sand with clear boundaries was identified adjacent to
the rover traverse (green box in Figure 3.1). Figure 3.6 is a plot of sand fraction vs.
3 ym BDI for the eight CRISM pixels intersecting this exposed bedrock as well as one
adjacent (100% sand cover) CRISM pixel. The strong anti-correlation between sand
cover and 3 ym hydration shown in Figure 3.6 (r? = 0.74, p-value = 0.003) indicates

that the CRISM 3 ym band depth is highly sensitive to the presence of sand.
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Figure 3.7. Plot of sand cover versus CRISM 3 ym band depth for CRISM pixels
containing DAN measurements on VRR and in GT. Pixels with no significant sand
cover (black points along y-axis) range from BDI3000 values of 0.455 - 0.500. Data
points with between 1% and 10% sand cover (blue points) are also within this range,
but data points with >10% sand cover (yellow and red points) are biased to the
lower end of this BDI3000 range or are significantly below it. Error bars represent
+10% relative error in sand cover percentages determined by area counting on a
HiRISE basemap.

We used the same method of drawing polygons around sand patches to
determine the fraction of sand cover for each CRISM pixel containing a DAN

measurement. Figure 3.7 is a plot of sand cover vs. CRISM 3 ym BDI. Because sand
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does not contribute significantly to our DAN WEH results, and most CRISM pixels
with >10% sand cover have lower 3 ym values compared to other pixels with similar
DAN-derived WEH values, it is probable that >~10% sand cover biases the measured
3 um band depth to significantly lower values compared to the unbiased DAN results.
However, pixels with 1 - 10% sand cover are not biased to lower 3 ym values
compared to other pixels with no obvious sand cover. To remove the bias correlated

with >10% sand cover, we removed these CRISM pixels from our analyses.
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Figure 3.8. (a) MAHLI image (3088MH0001760011101613C00_DXXX) of target
Gout Rossignol (Sol 3088). Dust coverage was determined for a centered 17-mm
white circle, which represents the APXS FOV for chemical comparisons (Schmidt et
al., 2018) and reduces vignetting and lower apparent dust coverage around the edge
of the image. (b) Edited MAHLI image where red pixels are dusty and black pixels
are dust-free rock surfaces. The dust cover of this image is 41%. (c) Plot of CRISM 3
um band depth as a function of dust cover for CRISM pixels containing DAN-derived
WEH values in two ranges. Pixels containing >10% sand cover are not included. No
correlation between dust cover and 3 ym band depth is apparent.

It is possible that surface dust cover would also affect CRISM hydration
indices. Because the bulk hydration measured by DAN varies between ~2 - 5 wt.%
in the study area, and DAN bulk hydration is not dependent on surficial dust cover, it
is important to control for bulk hydration when determining if there is a correlation

between CRISM 3 ym band depth and dust cover. Figure 3.8 is a plot of CRISM 3 ym
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band depth as a function of dust cover determined using the method described
above. It is clear that there is no correlation in either the lower DAN-derived WEH
range (2.5 - 3.5 wt.% WEH) nor in the higher WEH range (3.5 - 4.5 wt.% WEH).
Because dust cover does not bias CRISM 3 ym band depth in the study area, we do
not correct for dust cover in the following analyses.
3.4.2. The Effect of Surface Cover

Figure 3.9 plots of the same DAN WEH vs. CRISM 3 ym data as in Figure 3.7,
but with sandy CRISM pixels removed as discussed above. One data point from an
active Gale crater sand dune with a previously published DAN-derived hydration
(Gabriel et al., 2018) is included for reference. Data points are classified by geologic
unit. There are clear distinctions between the CRISM 3 ym BDI of some units. For
example, the Jm/GT (yellow) have generally greater 3 ym BDI than the Gm/GT (dark
blue), also shown by the mean unit values plotted in Figure 3.9 and listed in Table
3.1. Most of the Jm/GT along the rover traverse is covered in “rubbly” material
composed of loose pebbles (Figure 3.10 left), which could promote 3 ym absorption
due to either a different grain size or higher water content. Conversely, the Gm/GT
unit contains mostly exposed bedrock (Figure 3.10 right). Although sand grain size
could also promote multiple scattering, windblown sand in Gale crater contains very
low water abundances and does not significantly enhance 3 ym absorption. A
comparison of the Jm/GT and Gm/GT data in Figure 3.9 shows the effect of this
“rubbly” material on the CRISM 3 uym signal. The rubbly Jm/GT has a significantly
enhanced 3 ym signal compared to the bedrock-dominated Gm/GT, even though the
average WEH of these two units are similar at 3.9 £ 0.1 and 3.7 £ 0.2 wt.% WEH,
respectively. The Gm/GT also shows a positive correlation between DAN-derived bulk

WEH and CRISM 3 ym surface hydration (r> = 0.40, p-value = 0.038).
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Figure 3.9. Plot of DAN-derived WEH vs. CRISM 3 ym BDI symbolized by geologic
unit for pixels containing <10% sand cover. A representative error bar is shown of
the mean DAN WEH error for these data. One data point from a previous DAN
measurement taken over a sand dune (Gabriel et al., 2018) is included for reference.
Mean values for each unit are plotted as square data points with error bars
representing standard deviation of the mean.
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Figure 3.10. (left) This Mast Camera (Mastcam) image (image ID:
2309ML0123340030606013C00, sol 2309, Jm/GT) is a representative location of the
“rubbly” material that characterizes the “regolith” surface cover classification. Most
(>50%) of the surface area in this class is a mix of loose pebbles and sand. (right)
This Mastcam image (image ID: 2789ML0146110880606864C00, sol 2789, Gm/GT)
is a representative location of the “bedrock” material that characterizes the surface
cover classification of the same name. Most (>50%) of the surface area in this class
is exposed in-place bedrock or large broken bedrock blocks.
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To examine the effect of surface cover across the entire study region, we

classified each CRISM pixel within the study area as either “regolith” (>50% pebble-

sized or smaller surface cover; representative location shown in Figure 3.10 left) or

“bedrock” (>50% well-exposed bedrock; representative location shown in Figure

3.10 right). The geomorphic units mapped by Hughes (2022) in GT have specific

surface characteristics which we used to classify the surface cover of GT units. The

Hughes (2022) geomorphic units do not extend onto VRR, so VRR CRISM pixels have

been classified based on new examination of HiRISE data (Figure 3.1 basemap).
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Figure 3.11. DAN-derived
WEH vs. CRISM 3 ym BDI
symbolized by surface
cover (top) and
geomorphic region
(bottom). The same data
are shown in both plots,
only the classification
scheme differs. CRISM
pixels classified as
“regolith” are primarily
pebble-sized or smaller
surface cover, whereas
“bedrock” pixels are
primarily exposed
bedrock. A representative
error bar on each plot
shows the mean DAN WEH
error. One data point from
a previous DAN
measurement of a sand
dune (Gabriel et al., 2018)
is included for reference.
Mean values are larger
points with error bars
representing standard
deviation of the mean.
Regolith pixels have
distinctly enhanced 3 ym
BDI compared to bedrock
pixels (top); and WEH is
generally lower on VRR
than in GT (bottom).



Figure 3.11 (top) is a plot of DAN WEH versus CRISM 3 ym band depth
classified by surface cover, regolith (52 pixels), or bedrock (37 pixels). CRISM 3 ym
band depth is enhanced for the regolith pixels (mean 0.480 £+ 0.001) compared to
bedrock pixels (mean 0.465 £+ 0.001). This shows that the regolith surface cover
either has a distinct grain size or enhanced hydration compared to underlying
bedrock. We see no enhancement of DAN WEH in the regolith material (mean 3.5 £
0.1 wt.% WEH) compared to the bedrock material (mean 3.5 + 0.1 wt.% WEH),
indicating that if the enhancement of CRISM 3 ym band depth in regolith pixels is
due to the hydration of the surface cover, this surface cover must be thin enough
that it is not significant within the ~50 cm deep DAN FOV.

3.4.3. Correlation of Surface to Bulk Hydration in Glen Torridon

The r? value of DAN WEH versus CRISM 3 ym band depth for the regolith data
set plotted in Figure 3.11 (top) is 0.076 and the p-value is 0.08. The r? value for the
bedrock data set is 0.057 and the p-value is 0.21. In both cases, this indicates that
there is not a significant correlation between these two parameters. This may not be
surprising given the granularity of a two-category surface cover classification
scheme, and the inherent problem of large CRISM pixels and relatively small DAN
surface footprints. It is worth noting however, that the same overall data set, when
classified by geomorphic region (VRR vs. GT) as in Figure 3.11 (bottom), has much
lower r? values (0.034 and 0.003 for VRR and GT, respectively). Taken together, this
indicates that the variation in these data is better explained by surface cover than by
geomorphic region.

3.4.4. Hydration of Glen Torridon Versus Vera Rubin Ridge

Figure 3.11 (bottom) shows that GT data points have higher water values

(mean 3.9 £ 0.1 wt.% WEH) than VRR data points (mean 3.0 =+ 0.1 wt.% WEH).

This is also shown in Table 3.1, which lists the mean WEH for each unit, and in
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Figure 3.9, which illustrates the range of WEH values in each unit. The higher WEH
abundances measured in Jm/GT and KHm/GT are also reflected in the DAN passive
data, where thermal neutron count rates are generally higher for the sol ranges
spanned by these units (sols 2302 - 2601 and 2813 - 2948) than sols corresponding
to other geologic units (Figure 3.5). The generally lower passive count rates for sols
2602 - 2695, 2734 - 2812, and 2949 - 3069 in the Gm/GT unit are a result of the
higher >abs seen in DAN active results throughout this unit. The passive count rates
in the “Stimson” formation (sols 2696 - 2733) were among the lowest in the study
area, which suggests that the Stimson formation of GP may be less hydrated than
GT.
3.5. Conclusions

We determined the bulk hydration of multiple geologic units along the
Curiosity rover's traverse within the geomorphic features known as VRR and GT
using active neutron spectroscopy from the MSL DAN instrument. We found relative
agreement between DAN active results and DAN passive neutron counts (i.e.,
neutrons generated by galactic cosmic rays and the rover radioisotope thermoelectric
generator). The bulk hydration in GT (3.9 £ 0.1 wt.% WEH) is greater than in VRR
(3.0 £ 0.1 wt.% WEH), broadly in agreement with orbital results from the CRISM
instrument, which show a significant enhancement in the 3.0 ym hydration feature in
GT (0.476 £ 0.002 band depth) compared to VRR (0.471 £ 0.002 band depth).
However, the CRISM 3.0 ym hydration feature is less pronounced in the KHm/ GT
(0.473 £ 0.002 band depth) and Gm/GT (0.466 + 0.002) than in the Jm/GT (0.486
£ 0.001). This trend is not represented in the DAN results, where the Jm/GT and
KHm/GT hydration are very similar (3.9 £ 0.1 and 4.0 + 0.1 wt.% WEH,
respectively) and the Gm/GT hydration (3.7 £ 0.2 wt.% WEH) is only slightly

reduced (Table 3.1).
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CRISM spectral data come from the top few ym of the surface and are
susceptible to effects from surface cover (e.g., sand cover as well as regolith vs.
bedrock), none of which significantly affect DAN data from the top tens of cm of the
subsurface. After removing CRISM pixels with significant sand cover, we found that
CRISM pixels in the study area that are predominantly regolith (i.e., primarily
pebble-sized or smaller clasts) have significantly greater 3.0 ym absorption (0.480 +
0.001 band depth) than pixels which are predominantly bedrock (0.465 £+ 0.001
band depth). This suggests that the surface cover in GT either has a distinct grain
size texture or enhanced hydration compared to the underlying bedrock. Future
studies utilizing this spectral feature must account for similar differences in surface
cover and the abundance of sand. The mean DAN-derived hydration within CRISM
pixels classified as regolith (3.5 £ 0.1 wt.% WEH) is virtually the same as within
pixels classified as bedrock (3.5 £ 0.1 wt.% WEH). The similar mean DAN WEH
results in areas of regolith surface cover and exposed bedrock indicates that if the
enhanced CRISM 3 ym band depth in regolith material is due to enhanced regolith
hydration, this regolith material must not be thick enough to be significant in the
~50 cm deep DAN FOV.

CRISM also observed a prominent clay mineral absorption in GT (Fraeman et
al., 2016; Milliken et al., 2010), and the presence of clay minerals was confirmed by
MSL CheMin instrument X-ray diffraction results. GT contains the most abundant clay
minerals yet measured in Gale crater (Thorpe et al., 2022). Clay minerals can
contain abundant interlayer H20 in the subsurface if they are not dehydrated.
However, X-ray diffraction results have consistently shown that clays in Gale crater
are dehydrated (Bristow et al., 2015, 2018; Rampe et al., 2017, 2020; Vaniman et
al., 2014), with the possible exception of one of the two lowest stratigraphic drill

samples, “"Cumberland” (Bristow et al., 2015; Vaniman et al., 2014) and the “"Duluth”
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drill sample just north of (and stratigraphically below) VRR (Rampe et al., 2020).
Rapin et al. (2018) suggested that drilled samples could dehydrate prior to analysis
by the MSL Sample Analysis at Mars (SAM) instrument, and this could also apply to
samples analyzed by CheMin. Therefore, although drill sample clay minerals are
dehydrated at the time of CheMin analyses, they could have been hydrated before
drilling.

Kerner et al. (2020) discuss best-fit model results assuming a homogeneous
subsurface distribution of WEH and Zabs from DAN active measurements up to sol
2080. Here we use the same MCNP6 model assumptions as Kerner et al. (2020) for
comparison to DAN active data. Comparing our results from GT to this larger data
set shows that GT is among the most hydrated intervals along the MSL traverse (see
Figure 10a in Kerner et al., 2020). This result correlates with the relatively large clay
abundances measured by CheMin in GT compared to lower stratigraphic units. One
previously published result from another clay-rich unit, the “Sutton Island” member
of the Murray formation, also demonstrates the usefulness of active neutron
spectroscopy for investigating clay-rich units. The CheMin sample “Sebina” from
Sutton Island contained 19 * 4 wt.% clay minerals (Bristow et al., 2018), but CRISM
did not detect clay minerals in this area (Milliken et al., 2010). But DAN active
analysis of a nearby location in Sutton Island found 4.2 £ 0.51 wt.% WEH (Gabriel et
al., 2018), similar to the mean WEH measured in GT. While more work would need
to be done in order to determine the specific subsurface distribution of water in GT,
the colocation of clay-rich samples in a water-rich region suggests that clay minerals
could be a significant subsurface water reservoir.

Data Availability Statement
All data used in this chapter are publicly available on the NASA PDS. Datasets

include DAN active and passive neutron data (I. Mitrofanov, 2013), MAHLI image
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data (Edgett, 2013), and CRISM spectral data (Seelos, 2016). Simulated neutron
data sets used in this work were generated using MCNP6, an export-controlled
neutron transport code. Derived DAN WEH results for individual measurement
locations are found in Appendix Table C.1 and are available as open-access on
Zenodo (Czarnecki et al., 2022).
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CHAPTER 4
CONSTRAINING THE HYDRATION OF CLAY MINERALS AND ABUNDANCES OF
AMORPHOUS PHASES IN GALE CRATER, MARS
Abstract
Both water and organic matter are required for the development and

persistence of life. Phyllosilicates (clay minerals) are high surface area minerals that
easily sorb both water and organic matter. The Mars Science Laboratory (MSL) has
investigated several hundred meters of stratigraphy in Gale crater, including where
clay minerals were detected from orbit. Results from the MSL Dynamic Albedo of
Neutrons (DAN) and Chemistry and Mineralogy instruments have suggested that
subsurface hydration is greatest in units with the most abundant clay minerals,
suggesting that these clay minerals may be hydrated in the subsurface. Organics
have also been found throughout Gale crater by the MSL Sample Analysis at Mars
instrument (SAM). Smectites are the most common and abundant phyllosilicates in
Gale crater samples, and also have the greatest organic sorption capacity because
they can expand and sorb water and organics in interlayer sites. The most common
organic sorption processes on Earth typically involve water or hydroxyl, so hydrated
phyllosilicates are good candidates for organic preservation. Using newly derived
DAN subsurface hydration values with previously published mineralogy and
geochemistry, we derived modeled constraints on the abundances of hydrated
amorphous phases, “excess” water, and “excess” cations. These “excess” phases are
not accounted for by published crystalline phase abundances or by amorphous
phases constrained here. We found a strong correlation between smectites and
“excess” water abundances, indicating that smectites in Gale crater are hydrated.
Similar correlations between smectites and “excess” cation abundances suggest that

cation bridging could be a mechanism for sorption of organics measured by SAM. Our
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results also show the persistence of amorphous sulfates, opal-A, and volcanic or
impact glass, which indicate low syn- and post-depositional water-rock interactions.
Increased abundances of sulfates and glass in stratigraphically higher samples may
indicate lower water availability and environmental aridification during the time these
units were being deposited in Gale crater.
4.1. Introduction

For decades, a primary goal of NASA’s Mars Exploration Program (MEP) has
been the search for present or past life because Mars is known to have had liquid
water on the surface in the ancient past (NASEM, 2022). Most MEP surface missions
have carried instruments to search for life or its building blocks (i.e., organics) and
have investigated regions thought to have supported habitable environments in the
past, such as the Mars Science Laboratory (MSL) landing site, Gale crater. Gale, a
~150 km impact basin with a ~5 km tall central mound (informally “Mt. Sharp”), was
selected in part due to the Compact Reconnaissance Imaging Spectrometer at Mars
(CRISM; Murchie et al., 2007) detection of a significant 2.3 ym spectral absorption
corresponding to phyllosilicates (Milliken et al., 2010; Anderson & Bell, 2010).
Phyllosilicates (commonly referred to as clay minerals) are sheet silicates common
on Earth and Mars. Clay minerals are well known on Earth for their ability to preserve
a wide range of organics at high abundances (Shen et al., 1999; Kennedy et al.,
2002; Ehlmann et al., 2008; Broz, 2020), and have been studied for the same
potential on Mars (Farmer & Des Marais, 1999; Ehlmann et al., 2008; Broz, 2020; Tu
et al., 2021). Sorption of organics by clay minerals can be enhanced by the presence
of hydroxyl or water (see Section 4.1.3), so clay minerals that remain hydrated
today are good candidates for the preservation of organics since their formation.
Because clay minerals dehydrate at lower relative humidity, it is important to assess

their hydration state prior to sample extraction and handling. The MSL Dynamic

95



Albedo of Neutrons Instrument (DAN) measures the bulk, undisturbed subsurface
hydration from the top ~50 cm including water or hydroxyl bound to clay minerals.
Here we use DAN hydration with other results from MSL to constrain the hydration of
clay minerals and the abundances of hydrated amorphous phases in Gale crater.
4.1.1. MSL in Gale Crater

CRISM detections of clay minerals in Gale crater were later confirmed by X-
ray diffraction analyses of Mt. Sharp drilled samples by the MSL Chemistry and
Mineralogy instrument (CheMin). Clay minerals indicate a wet formation
environment, and the first CheMin detections (Vaniman et al., 2014) were used as
evidence supporting an ancient habitable environment in the area known as
“Yellowknife Bay” (Grotzinger et al., 2014) in the “"Bradbury” group, the oldest
deposits investigated by MSL (Figure 4.1). Clay minerals have since been identified
throughout several hundred meters of fluvio-lacustrine mudstone/sandstone
stratigraphy of the “Murray” and “Carolyn Shoemaker” formations of the “Mt. Sharp”
group on the lower slopes of the central mound (e.g., Rampe et al., 2020b; Thorpe
et al., 2022). MSL chemical and mineralogical data clearly show that the sedimentary
deposits in Gale crater have experienced significant alteration (e.g., Bridges et al.,
2015; Bedford et al., 2019). These alteration products are indicators of
environmental change and can constrain the characteristics and duration of
habitability in ancient Gale crater (e.g., Hurowitz et al., 2017).

Although Gale sediments are ~3.8 - 3.6 Ga (Thomson et al., 2011) and the
radiation environment at Gale should have significantly reduced the abundance of
organics at MSL drill depths (~4 - 5 cm) over geologic time (Pavlov et al., 2012;
Hassler et al., 2014), organic matter has been identified in all MSL drill samples by
the Sample Analysis at Mars instrument (SAM) (e.g., Sutter et al., 2017). Organic

abundances measured by SAM may be lower bounds for the bulk rock (NASEM,
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2022) because the rate of organic destruction is expected to be ~30% less at 20 cm
depth compared to ~2 cm depth (Pavlov et al., 2012), and should be even lower at

greater depths (e.g., the DAN depth of sensitivity). Indeed, amino acids could persist
for 100 - 500 Ma at half-meter depths (Kminek & Bada, 2006), and the first few MSL

samples had cosmic-ray exposure ages in this range (Cohen et al., 2019).
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Figure 4.1. (a) Map with MSL drill sites and charts of crystalline, phyllosilicate, and
amorphous fractions. Chart borders represent clay minerals: red = saponite, green =
mixed-layer montmorillonite/saponite, blue = nontronite, black = ferripyrophyllite,
yellow = absent/unknown. Data from Vaniman et al. (2014), Rampe et al. (2017),
Bristow et al. (2018), Rampe et al. (2020a), Thorpe et al. (2022). Base map is an

MSL localization product. (b) Stratigraphic column modified from MSL team product.
Black dots represent additional drill sites not used in this study.
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Table 4.1. CheMin samples used in this study with DAN-derived bulk water-
equivalent hydrogen (WEH)

Sample Sol Xtal® Clay Amorph. .Clay DAN WEH
[wt.%] [wt.%] [wt.%] Mineralb [wt.%]

jCe é%hn:b‘é'ﬁ;”r;d ;% 51.5 20.0 28.5| sap 2.56
CH¢d Confidence Hills 759 57.0 8.0 35.0 Sap 2.28
MJd Mojave 882 48.0 5.0 47.0 N/A 3.04
Tpd Telegraph Peak 908 79.9 0.0 20.0 None 2.22
BKd Buckskin 1060 44.0 0.0 56.0 None 1.76
oue Oudam 1361 61.1 3.0 36.0 | Ferri-Prl 4.99
MBe Marimba 1422 31.9 28.0 40.0 | Mnt/Sap 3.53
QLe Quela 1464 32.1 16.0 52.0 | Mnt/Sap 2.80
SBe Sebina 1495 30.1 19.0 51.0 | Mnt/Sap 3.07
STf Stoer 2136 52.0 10.0 38.0 | Ferri-Prl 3.23
HFf Highfield 2224 46.0 5.0 49.0 | Ferri-Prl 3.63
RHf Rock Hall 2261 53.1 13.0 34.0 | Ferri-Prl 3.75
AK9 ﬁﬁﬁ:;ar?ey' o 29.4 28.9 41.7|  Nnt 4.04
GES g::g cove X i 32.5 30.0 37.5|  Nnt 4.69
GG  Glasgow 2754 29.1 24.0 47.0 Nnt 3.90
MAN m:x 222:28 I 44.7 29.6 25.7|  Nnt 4.22

30pal-CT is included in the crystalline fraction, not in the amorphous fraction.

bSap = saponite, Ferri-Prl = Ferripyrophyllite, Mnt/Sap = mixed-layer
montmorillonite/saponite, Nnt = nontronite.

cMineralogy from Vaniman et al. (2014), 94Mineralogy from Rampe et al. (2017), €Mineralogy
from Bristow et al. (2018), fMineralogy from Rampe et al. (2020a), 9Mineralogy from Thorpe
et al. (2022)

hThe DAN active time bin range used for GG is 249 - 1630 us (see Section 4.2.2).

4.1.2. Clay Minerals in Gale Crater

Clay minerals were first detected in Gale crater by CRISM, but CRISM only
identified a strong, continuous phyllosilicate signature on Mt. Sharp in the “Glen
Torridon” region, ~300 m above the crater floor deposits. However, the MSL CheMin
instrument has detected clay minerals in almost all Bradbury and Mt. Sharp group
samples shown in Figure 4.1 and listed in Table 4.1. Clay mineral abundances in
these samples range from absent in two samples up to ~30 wt.%, with the greatest

abundances in Glen Torridon. Most CheMin and SAM data from these samples are
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consistent with the smectite minerals saponite, montmorillonite, or nontronite
(Vaniman et al., 2014; Rampe et al., 2017; Bristow et al., 2018; Thorpe et al.,
2022), and they likely formed in situ (Tu et al., 2021).

During SAM evolved gas analyses (EGA), water evolves from all hydrated
material in the sample (including adsorbed water) and different phases evolve water
at different temperatures, although there is some overlap. For instance, water
evolves from clay minerals and Ca-sulfates at similar temperatures, but Fe- and Mg-
sulfates evolve water at higher temperatures (Sutter et al., 2017). Although CheMin
has consistently measured clay minerals to be collapsed (dehydrated) in almost all
Gale crater samples (e.g., Rampe et al., 2020b), water evolved from SAM EGA could
include smectite interlayer water in a few samples (Sutter et al., 2017), and
laboratory experiments have demonstrated that smectites should retain some
interlayer water under equatorial Mars surface conditions (Bish et al., 2003). But drill
powdering increases sample surface area, and the relative humidity inside the
CheMin instrument is low (Tu et al., 2021), both of which could contribute to water
and/or hydroxyl loss. Similar dehydration has been suggested for opal-A prior to
SAM analyses (Rapin et al., 2018). Thus, it is possible that clays may be more
hydrated in situ than during SAM and CheMin measurements. DAN measures
hydrogen abundances in the undisturbed, near-subsurface (depth < ~50 cm). If clay
minerals are hydrated in the subsurface, DAN-derived bulk subsurface hydration
would include this contribution.

4.1.3. Organic Preservation in Clay Minerals

Clay minerals preserve organics in part because of their large external and
internal (for expandable clay minerals like smectites) surface areas where organics
can sorb to them (Kennedy et al., 2002; Ehlmann et al., 2008; Summons et al.,

2011; Broz, 2020), and because clay minerals remain stable for long periods
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(Summons et al., 2011). Certain organics bound to clay minerals are more resistant
to pH and temperature changes (Naidja et al., 1997), and certain biomolecules
bound to clay minerals can remain bioactive through repeated wet-dry and freeze-
thaw cycles (Stotzky et al., 2000). Organics bound to clay minerals are also less
likely to be biodegraded (Fiorito et al., 2008), further enhancing organic preservation
potential. The large surface areas of clay minerals also make them good candidates
for mineral surfaces thought to be involved in the genesis of life on Earth (e.g., Bish
et al., 2003; Hazen, 2005, and references therein).

Sorption is the physical or chemical process of binding substances together,
and includes absorption and adsorption processes (Pourret et al., 2022). Of the six
known mechanisms for organic sorption to mineral surfaces, three (ligand exchange,
ion exchange, and cation bridging) typically involve hydroxyl (Keil & Mayer, 2014).
Ligand exchange creates very strong bonds (Shen et al., 1999; Lutzow et al., 2006;
Keil & Mayer, 2014) and both ligand exchange and cation bridging can preserve
organics for long durations (Naidja et al., 1997; Keil & Mayer, 2014). Organics in
interlayer sites of clay minerals typically sorb by cation exchange (Kennedy et al.,
2002; Ovesen et al., 2001; Keil & Mayer, 2014) or hydrogen bonds with hydroxyl
(Lutzow et al., 2006) or water (Sheng et al., 2001). Recent work has shown that the
clay mineral-rich Glen Torridon region in Gale crater is correlated with a small
increase in mean CRISM 3 uym integrated band depth corresponding to surface
hydration, and a large ~30% relative increase in DAN-derived bulk hydration,
compared to underlying units (Czarnecki et al., 2023a).

Smectites are the most common clay mineral group in Gale crater (Vaniman
et al., 2014; Rampe et al., 2017; Bristow et al., 2018; Thorpe et al., 2022).
Smectites are principal binding surfaces for organic matter (Wattel-Koekkoek et al.,

2003) and are associated with many of the most organic-rich units on Earth
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(Kennedy et al., 2002). Smectites also preserve organic matter even more efficiently
and for longer than other clay minerals (Kennedy et al., 2002; Wattel-Koekkoek et
al., 2003; Dontsova & Bigham, 2005; Broz, 2020). Nontronite, a dioctahedral
smectite identified in the “Glen Torridon” (GT) region of Gale crater (Table 4.1;
Thorpe et al., 2022), may have greater organic preservation capacity and longevity
than other smectites (Dontsova & Bigham, 2005; dos Santos et al., 2016).

4.1.4. X-ray Amorphous Phases in Gale Crater

Some X-ray amorphous phases are also known to efficiently preserve
organics due to high surface area and reactivity, including opal (Nonella & Seeger,
2008; Squyres et al., 2008), allophane (Broz, 2020), and amorphous iron
(oxy)hydroxides (e.g., nanophase iron oxides/ferrihydrite; Broz, 2020). Opal in
particular has a high organic preservation potential due to its large external surface
area, and some modes of organic sorption to opal require water molecules (Costa et
al., 2008; Nonella & Seeger, 2008). Opal precipitated from solution is also a
mechanism for trapping and preserving microbes (Squyres et al., 2008).

X-ray amorphous phases also preserve clues to syn-depositional and post-
depositional environmental conditions and habitability. Many minerals and
amorphous phases form under restricted pH, redox conditions, or water-to-rock
ratios. Many of these conditions can be constrained by the MSL instrument suite,
including CheMin, SAM, the Chemistry and Camera instrument (ChemCam), the
Alpha Particle X-ray Spectrometer (APXS), and DAN. The ubiquitous X-ray
amorphous component of Gale crater samples, which is 20 - 56 wt.% of all Bradbury
and Mt. Sharp group samples (Table 4.1) in the CheMin literature, includes
crystalline phases below ~1 wt.% of the bulk sample. But the amorphous phases

comprising most of this material remain largely unconstrained.
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Several studies have suggested a range of potential amorphous phases for
Gale crater or elsewhere on Mars (Dehouck et al., 2014; McLennan et al., 2019;
Achilles et al., 2020, Rampe et al., 2020b; Smith et al., 2021), including volcanic or
impact glass, amorphous sulfates, and alteration phases such as opal-A, allophane,
hisingerite, and ferrihydrite. Each of these proposed phases is supported by other
CheMin and SAM studies (e.g., Bish et al., 2013; Morris et al., 2016; Treiman et al.,
2016; Achilles et al., 2017; Rampe et al., 2017; Sutter et al., 2017; McAdam et al.,
2020; Rampe et al., 2020a; McAdam et al., 2022; Smith et al., 2022; Thorpe et al.,
2022). Additional studies of martian materials or martian analogues have also
supported the presence of volcanic or impact glasses (Varela et al., 2000; Milliken et
al., 2008; Lapotre et al., 2017; Czarnecki et al., 2020), amorphous sulfates
(Vaniman et al., 2004; Wang et al., 2009; Hurowitz et al., 2017), opal-A (Glotch et
al., 2006; Milliken et al., 2008; Rice et al., 2010; Ruff et al., 2011; Rapin et al.,
2018), and hisingerite (Tutolo & Tosca, 2023). The presence or persistence of these
phases has implications for the duration of water-rock interactions in syn- and post-
depositional environments.
4.1.5. In Situ Hydration as an Additional Constraint

MSL studies referenced in Section 4.1.4 have primarily used chemistry and
mineralogy to suggest the presence, or provide rough abundances of, amorphous
phases. Another previous study, Gabriel et al. (2018), used APXS chemistry, CheMin
mineralogy, and the additional parameter of DAN hydration to further constrain
amorphous phase abundances for a modern aeolian sand dune in Gale. That study
demonstrated the much stricter constraints provided by the addition of the hydration
parameter. The present study follows on and modifies the methods of Gabriel et al.
(2018) to place constraints on clay mineral hydration and amorphous phase

abundances for most MSL drill samples in Gale crater. Although DAN is sensitive to a
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much larger subsurface volume (cubic meters) than the samples analyzed by CheMin
and APXS (cubic centimeters) , neutron spectroscopy is the only measurement
technique available to assess the bulk hydration of the undisturbed subsurface. We
employ careful measurement selection criteria, described in Section 4.2.4, to ensure
that only the most representative DAN active measurements are used in conjunction
with CheMin and APXS drill sample results.

We make a set of compositional assumptions, described in Section 4.2, in
large part based on previous work referenced above. Hydration values, reported as
water-equivalent hydrogen (WEH, Table 4.1), are derived from new analysis of DAN
active data, which is sensitive to elemental hydrogen in both water and hydroxyl. We
randomly generate amorphous phase compositions, checking each for consistency
with amorphous chemistry and amorphous hydration. Good-fit amorphous phase
compositions determine constraints on the abundances of the modeled phases and of
clay hydration in Gale crater.

4.2, Instruments and Methods
4.2.1. Dynamic Albedo of Neutrons (DAN)

DAN is a neutron spectrometer with two He-3 neutron detectors and a pulsed
neutron generator (PNG; Litvak et al., 2008; Mitrofanov et al., 2012). One detector
is coated in Cd to absorb thermal neutrons (<~0.3 eV), and only counts epithermal
neutrons (0.3 eV < n < 100 keV). The count rate from this detector can be
subtracted from the count rate from the uncoated detector, which detects thermal
and epithermal neutrons, to obtain a thermal neutron count rate. In active mode, the
PNG produces 14.1 MeV neutrons at 10 Hz, emitted isotropically. Some of these fast
neutrons enter the subsurface, are thermalized (energy reduced via moderation) in
scattering reactions with subsurface nuclei, and return to be counted by the DAN

detectors. Neutron time of flight histograms combine counts generated by many PNG
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pulses during a single measurement (12000 in a typical 20-minute active

measurement). This histogram is known as a “die-away” curve because after the

PNG pulse, neutron counts rise to a peak, then die-away back to background levels

before the next pulse (e.g., Figure 4.2). The present study only uses data from DAN

active mode, though DAN also operates in passive mode where the neutrons counted

are generated by galactic cosmic ray bombardment of the martian subsurface.
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Figure 4.2. Monte Carlo
N-Particle 6 (MCNP6)
simulated data showing
neutron die-away curves
for (a) variable WEH
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WEH). WEH increases
neutron counts, while
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neutron counts, but the
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shown here (i.e., slope
and arrival time) allow us
to constrain WEH and Zabs
simultaneously.

The neutron energy and time of flight recorded by DAN are dependent on

nuclear interactions in the subsurface. DAN is sensitive to the depth and abundance

of efficient neutron scatterers, primarily hydrogen, and efficient thermal neutron

absorbers, such as iron, chlorine, and boron (e.g., Sears et al., 1992, Hardgrove et
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al., 2011; Mitrofanov et al., 2012; Gabriel et al., 2018). As shown in Figure 4.2,
hydrogen (reported as WEH) increases neutron counts (by thermalizing neutrons)
while iron, chlorine, boron, etc. reduce neutron counts (by increasing macroscopic
thermal neutron absorption cross section, Zabs, and absorbing thermal neutrons).
Die-away curve slope and peak arrival time are dependent on these two parameters,
and variations in curve shape with each parameter allow us to vary these parameters
independently in simulations to find best-fit parameters.

4.2.2. DAN Data Analysis

To determine bulk WEH and Zabs, we compare DAN active data to simulated
data created using the Monte-Carlo N-Particle transport code (MCNP6) developed at
Los Alamos National Lab (Werner et al., 2017). MCNP6 simulates neutron transport
histories in a 3D environment which includes a detailed rover model (modified from
Jun et al., 2013), martian atmosphere, and variable subsurface composition. We use
a simulation grid which varies subsurface WEH from 0.1 wt.% to 25 wt.% and Zabs
from 4.2 x 103 cm?/g (equivalent to ~0 Fe and CI) to 23.7 x 103 cm?/g (equivalent
to, e.g., ~14 wt.% Fe and ~3 wt.% CI, or 0 wt.% Fe and ~3.65 wt.% CI) in a
homogeneous subsurface with 1.8 g/cm?3 density (Mitrofanov et al., 2016; Gabriel et
al., 2018; Lewis et al., 2019).

WEH and Zabs results are determined by comparing DAN active data from time
bins around the thermal neutron peak (249 - 1838 us after pulse) to simulated data
from the MCNP6 grid using a Markov-Chain Monte-Carlo (MCMC) technique
(Foreman-Mackey et al., 2013). MCMC explores the simulation space, interpolating
between simulation grid points and calculating likelihood functions of DAN to
simulation data. WEH and Zabs for each interpolation are plotted on histograms (e.g.,
Figure 4.3). The best-fit mean WEH and abs values and uncertainties are determined

from Gaussians fit to these distributions. We also model an “f” parameter
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representing underestimated uncertainty. High “f” values indicate either poor model
assumptions or noisy data. We ensured that all DAN and simulation data had signal-
to-noise ratios (SNR) of = 5 for neutron counts in all time bins analyzed. To achieve
this SNR, most DAN active data used in this study is coadded from multiple 20-
minute DAN active measurements (see Section 4.2.4). For the “Glasgow” (GG)
sample site, the SNR for coadded neutron counts in the 1630 — 1838 us time bin was
insufficient to meet the SNR threshold of 5, so counts from 249 - 1630 uys were used
in the MCMC analysis at this site. See Gabriel et al. (2018) for additional detail

regarding MCMC analysis of DAN active data.

Figure 4.3. Corner plot of
WEH: MCMC results for the GE
4.7 £+0.8 wt.% sample site (Figure 4.1,
Table 4.1). “f" is a free
parameter representing
underestimated
Zobs! 5 uncertainty. A large “f”
12.3+06x10-3cm/e value would indicate poor
® ] model assumptions or
1 noisy DAN and/or MCNP6
data. Corner plots for all
DAN results derived in this
work are available in
Appendix Figures E.3 -
E.23 and are archived
online (Czarnecki et al.,
2023b).
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4.2.3. Other Instruments

Mineralogical abundances used in this work are from previous CheMin
analyses of drill samples (Vaniman et al., 2014; Rampe et al., 2017; Bristow et al.,
2018; Rampe et al., 2020a; Thorpe et al., 2022). CheMin is an X-ray diffraction

(XRD) and X-ray fluorescence (XRF) instrument (Blake et al., 2012). For XRD
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analyses, drilled sample powders are delivered to a CheMin sample cell inside the
Curiosity rover. A Co source is used to transmit X-rays through powdered samples to
a CCD detector which records XRD images that are then converted to diffraction
patterns. Rietveld refinement is used to determine abundances and unit-cell
parameters of specific minerals >~1 wt.%. X-ray amorphous and poorly crystalline
minerals, including phyllosilicates, are quantified using the FULLPAT method which
finds a best-fit composition of these materials compared to a library including many
X-ray amorphous materials and clay minerals. New laboratory analysis has shown
that the previously published uncertainties for X-ray amorphous materials measured
by CheMin (50% relative uncertainty) are overestimated (Appendix Text E.1). For
amorphous abundances of samples in this study (20 - 60 wt.% amorphous
material), FULLPAT relative errors are <5% (Appendix Table E.1 and Figures E.1,
E.2), so we use 5% relative uncertainty for amorphous fractions in this study. An
overview of Gale crater CheMin mineralogy results and techniques is provided by
Rampe et al. (2020b), and Morrison et al. (2018) provides an overview of CheMin
crystal chemistry calculations from unit-cell parameters.

Amorphous chemical abundances used in this work are based on APXS
amorphous chemistry or bulk chemistry with crystal chemistry provided in the
literature (Vaniman et al., 2014; Rampe et al., 2017; Bristow et al., 2018; Rampe et
al., 2020a; Thorpe et al., 2022). Amorphous chemistry is calculated by subtracting
the weighted crystal chemical abundances based on unit-cell parameters from the
bulk chemistry provided by APXS measurements of the drill tailings. APXS measures
the abundances of all major rock-forming elements and several minor or trace
elements (e.g., Campbell et al., 2014). Although APXS is only sensitive to within the

top several microns of the target material for most major elements (Schmidt et al.,
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2018), measurements of drill tailings are assumed to be homogenized from the same
sample volume as the material delivered to CheMin.
4.2.4. Data and Site Selection

In order to constrain the hydration of clay minerals in Gale crater samples, we
pair DAN active measurements with drilled samples. Coordinated measurements are
carefully selected, but in all cases we assume that APXS chemistry and CheMin
mineralogy results from the drilled volume (cubic centimeters) are representative of
the larger DAN sensing volume (cubic meters). The Bradbury and Mt. Sharp groups
together represent a >700 m thick fluviolacustrine stratigraphic section. Within this
section, MSL has acquired 32 drill samples (and another five from an unconformable
aeolian sandstone). In this study, we analyzed 20 samples (Table 4.1) from the
lowermost “Sheepbed” member of the Yellowknife Bay formation to the Glasgow
member of the Carolyn Shoemaker formation (Figure 4.1). We omitted four samples
from this interval. The “"Windjana” sample from the “Kimberley” formation was not
investigated by DAN. The “"Duluth” sample from the Murray formation was taken
from a block of bedrock surrounded by aeolian sand that appears to be several cm
deep and is very dry (Gabriel et al., 2018), so the ~2 m wide DAN field of view
(FOV) is likely not representative of the drilled sample. The “Hutton” drill sample was
taken on a relatively steep slope and because the DAN instrument is located ~4 m
from drill operations (DAN is at the rear of the rover while the drill mechanism is
attached to the arm at the front of the rover), the center of the DAN FOV at this site
is tens of cm below the drill site. The “Groken” drill site is within a few meters of the
“Mary Anning” and “Mary Anning 3" (MA) drill sites but was selected specifically to
investigate unusual diagenetic features. Groken has significant mineralogical and
geochemical differences from MA and is thought to be a thin highly altered interval

which is not representative of the bulk rock (Gasda et al., 2022; Thorpe et al., 2022;
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Treiman et al., in prep). The 20 samples analyzed here appear as 16 sample sites in
Table 4.1 because four sample sites contain paired samples as listed in the table.
The samples in each of these pairs are within a few meters (the width of the DAN
FOV) of each other. For these sites, the mean mineralogy and chemistry were used
in our analysis.

For every sample site, the distance from the DAN active measurement(s)
used is < ~4 m. In some cases, DAN was centered over the drill hole, and in others
DAN data were acquired ~4 m or less from the drill hole. In some of the latter cases,
multiple DAN active measurements within ~4 m of the drill hole were coadded
together. In all cases, DAN active measurements are only coadded if they are within
several meters laterally (and within 4 m of the drill hole), within several cm
vertically, and if there is no visible difference in surface characteristics. In one case,
the “Buckskin” (BK) sample, we used a previously published DAN WEH value
(Czarnecki et al., 2020). See Appendix Table E.2 for a list of DAN measurements
used in our analyses.

4.2.5. Amorphous Component Analysis

We employ a new amorphous component analysis code to constrain abundances
of several amorphous phases in Gale crater samples. Our modeling is based on the
method in Gabriel et al. (2018). We calculate the WEH abundance contained in the
crystalline fraction of the sample assuming stoichiometric water and hydroxyl
abundances of hydrated crystalline phases and clay mineral structural hydroxyl using

the following equation:

WEHyqr = ) WEHu, + [min]
(4.1)

where WEHxtas = WEH in the crystalline fraction, WEHmini = stoichiometric WEH of the

ith mineral, and [min;] = the bulk fractional abundance of the ith mineral. The water
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or hydroxyl abundances of a few minor phases, which we include in the crystalline
fraction for Equation 4.1, are not always well-constrained by CheMin. See Appendix
Text E.2 for specific details related to WEH in the crystalline fraction.

With DAN-derived bulk WEH (see Section 4.2.2 and Table 4.1) and the
crystalline fraction WEH (Equation 4.1), it is straightforward to calculate the WEH of
the amorphous fraction:

WEHye; = WEHp — WEH
(4.2)

where WEHaci = WEH of the amorphous fraction plus “excess” WEH, representing
sorbed water or hydroxyl not included in other amorphous phases (see below).

We use a Monte-Carlo technique in which we randomly generate candidate
amorphous phase compositions from the list of candidate amorphous phases in Table
4.2. We calculate chemical and WEH abundances for each randomly generated
candidate amorphous phase composition, and determine if it is a good fit until we
have generated 10k good-fits for each sample listed in Table 4.1. A good-fit
composition is one which agrees (within propagated uncertainties) with the known
sample chemistry and hydration. That is, it meets the criteria of either Equation 4.3,

or Equation 4.4, or both, for every oxide listed in Table 4.2, including WEH:

Ylox]+ ¢+ | ) 610x1)2 2 [0x,] - ¢ + 6[0x,]
Y0x] =9 | 610512 < [0x] + ¢ + 610%,]

(4.3)

(4.4)
where [Oxi] = the oxide abundance of the jith candidate phase, 6[Oxi] = the oxide
abundance uncertainty of the ith candidate phase, [Oxs] = the oxide abundance of
the sample amorphous fraction, 8[Oxs] = the oxide abundance uncertainty of the

sample amorphous fraction, and ¢ = an additional uncertainty factor.
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Table 4.2. Chemistry and hydration of modeled candidate amorphous phases.
Modeled relative uncertainties are discussed in Section 4.2.5.

L"ﬁ;'sﬂed Si0, ALbO; FeOr MgO CaO Na:O  K,O  SO;  WEH
E'Rays‘;fa',t.ic 70.4  16.9 3.3 1.2 1.3 3.6 3.2 0 0.1
gf‘assas"ﬁ'hc 46.7 111 203 11.1 8.2 2.5 0.1 0 0.1
ISrL?I?ateC 0 0 314 0 0 0 0 473 213
g':@a“tisd'“m 0 0 0 26.1 0 0 0 51.9 220
Opal-Ae 93.7 0 0 0 0 0 0 0 6.3
Allophanefn 46.1 47.4 0 0 0 0 0 0 6.5
Hisingerited" | 46.6 0 403 11.4 1.4 0 0 0 2.6
Ferrihydrite" 0 0 96.0 0 0 0 0 0 4.0
MES‘CC’eSS 0 0 0 100.0 0 0 0 0 0
CEa’gess 0 0 0 0 100.0 0 0 0 0
NEa’;%eSS 0 0 0 0 0 100.0 0 0 0
Kf’écess 0 0 0 0 0 0 100.0 0 0
V\'f’E‘ﬁess 0 0 0 0 0 0 0 0 100.0

3Chemistry from Varela et al. (2000)

bChemistry from Filiberto et al. (2008)

¢Chemistry and hydration from Sklute et al. (2015)
dWEH from Vaniman et al. (2004)

eWEH from Rapin et al. (2018)

fChemistry from Rampe et al. (2016)

9Chemistry from Evans et al. (2017)

PWEH from Gabriel et al. (2018)

For most samples, ¢ = 1. But for GE (¢ = 1.1), QL (¢ = 1.8), and SB (¢ =
1.3), an additional uncertainty factor was required to obtain good-fit compositions.
In practice, this factor inflates the uncertainty in the oxide compositions of the
candidate amorphous phases and of the sample. But in reality, ¢ > 1 means a
broader range of oxide abundances was required for candidate amorphous phases of
more variable compositions, such as glasses. Additional details regarding the
composition of candidate amorphous phases are described in Appendix Text E.2.
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In addition to these amorphous phases, we include “excess” abundances of
four cations. These “excess” phases are included because these cations can have
variable abundances in crystalline phases and can also be important components in
organic sorption to clay minerals. We also include “excess” WEH, which accounts for
any sorbed hydration (water or hydroxyl) not already included in other amorphous
phases. Because clay minerals are abundant in Gale crater and smectite clays can
expand to include a large abundance of WEH, this “excess” WEH component could be
present as clay mineral hydration. Several samples contain very little or no
abundance of a particular cation. In these cases, we proceed with the analysis
described above, but with the absent cation(s) removed from the sample and
candidate amorphous phase compositions. See Appendix Text E.2 for more details.
4.3. Results

Table 4.1 includes DAN bulk WEH results for each sample site listed. Corner
plots for all WEH results are in Appendix Figures E.3 - E.23 and are archived
(Czarnecki et al., 2023b). These results were input quantities in the amorphous
component analysis of amorphous phases in Table 4.2. Our results include Gaussian
and non-Gaussian distributions. We use quartiles to discuss distribution statistics in
an unbiased manner, rather than using other methods (e.g., Gaussian statistics)
which assume specific distribution characteristics that are not valid for all results.
4.3.1. “"Excess” WEH

Figure 4.4 has modeled “excess” WEH distributions as percentages of the bulk
sample for 10k good-fit compositions for each sample site. Each distribution shows
the median value (Q2) and the first (Q:1) and third (Qs) quartiles. Figure 4.5a shows
boxplots of these data for easier comparison. Figure 4.5b are boxplots of modeled
“excess” WEH as a percentage of bulk WEH, which shows that the modeled “excess”

WEH abundances are a significant percentage of the bulk WEH in many samples.
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Figure 4.4. Distributions of modeled “excess” WEH as a percentage of the bulk
sample. Blue lines denote Q1, Q2 (median), and Q3. Note the larger horizontal axis
scale for OU. Vera Rubin ridge and Glen Torridon samples (rows 4 - 6) have greater
“excess” WEH than other samples. Data also shown in Figure 4.5a.
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greater “excess” WEH than other samples. Data in (a) also shown in Figure 4.4.
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Table 4.3 lists Q1, Q2, and Qs values for each phase in each sample. There are

good-fit modeled compositions for all samples where a significant percentage (> 10

wt.%) of bulk WEH is “excess”, but more recent samples from Vera Rubin ridge

(VRR) and GT generally have more modeled “excess” WEH than earlier samples, with

the notable exception of OU (note the larger WEH scale for OU in Figure 4.4).
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Figure 4.6. Distributions of all candidate phases except “excess” WEH (Figure
4.4) as percentages of the bulk sample for 10k good-fit modeled compositions for
the GE sample. Solid red lines denote median values (Q2) and dashed red lines
denote Q: and Qs. Horizontal and vertical axes vary for each distribution.
Distributions for all samples are available in Appendix Figures E.24 - E.39 and
are archived online (Czarnecki et al., 2023b).

4.3.2. Amorphous Phases and “"Excess” Cations

Figure 4.6 shows distributions of all modeled amorphous phases and

“excess” cations across the 10k good-fit compositions for the GE sample site as

an example. Distributions for all samples are in Appendix Figures E.24 - E.39 and

are archived online (Czarnecki et al., 2023b).
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Table 4.3. Results for “excess” WEH, amorphous phases, and “excess”
cations. Median (Qz), as well as Q: and Qs abundances are reported from

10k good-fit modeled compositions.

Total

“Excess” Total Total Amorphous N Total "

WEH Glass Amorphous Alteration Ex<_:ess
Sulfates? Phasesb Cations©

Q2 8; Q2 8; Q. 8; Q2 8; Q 8;

ic | 0.23 8:;; 3.2 ﬁ:f 6.1 .| 133 }ﬁ:% 57 21
cH | 004 o3| 162 J7E 83 gol 97 35| 07 I
mi|ooar 9% 17e 1va| 95 02| 172 2| 24 3L
o0 3% 26 181 37 3% 19 119 06 OO
BK | 009 00| 385 3031 77 741 gs 011 ag 97
ou | 228 12701 a0 I3 o0s 07| 259 233 40 7
MB | 020 092 sa 371 52 2l oa79 25F1 13 1)
Qu | 007 3231 257 2390 108 197) 116 00| 39 23
s8 | 006 o3| 227 37| 87 g5l 167 5| 28 33
st | 034 gge| 1a 35| es 3| 12 [R) a3 48
HE | 071 9891 1as 1220 28 27| 286 200|288 20
rRe [ 023 Ollia00 33| 145 1221 73 7)1 IO
A | 025 il 2L 35| 96 ggp| 76 g 36 g3
GE | 034 0% 103 53| 153 18 64 7 4s 32
GG | 076 93| 217 1320 74 5% g4 V)32 27
Ma | 033 051 18 23| 118 112 86 [0 34 29

Note: All abundances are reported in wt.% of the bulk sample.
aIncludes amorphous Fe- and Mg- sulfate
bIncludes opal-A, allophane, hisingerite, and ferrihydrite

‘Includes “excess” Na, K, Mg, and Ca
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Figure 4.7. Boxplots for each amorphous phase and “excess” cation from 10k good-
Qi to Q3, and whiskers extend across the entire distribution.
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Figure 4.7 shows boxplots for each modeled amorphous phase and
“excess” cation. Figure 4.8 shows boxplots with each candidate phase grouped
into one of four categories: total glass, total amorphous sulfates, total
amorphous alteration phases (opal-A, allophane, hisingerite, and ferrihydrite),

I\\

and total “excess” cations. Figure 4.8 shows that several samples require
significant glass and/or alteration phases to achieve good-fits, and these two
categories are generally more abundant than amorphous sulfates and “excess”

cations. But note that most samples have median amorphous sulfate values

between 5 - 15 wt.%.
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Figure 4.8. Boxplots for three categories of amorphous phases and total “excess”
cations from 10k good-fit modeled compositions. Total Amorphous Alteration Phases
includes opal-A, allophane, hisingerite, and ferrihydrite. Red lines denote median
values (Q2), boxes extend from Q: to Qs, and whiskers extend across the entire
distribution range.
4.4. Discussion
4.4.1. Smectite Hydration

Litvak et al. (2023) noted an increase in bulk WEH for VRR and GT compared
to stratigraphically lower units, and Czarnecki et al. (2023a) showed that bulk WEH

is greater in GT than on VRR, and proposed that the increase in GT bulk WEH could
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correlate with the greater clay mineral abundances in GT samples (Thorpe et al.,
2022). Figures 4.4 and 4.5 predict that, with the notable exception of OU, VRR and
GT also have more “excess” WEH than stratigraphically lower samples sites. VRR and
GT samples have mean “excess” WEH of 0.42 £ 0.09 wt.% and samples below VRR
(not including OU as an outlier) have mean “excess” WEH of 0.11 £ ~0.03 wt.%.
This again suggests that the clay minerals in this region could be hydrated in the
subsurface. Although our models show that OU and the VRR samples ST and HF have
some of the greatest “excess” WEH in Gale, these clay minerals have been identified
most closely with ferripyrophyllite (Bristow et al., 2018; Rampe et al., 2020a), which
has a lower potential to sorb “excess” WEH than smectites because it lacks
expandable interlayer regions that are a characteristic of smectites. For this reason,
the OU and VRR samples’ “excess” WEH is more likely sorbed to amorphous phases
such as opal-A (see Section 4.4.3).

We focus here on the subset of samples with identified smectites (Sap,
Mnt/Sap, and Nnt in Table 4.1). We also include MJ which may contain smectite
(Rampe et al., 2017), and TP and BK, which represent the endmember case of no
clay minerals. Figure 4.9 is a plot of smectite abundance vs. modeled “excess” WEH.
With the exception of GG, a high “excess” WEH outlier, there is a correlation between
median “excess” WEH and smectite abundance (r?> = 0.60). This strong correlation
suggests that most “excess” WEH in these samples is sorbed to smectite clays. The
slope of the best-fit line (m = 0.0073 £ 0.0020) indicates that if all the “excess”
WEH in these samples is sorbed to smectites, these smectites contain 0.73 £ 0.20
wt.% WEH as interlayer water. One water per formula unit (pfu) of an intermediate
saponite or nontronite is ~4 wt.% WEH, so this equates to n = ~0.13 - 0.23 waters
pfu in Gale crater smectites. Note that this assumes all “excess” WEH is sorbed to

smectites, and therefore is an upper bound.
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Lo Figure 4.9. Plot of

¥ Saponite smectite abundance vs.
None or Unknown modeled “excess” WEH.
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This result agrees with the suggestion made by Sutter et al. (2017) that
water measured by SAM may have contributions from smectite interlayer water, and
strengthens the possibility that organics measured by SAM (e.g., Ming et al., 2014;
Sutter et al., 2017; Eigenbrode et al., 2018) could be bound to these smectites
because the organic sorption to mineral surfaces is commonly through hydroxyl
(Lutzow et al., 2006; Keil & Mayer, 2014) or water (Sheng et al., 2001).

There are other potential sources for the “excess” WEH modeled here. One is
gypsum, which Vaniman et al. (2018) showed can dehydrate to bassanite (from two
waters pfu to one-half water pfu) in the relatively warm and low humidity conditions
inside CheMin. If bassanite in samples dehydrated from gypsum during sample
handling, then the bassanite measured by CheMin could be in the more hydrated
gypsum form in the subsurface when measured by DAN. We compared CheMin
bassanite abundances to modeled “excess” WEH (Appendix Figure E.40), and see no
correlation, indicating that if gypsum is dehydrating to bassanite prior to CheMin

analysis, the change in bulk hydration is not significant.
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Another potential explanation for our modeled “excess” WEH is
underestimated hydration of the modeled amorphous phases (Table 4.2), which all
have variable hydration. We have attempted to mitigate this possibility by using
hydration values sourced from either laboratory studies of martian meteorites, Mars
analogue work, or a previous study using DAN WEH results to constrain amorphous
phase abundances (Gabriel et al., 2018). We also incorporate generous relative
uncertainties (30%) for the selected amorphous phase hydration values to simulate
some of the natural variation in these phases’ hydration. Nevertheless it is possible
that amorphous phase hydration is more variable than represented by our modeled
phase uncertainties in some cases, including for GG (see e.g., Section 4.4.2).

We also modeled “excess” abundances of four cations. Figure 4.10a shows
smectite abundance vs. “excess” monovalent cations (Na and K) and Figure 4.10b
shows smectite abundance vs. “excess” divalent cations (Mg and Ca). Divalent
cations sorb organics to clay minerals more effectively than monovalent cations do
(Dontsova & Bigham, 2005), and “excess” divalent cations are also more abundant
than “excess” monovalent cations in Gale crater (Figures 4.7 and 4.10). Additionally,
divalent cations can sorb organics through waters of hydration (Dontsova & Bigham,
2005), rather than through clay mineral hydroxyls. As with “excess” WEH discussed
above, modeled “excess” monovalent and divalent cations both increase with
increasing smectite. Removing one outlier from each Figure 4.10 plot, we find strong
correlations for “excess” monovalent cations (remove MJ outlier, r> = 0.75) and
“excess” divalent cations (remove MB outlier, r> = 0.59). On Earth, cation bridging is
a principal mechanism that binds organics to mineral surfaces and can preserve
organics for long durations (Naidja et al., 1997; Keil & Mayer, 2014). So these
correlations indicate conditions favorable to the binding of organic molecules to

smectites and support smectite preservation of organics in Gale crater.
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Figure 4.10. Plots of smectite abundance vs. (a) modeled “excess” monovalent
cations (Na + K) and (b) divalent cations (Mg + Ca). For monovalent cations the
best-fit line (r> = 0.75) does not include the MJ outlier and for divalent cations the
best-fit line (r> = 0.59) does not include the MB outlier. “Excess” cation error bars
extend from Qi to Q3. Samples with ferripyrophyllite are not included.

Illite contains more K pfu than smectites contain Na pfu. So the MJ high
“excess” monovalent cations model result in Figure 4.10.a supports illite in MJ rather
than a smectite. As shown in Figure 4.10.b, MB has low modeled “excess” divalent
cation abundances compared to samples with similar smectite abundances. We did
not include “excess” Fe in our analyses, but MB has a high Fe abundance in the
amorphous fraction (Rampe et al., 2017), some of which may be “excess”, which
would cause MB to better fit the trend in Figure 4.10.b.

Given the correlation of clay minerals, which enhance organic preservation
(see Section 4.1.3), with modeled “excess” WEH and “excess” cations, it is likely that
Gale organics are bound to clay minerals. This agrees with conclusions reached in
previous work as well (e.g., Ming et al., 2014; Eigenbrode et al., 2018). Additionally,
results from the ChemCam instrument have demonstrated that boron is abundant in
some sections of Gale stratigraphy that correspond to clay-bearing units (Gasda et
al., 2017; Das et al., 2020). Boron is thought to be important in the development of

RNA (Gasda et al., 2017) as a requirement for life, and recent work has

demonstrated that up to 90 - 110 ppm boron could be sorbed to smectites in Gale
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(Nellessen et al., 2023). Borate adsorbs more efficiently in the presence of major
cations such as Na and Ca (Nellessen et al., 2023), so boron detections in clay-
bearing units where modeled “excess” cations are correlated with smectites supports
the sorption of borates to smectites in Gale crater.

4.4.2. Opal-A

Although most samples have good-fit compositions with little to no modeled
opal-A, a few samples (OU, ST, and HF) have median opal-A abundances > 10 wt.%
(Figure 4.7). OU and HF have good-fit compositions up to > 25 wt.% opal-A. Opal-A
often forms from the alteration of basaltic sediment (Rampe et al., 2020b), but does
not persist long on Earth, rapidly transforming to opal-CT and then to quartz (e.g.,
Dehouck et al., 2014) when in contact with water at 0°C for < 400 Ma total (Tosca &
Knoll, 2009). The persistence of opal-A indicates relatively little water-rock
interaction in syn- and post-depositional history.

Opal-A also has a large surface area and is another potential reservoir for
“excess” WEH and “excess” cations in some samples. And as discussed in Section
4.1.4, hydrated opal is another good candidate for organic preservation (Costa et al.,
2008; Nonella & Seeger, 2008) and microbe preservation (Squyres et al., 2008). Our
models suggest that some of the samples with the greatest “excess” WEH
abundances also have large opal-A abundances (Appendix Figure E.41), including the
OU, ST, and HF ferripyrophyllite-bearing samples that were not included in the Figure
4.9 and 4.10 smectite analyses. The GG high “excess” WEH outlier in Figure 4.9 also
potentially has more opal-A than the other GT samples (Figure 4.8 opal-A boxplot).
Opal-A can have a variety of hydration states; for our models we used a value of 6.3
wt.% WEH, the mean value from Rapin et al. (2018). But Rapin et al. (2018)
reported larger opal-A WEH values from Gale crater samples as well, and Gabriel et

al. (2022) proposed that opal-A in some Gale crater samples (not included in our
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analyses) contain > 10 wt.% WEH. Given the high abundance of modeled opal-A in
the distributions of OU, ST, and HF, and to a lesser extent in GG, it is likely that a
significant amount of the modeled “excess” WEH from these samples is due to
underestimated opal-A WEH in our models.

OU was sampled just above BK in the stratigraphic section (Figure 4.1) in a
region where other high-silica samples were drilled from opal-rich fracture halos in
the unconformable “Stimson” formation (Yen et al., 2017; Gabriel et al., 2022; Rapin
et al., 2018). Silica in these samples is primarily opal-A (Rapin et al., 2018) that was
likely mobilized from the underlying high-silica material sampled at BK (Frydenvang
et al., 2017; Czarnecki et al., 2020), which is glass-rich and opal-A poor (Figures 4.7
and 4.8). Samples from this section of the traverse, including TP, BK, and OU from
the Murray formation, and the “"Greenhorn” and “Lubango” samples from the
overlying unconformable Stimson formation have unique mineralogy, including opal-
A, opal-CT, tridymite, and cristobalite. The opal-A hydration of these samples will be
the subject of future work.

4.4.3. Hisingerite, Allophane, and Ferrihydrite

Figure 4.7 shows higher modeled abundances of hisingerite earlier in the
stratigraphic section (below VRR), where median abundances are generally = 5
wt.%, compared to later in the section (VRR and GT), where median abundances are
< ~5 wt.%. Hisingerite is a product of serpentization and produces abundant H2
(Evans et al., 2017; Tutolo et al., 2019; Tutolo & Tosca, 2023) which is an energy
source for life (Amador et al., 2018; Tutolo et al., 2019). Hz produced by
serpentization could be related to the origin of life of Earth and is a compelling
reason to search for biosignatures in areas of serpentization (Amador et al., 2018).
The presence of hisingerite (in abundances up to 20 wt.% or more in some samples)

is another indication of habitability during sediment diagenesis of these units.
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Rampe et al. (2020b) and David et al. (2022) concluded that allophane was a
minor component of Gale crater samples. This is supported by our results in which all
samples have good-fit compositions with little to no allophane (Figure 4.7). In our
model results, allophane is somewhat more abundant in samples from the upper
section (VRR and GT) where median allophane is generally ~2 - 4 wt.% with good-fit
compositions up to 10 - 12 wt.% in HF and AK. In the lower section (below VRR)
median allophane is < 2 wt.% with maximum good-fit compositions < 6 wt.%.

Figure 4.7 shows that modeled ferrihydrite is also a relatively minor
component of Gale crater samples, but is most abundant in the MB, QL, and SB
samples. Median abundances for these samples are between ~4 - 6 wt.%. Achilles
et al. (2020) previously suggested that the MB sample likely contains ferrihydrite,
and in our analysis this sample has the highest potential ferrihydrite abundance, with
good-fit compositions up to > 14 wt.%. All samples other than MB, QL, and SB have
median abundances < 2 wt.% with maximum good-fit compositions mostly < 6
wt.%. Rampe et al. (2016) showed that chemisorption of sulfate or phosphate
complexes onto ferrihydrite can inhibit its transformation to a crystalline phase. But
sulfates are not particularly abundant in these samples, and though phosphorus was
not included in our analyses, reported phosphorus abundances in the amorphous
fraction of these samples are also not particularly high (Bristow et al., 2018).

4.4.4. Glasses

Previous work using FULLPAT analysis of CheMin data has consistently
suggested the presence of remnant volcanic or impact glass (e.g., Rampe et al.,
2017; Rampe et al., 2020a; Rampe et al. 2020b). Our modeling has shown a
significant remnant glass component in nearly all samples. Median total glass
abundances are > 10 wt.% in two-thirds of samples (Figure 4.8), reaching a

maximum in BK at ~40 wt.%. The high-silica material sampled at BK contained
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tridymite, indicating a silicic volcanic origin (Morris et al., 2016), and the high glass
content of BK constrained by our models supports a volcanic origin for this material.
Glass is easily altered by water (e.g., Dehouck et al., 2014), and allophane and
ferrihydrite are common weathering products of volcanic glass (e.g., Rampe et al.,
2016). So the relatively high abundances of glass and low abundances of allophane
and ferrihydrite (Figures 4.7 and 4.8) in these samples could indicate low water-rock
interaction over the syn- and post-depositional history of Gale crater.
4.4.5. Amorphous Sulfates

Experimental studies have suggested that amorphous sulfates could be
abundant on present-day Mars (e.g., Vaniman & Chipera, 2006; Wang et al., 2009;
Sklute et al., 2015; Chipera et al., submitted), and polyhydrated Mg-sulfates
identified from orbit are consistent with amorphous phases (Wang et al., 2009;
Chipera et al., submitted). Amorphous ferric sulfates can form from evaporation of
aqueous ferric sulfate solutions at low relative humidity (Xu et al., 2009) or from
rapid dehydration of crystalline forms (Wang & Zhou, 2014; Sutter et al., 2017).
Amorphous ferric sulfates have been shown to endure diurnal relative humidity
variations without recrystallization (Sklute et al., 2015), while amorphous Mg-sulfate
quickly alters to crystalline and back depending on water availability (Vaniman et al.,
2004). Both Fe- and Mg-sulfates should become amorphous during MSL sample
acquisition and handling (Vaniman et al., 2014; Sutter et al., 2017). This suggests
that although CheMin and SAM should expect to measure primarily amorphous Fe-
and Mg-sulfates, these sulfates could be either amorphous or crystalline in the
subsurface.

Various studies have concluded that amorphous sulfates are present in Gale
crater samples (e.g., Sutter et al., 2017; McAdam et al., 2020, Rampe et al.,

2020a,b; McAdam et al., 2022). Model results in Figure 4.8 show amorphous sulfates
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in all samples except OU, which fits best with very little to no amorphous sulfate.
David et al. (2022) suggested that amorphous sulfates are the major carrier of soil
hydration in Gale. Although our models show generally less total amorphous sulfate
than total glass or amorphous alteration phases, the median overall amorphous
sulfate abundance (~8 wt.%) with the sulfate hydration in our models (~22 wt.%
WEH) indicates that amorphous sulfates contain up to a few wt.% of bulk WEH.
Although they are not the major carrier in all samples, amorphous sulfates are
certainly a significant overall source of subsurface hydration in Gale crater. Modeled
amorphous sulfate abundances are highly variable among the samples analyzed
(Figure 4.7), with median abundances from < 1 wt.% for both Fe- and Mg-sulfate up
to ~8 wt.% for Mg-sulfate and ~10 wt.% for Fe-sulfate. Overall similar trends are
followed across the traverse for these two sulfate species. Only ST requires
appreciable amounts of Mg-sulfate for good-fit compositions, but CH, TP, MB, QL,
SB, and RH all require some Fe-sulfate for good-fit compositions.

In our models, total amorphous sulfates increase in abundance from the base
of the section to the MJ sample, then decrease to the BK and OU samples. Above OU,
sulfate abundances increase again up to the QL sample, followed by another steady
decrease until the HF sample on VRR. Because sulfates are an indicator of acidic
conditions (e.g., Achilles et al., 2020), the correspondence of very low sulfate
abundances and very high amorphous silica abundances in the BK and OU samples
suggests that these silica abundances are not the result of acid leaching, but rather
of a change in sediment source (e.g., Morris et al., 2016; Czarnecki et al., 2020) or
passive enrichment as in the fracture halos of the unconformably overlying Stimson
formation (Yen et al., 2017; Gabriel et al., 2022, Rapin et al., 2018).

The HF sample has much lower modeled amorphous sulfate (and crystalline

Ca-sulfate, Rampe et al., 2020a) than RH at the same stratigraphic level. HF follows
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a decreasing amorphous sulfate trend upsection from QL, whereas RH represents the
start of an interval of more abundant amorphous sulfates that persists through most
GT samples (Figure 4.8). GT lies at the boundary of clay mineral-dominated
stratigraphy and sulfate-dominated stratigraphy on the ascent up Mt. Sharp.
Samples obtained above GT contain lower and lower clay mineral abundances until
clay minerals are entirely absent in the “Zechstein”, “"Avanavero”, and “Canaima”
samples (Vaniman, 2012; Chipera et al., submitted). Canaima is also the first
sample, measuring from the base of the section, that contains crystalline sulfates.
This transition from clay to sulfate mineralogy may have been in evidence first in the
VRR and GT samples, which our models show contain, on average, more amorphous
sulfates than underlying samples (Figure 4.8). This increase in sulfate abundance
represents a transition to a more arid environment that is also evident in other areas
of Mars (e.g., Murchie et al., 2009). Future work will extend our analysis to these
overlying samples in order to quantify total sulfate abundances for stratigraphy that
preserve evidence of the aridification of Gale crater.
4.5. Conclusions

We developed a method of constraining amorphous phase abundances and
“excess” water and cations for Gale crater samples by modifying and expanding the
modeling techniques of Gabriel et al. (2018). We determined which randomly
generated candidate amorphous phase compositions have good-fit chemistry and
hydration compared to MSL drill sample amorphous compositions based on CheMin
mineralogy, APXS geochemistry, and DAN bulk hydration. Modeled distributions of
these phases for all samples are available in Figure 4.4 and Appendix Figures E.24 -
E.39. Boxplots in Figures 4.5, 4.7, and 4.8 allow for easy comparison of samples. We

have derived four primary conclusions from these results:
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1. Smectites in Gale crater are hydrated. The correlation shown in Figure 4.9,
between modeled “excess” WEH and smectite abundance (r?> = 0.60) in Gale
samples (excepting one smectite-bearing outlier) indicates that these smectites
are likely hydrated, though at low abundance (equivalent to n = ~0.2 H20 pfu)
and indicates that organics measured by SAM (e.g., Ming et al., 2014; Sutter et
al., 2017; Eigenbrode et al., 2018) could be bound to these smectites through
hydroxyl (Lutzow et al., 2006; Keil & Mayer, 2014) or water (Sheng et al., 2001).

2. Smectites in Gale crater contain bound cations that may act as cation bridges for
sorbed water or organics. Correlations between smectite abundance and modeled
“excess” monovalent and divalent cations (excepting one outlier each) are shown
in Figure 4.10 (r? = 0.75 and 0.59, respectively). These correlations indicate that
these “excess” cations are bound to smectites in these samples. Cation bridging
is a prevalent mechanism for organic preservation in clay minerals on Earth (Keil
& Mayer, 2014), and our results indicate may be prevalent in Gale crater as well.

3. Amorphous phase abundances indicate low water-rock interactions in the syn-
and post-depositional history of Gale crater. The presence of abundant
amorphous material in Gale crater indicates intermittent, low-volume
groundwater (Rampe et al., 2020b), and low water-rock interactions (McLennan
et al., 2019; Smith et al, 2021) in the syn- and post-depositional history of Gale
crater. Our model results support low water-rock interactions, as indicated by the
persistence of abundant amorphous sulfates (Chipera et al., submitted), opal-A
(Tosca & Knoll, 2009), and glass (Dehouck et al., 2014) (Figures 4.7 and 4.8).
Low abundances of modeled allophane and ferrihydrite (Figure 4.7), which are
common weathering products of glass (Rampe et al., 2017), also support low

water-rock interactions.
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4. Amorphous phase abundances indicate increasing oxidation upsection in the
Murray and Carolyn Shoemaker formations. Prior work has shown abundant
evidence of oxidation from low water availability in the upper Gale crater
stratigraphic section including increased hematite:magnetite ratios and the
switch from trioctahedral smectites (saponite) to dioctahedral smectites
(montmorillonite and nontronite) (Tu et al., 2021). This is also supported by our
model results indicating increased abundances of amorphous sulfates and glass
up-section (Figure 4.8).

This work has demonstrated the diversity of phases that can be modeled by
our amorphous component analysis. The method is adaptable to allow, for example,
an investigation into the hydration state of a specific phase such as opal-A as
suggested in Section 4.4.2. The change from clay mineral stratigraphy to sulfate
mineral stratigraphy is discussed in Section 4.4.5, and our method would be a
powerful tool to constrain amorphous sulfates in this area as well. Our methods can
also be applied to samples currently being collected by NASA’s Perseverance rover in
Jezero crater for the Mars Sample Return program. These samples will be returned to
Earth probably in the 2030s. Neutron spectroscopy can be applied to these samples
before they are unsealed in the lab, allowing investigators to measure the bulk
hydration and enabling techniques like the amorphous component analysis method
developed here.
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CHAPTER 5
CONCLUSIONS

5.1. Primary Conclusions of This Dissertation

In Chapter 1, I described three areas of Mars geology that are poorly
understood: The origin of evolved magmatic lithologies, specifically in Gale crater at
Marias Pass; the hydration of clay minerals; and the composition of the ubiquitous X-
ray amorphous material in Gale crater. In Chapters 2 - 4, I investigated these
problems using neutron spectroscopy results from the Mars Science Laboratory
(MSL) Dynamic Albedo of Neutrons instrument (DAN) in conjunction with several
other MSL and orbital instrument data sets and results.

In Chapter 2, I showed that tridymite-bearing, high-silica material in Marias
Pass is part of an extensive volcaniclastic unit at least a meter thick and conformable
with surrounding Murray stratigraphy. This material has a very low Zabs consistent
with the high-silica chemistry measured by the Chemistry and Camera instrument
(ChemCam) at BK. This material is has relatively low hydration (1.85 £ 0.13 wt.%
water-equivalent hydrogen, or WEH), unlike high-silica fracture halos in the
unconformably overlying Stimson unit (Gabriel et al., 2022). DAN detections of this
high-silica material on the NE and SW sides of Marias Pass predicted that high-silica
material was present in central Marias Pass (Figure 5.1b). This area was inaccessible
to ChemCam and DAN, but Mast Camera (Mastcam) multispectral results placed it
in-family with high-silica material measured by ChemCam. By projecting geologic
cross sections from Marias Pass to the NE and SW using the regional dip of the
Murray formation, I showed that the high-silica layer is a likely source of the silica in
Stimson fracture halos as suggested by Frydenvang et al. (2017) (Figure 5.1c,d),

and that Compact Reconnaissance Imaging Spectrometer at Mars (CRISM) hydrated
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silica observations several km from Marias Pass (Seelos et al., 2014; Fraeman et al.,

2016) also reside along this projected stratigraphic horizon (Figure 5.1e).
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Figure 5.1. Topographic cross sections through Marias Pass. (a) Cross section from
Site 12 to the Lion area, 4X vertical exaggeration. One possible high-SiO2/low-FeOr
layer dip is shown, but the dip component in this direction is not constrained. The
minimum thickness of the high-SiOz/low-FeOr layer is constrained by DAN results
from Sites 8 — 10. Site 10 bedrock (dashed, located about 2 m south of A-A') is
projected from its measured elevation. Site 9 is covered by a thin (<5 cm) veneer of
sand but was modeled as a single layer to reduce complexity (see Appendix Text
A.4). (b) Cross section from Site 16 to the Lion area, 4X vertical exaggeration.
Relationships shown here constrain the maximum dip of the high-SiOz/low-FeOr
layer in this direction. (c, d) Cross sections from Marias Pass to Naukluft Plateau
(Lubango fracture alteration halo) and Bridger Basin (Greenhorn fracture alteration
halo). The projected apparent dip of the high-SiO2/low-FeOr layer, based on a true
regional dip of 3° northwest (Kite et al., 2013; Lewis & Turner, 2019) is 0.11° and
1.38° from Marias Pass to Lubango and Greenhorn, respectively. This places the
high-SiOz/low-FeOr layer ~18 m below Lubango, ~2 m below Greenhorn, and ~1.5 m
below an unnamed alteration halo. These vertical proximities support the hypothesis
that the high-SiO2/low-FeOt bedrock was a source for the SiO2 enrichment of the
overlying alteration halos. (e) Cross section passing through Marias Pass and CRISM
hydrated SiO2 detections (Fraeman et al., 2016; Seelos et al., 2014), 4X vertical
exaggeration. <0.5° dips are required for stratigraphic equivalence between Marias
Pass and Sites p and y, consistent with a 3° regional dip to the NW.
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DAN was invaluable for mapping the extent of this high-silica layer because
although it was only measured at the surface in a small area around the BK drill site,
it was shallowly buried within the DAN sensing depth over a larger area in Marias
Pass (Figure 5.1a,b). The low hydration of this material is a key piece of evidence
that the abundant amorphous silica is not primarily opal-A like the silica-rich Stimson
fracture halos (Rapin et al., 2018). Rather, its orientation and hydration indicate that
it is a rhyolitic glass-rich deposit sourced from an evolved volcanic material and
deposited in the lacustrine Murray succession. This conclusion is also supported by
my work in Chapter 4, where I showed that the BK sample from this high-silica layer
contains much more rhyolitic glass than opal-A.

In Chapter 3, I presented results for DAN active and passive measurements in
Vera Rubin ridge (VRR) and Glen Torridon (GT). VRR samples have lower clay
mineral abundances than GT, and VRR contains ferripyrophyllite (Rampe et al.,
2020a), a non-expandable clay mineral, whereas GT contains nontronite (Thorpe et
al., 2022), an expandable clay mineral that can accommodate water in interlayer
sites. So the water capacity of clay minerals in GT is much greater than in VRR. This
is reflected in my DAN active results (Figure 5.2b) which show significantly higher
mean hydration in GT (3.9 £ 0.1 wt.% WEH) than in VRR (3.0 = 0.1 wt.% WEH).
DAN passive results from this region are consistent with this trend, showing
increased thermal neutron counts in GT compared to VRR. CRISM spectral parameter
maps originally identified GT as a clay-bearing unit based on the 2.3 ym absorption
diagnostic of clay minerals (Milliken et al., 2010; Fraeman et al., 2016). CRISM also
shows a small, but significant, increase in the mean 3.0 ym hydration index (He et
al., 2022) for GT (0.476 + 0.002 BDI) compared to VRR (0.471 £ 0.002 BDI).

By classifying CRISM pixels in VRR and GT into ‘regolith’ and ‘bedrock’

categories, I found a distinct bias toward greater mean 3.0 ym hydration in regolith
142



pixels (0.480 £ 0.001 BDI) compared to bedrock pixels (0.465 + 0.001 BDI) (Figure

5.2a), indicating that the regolith is either more hydrated than the bedrock or has a

different grain size texture. In contrast, the mean DAN WEH of regolith pixels (3.5 =

0.1 wt.% WEH) is indistinguishable from that of bedrock pixels (3.5 £ 0.1 wt.%

WEH), indicating that the regolith is not thick and most of the DAN field of view

(FOV) contains bedrock. I plotted DAN WEH vs. CRISM 3.0 yum BDI for the unbiased

bedrock pixels, but did not find a significant correlation, possibly due to the

granularity of the regolith vs. bedrock classification scheme.
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Figure 5.2. DAN-derived
WEH vs. CRISM 3 ym BDI
symbolized by surface
cover (top) and
geomorphic region
(bottom). The same data
are shown in both plots,
only the classification
scheme differs. CRISM
pixels classified as
“regolith” are primarily
pebble-sized or smaller
surface cover, whereas
“bedrock” pixels are
primarily exposed
bedrock. A representative
error bar on each plot
shows the mean DAN WEH
error. One data point from
a previous DAN
measurement of a sand
dune (Gabriel et al., 2018)
is included for reference.
Mean values are larger
points with error bars
representing standard
deviation of the mean.
Regolith pixels have
distinctly enhanced 3 ym
BDI compared to bedrock
pixels (top); and WEH is
generally lower on VRR
than in GT (bottom).



Chemistry and Mineralogy instrument (CheMin) results from Gale crater
samples have shown that clay minerals are consistently collapsed (e.g., Rampe et
al., 2020b). But my DAN-derived results from GT, in comparison to VRR, suggest the
possibility that expandable clay minerals may be hydrated in the subsurface prior to
MSL sample acquisition and handling. This highlights the importance of neutron
spectroscopy for measuring the undisturbed, in situ bulk hydration of ancient
materials. These results also motivate the investigation of clay mineral hydration
throughout Gale crater.

In Chapter 4, I developed a method to constrain clay mineral hydration as
well as the abundances of candidate amorphous phases in Gale crater samples.
Starting with DAN bulk WEH, I subtracted WEH contributions from hydrated
crystalline phases to determine the hydration of the amorphous fraction plus
“excess” WEH for each sample. CheMin and the Alpha-Particle X-ray Spectrometer
(APXS) provide the amorphous fraction chemistry in the literature (Vaniman et al.,
2014; Rampe et al., 2017; Bristow et al., 2018; Rampe et al., 2020a; Thorpe et al.,
2022). With the amorphous hydration and chemistry, I was able to model 10k good-
fit amorphous phase compositions that consist of volcanic or impact glass, Fe- and
Mg-sulfates, opal-A, allophane, hisingerite, and ferrihydrite, plus “excess” WEH, Na,
Mg, K, and Ca.

I found a strong correlation between smectite abundance and modeled
“excess” WEH in Gale crater smectite-bearing samples (Figure 5.3, r> = 0.60). This
result indicates that smectites in Gale crater are hydrated (although only at the
equivalent of ~0.2 H20 per formula unit) and that organics measured by the Sample
Analysis at Mars instrument are likely bound to clay minerals through hydroxyl
(Lutzow et al., 2006; Keil & Mayer, 2014) or waters of hydration (Sheng et al.,

2001). Similar strong correlations between clay minerals and modeled “excess”
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monovalent cations (Figure 5.4a, r> = 0.75) as well as modeled “excess” divalent

cations (Figure 5.4b, r?

through cation bridging as on Earth (Keil & Mayer, 2014).

1.0

0.59) indicate that organics may be primarily bound
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Figure 5.3. Plot of
smectite abundance vs.
modeled “excess” WEH.
The correlation shown
here is strong (r> = 0.60)
when the GG high
“excess” WEH outlier is
removed. “Excess” WEH
error bars extend from Q1
to Qs. Samples with
ferripyrophyllite are not
included.
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Figure 5.4. Plots of smectite abundance vs. (a) modeled monovalent cations (Na +
K) and (b) modeled divalent cations (Mg + Ca). For monovalent cations the best-fit
line (r? = 0.75) does not include the MJ outlier and for divalent cations the best-fit
line (r> = 0.59) does not include the MB outlier. “Excess” cation error bars extend
from Q1 to Q3. Samples with ferripyrophyllite are not included.

The persistence of amorphous sulfates, opal-A, and glass, and low

abundances of allophane and ferrihydrite in Gale crater indicate low syn- and post-

depositional water-rock interactions, in agreement with previous studies of Gale
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crater (McLennan et al., 2019; Rampe et al., 2020b; Smith et al., 2021).
Additionally, increased abundances of sulfates and glass upsection indicate
increasingly oxidizing environments, also in agreement with previous studies (e.g.,
Tu et al., 2021).
5.2. Future Applications of the Methods Used in This Dissertation

The amorphous component analysis code I developed in Chapter 4 is a widely
applicable technique for neutron spectroscopy in planetary science. Some of the Gale
crater samples with the most modeled “excess” WEH contain the non-expandable
clay mineral ferripyrophyllite (Bristow et al., 2018; Rampe et al., 2020a). The large
modeled opal-A abundances in these samples suggest that the opal-A hydration used
in my models (6.3 £ 1.8 wt.% WEH) may not be representative of all Gale crater
samples. In a future study, I will modify the code to allow variable opal-A hydration
for the TP, BK, OU, ST, and HF samples in the Murray formation and the opal-rich
Stimson fracture halo samples GH and LB. Several different processes can form opal-
A, and hydration may inform the characteristics of its formation in these samples.

Above GT, samples analyzed by CheMin show steadily decreasing and finally
absent clay minerals (Vaniman, 2012) in a region where CRISM spectra show a
change from clay-rich mineralogy to sulfate-rich mineralogy (e.g., Fraeman et al.,
2016) and where CheMin has detected crystalline sulfates for the first time in the
“Canaima” drill sample (Chipera et al., submitted). This clay-to-sulfate transition
represents a major change from a wetter environment to a dryer environment, and
increasing abundances of amorphous sulfates upsection may indicate the start of this
trend. This is another opportunity to use a modified version of the amorphous
component analysis code developed in Chapter 4 for samples in this transition

region. Properly modified, this code could not only constrain abundances of Fe- and
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Mg-sulfates, but potentially their hydration as well, similar to the proposed opal-A
study above.

This year I begin a postdoc appointment at Los Alamos National Laboratory.
In addition to working on the above projects, a portion of my research funding will
be to develop an active neutron spectroscopy laboratory method for returned
samples like those from the Mars Sample Return (MSR) program. These samples are
already being gathered by the NASA Mars 2020 rover, Perseverance in Jezero crater.
Because the bulk hydration of these samples has not been determined (Perseverance
does not have a neutron spectrometer, NS), it is important to assess the WEH
content and distribution of these samples prior to unsealing them on Earth. The
techniques and results in this dissertation show the value of bulk hydration as a
constraint in a variety of geologic investigations. The diverse science instruments
and techniques available on Earth only enhances the impact that active neutron
spectroscopy results will have for MSR.
5.3. Recommended Improvements for Planetary Neutron Spectroscopy

Planetary neutron spectroscopy is at a turning point that began with the
development of MSL over a decade ago. The DAN instrument is the first active NS on
a planetary science mission, and this dissertation has demonstrated the utility of
active NS. DAN has the unique ability to sense hydrogen and neutron absorbers like
Fe, Cl, B, Mn, etc. Using appropriate models, DAN can also determine their depth
distributions. In addition, my work demonstrated the benefits of coordinated data
sets such as ChemCam, APXS, CheMin, Mastcam, and CRISM to the interpretation of
DAN results. But determining subsurface hydration with active NS could benefit
greatly from some additional instrument subsystems.

In Chapter 1, I used ChemCam and APXS chemistry in MCNP6 simulations to

set the Zabs Of one layer in two-layer models. This still involves an assumption that
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the ChemCam/APXS chemistry from a thin (£ 6 cm) upper layer is representative of
a layer up to 10 cm or more thick. A more robust technique would be to model
subsurface Zabs using chemical abundances that are measured from the entire DAN
subsurface sensing depth. To accomplish this, future active NS should be paired with
gamma-ray spectrometers (GRS). GRS coordinates well with active NS because
neutron scattering and absorption reactions with a subsurface nucleus also produce
characteristic gamma-rays for that element (e.g., Boynton et al., 2004). These
gamma-rays are a byproduct of normal DAN active operations (PNG pulsing), but
because Curiosity does not carry a GRS, this potential geochemical data is not
collected. Bulk subsurface geochemistry would have value not just for DAN active
simulations, but for many other science investigations, in the same way that
ChemCam/APXS surface and shallow subsurface chemistry is used now.

DAN includes two He-3 neutron detectors so that it can effectively measure
thermal and epithermal neutrons. But a fast (high-energy) neutron detector would
also be useful for DAN data analysis. The DAN PNG output is reduced over time as
the abundance of the radioactive tritium in the PNG decays. Because DAN does not
include a fast neutron detector to measure the PNG output of 14.1 MeV neutrons
directly, we cannot accurately simulate the PNG production rate in MCNP6
simulations. Instead we simulate enough neutron histories to ensure good SNR in the
simulated data (typically 2.5 x 10° neutron histories) and then normalize the area
under the curve to the area under the DAN die-away curve for comparison. This
allows us to compare relative count rates in the die-away time bins, but we cannot
compare absolute simulated count rates to absolute DAN count rates. This also
prevents direct comparison of one DAN active die-away curve to another, especially
from measurements taken years apart when the PNG output was significantly

different (e.g., the early part of the mission to the present day). These limitations
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make DAN active data analysis more complicated and computationally intensive than
would otherwise be necessary and delays the derivation of results. On a roving
platform with many science priorities such as MSL, the longer it takes to produce
results, the less useful the instrument is for tactical operations in the nominal
planning cycle (3 - 5 tactical plans per week).

Fast neutron detectors have been used with thermal and epithermal neutron
detectors on other missions. For example, the Mars Odyssey orbital spacecraft
includes a High-Energy Neutron Detector (HEND; Boynton et al., 2004; a subsystem
of an instrument suite that also includes the MONS thermal and epithermal neutron
detectors as well as a GRS). HEND is shielded from detections of thermal neutrons in
the same way as one of the DAN detectors, i.e., it is coated in a thin layer of
cadmium, which very efficiently absorbs thermal neutrons below ~0.4 eV. HEND
includes three He-3 neutron detectors coated in cadmium with various thicknesses of
a polyethylene moderator between the cadmium coating and the He-3 detection
volume. Thicker polyethylene reduces neutron energy more, and therefore changes
the neutron energy range each detector is most sensitive to. The appropriate
polyethylene thickness can effectively select the neutron energy range of interest for
a specific instrument or mission.

The addition of a fast neutron detector and GRS to a DAN-like instrument
suite with thermal and epithermal detectors and a PNG would add a great deal of
science value and allow for a full elemental and hydration characterization of the
layered near subsurface environment in detailed geologic studies that can also add
value on a tactical timeline for a roving platform like MSL. The NASA Dragonfly
helicopter mission to Titan, planned for launch in 2027, will include the Dragonfly
Gamma-ray and Neutron Spectrometer (DraGNS; Lawrence et al., 2022) with a PNG,

GRS, and thermal, epithermal, and fast neutron detectors. By utilizing the active

149



neutron spectrometer die-away technique, DraGNS would be capable of similarly
detailed investigations as those demonstrated in this dissertation, but in the very
different surface environment of Titan. Because DraGNS also includes a GRS and fast
neutron detector, the enhancements in data analysis and results discussed in this
section can also be applied.

At the start of my PhD six years ago, the focus of most planetary NS
publications was reporting water abundances, the original and primary use case for
these instruments. Our group at ASU is shifting the focus of NS from quantifying
water to using derived water and neutron absorber abundances to answer a broad
range of geologic questions. With the increasing frequency of planetary surface
missions, instruments like DAN can make significant contributions to the geology of

not only Mars, but wherever we may rove.
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Introduction

This Appendix provides additional details on the data, methods, and results in
Chapter 2. All raw data used in this work is available on the Planetary Data System
(https://pds-geosciences.wustl.edu/missions/msl/).

Text A.1

Figure 2.4 in Chapter 2 is an annotated portion of a color-corrected mosaic
which consists of 145 individual Mast Camera (Mastcam) M100 frames taken on sol
993 to document the unconformity between the Pahrump Hills member of the Murray
formation and the overlying Stimson formation. The individual frames of the

complete mosaic have the following image IDs:

0993MR0043950000503182C00, 0993MR0043950010503183C00, 0993MR0043950020503184C00,
0993MR0043950030503185C00, 0993MR0043950040503186C00, 0993MR0043950050503187C00,
0993MR0043950060503188C00, 0993MR0043950070503189C00, 0993MR0043950080503190C00,
0993MR0043950090503191C00, 0993MR0043950100503192C00, 0993MR0043950110503193C00,
0993MR0043950120503194C00, 0993MR0043950130503195C00, 0993MR0043950140503196C00,
0993MR0043950150503197C00, 0993MR0043950160503198C00, 0993MR0043950170503199C00,
0993MR0043950180503200C00, 0993MR0043950190503201C00, 0993MR0043950200503202C00,
0993MR0043950210503203C00, 0993MR0043950220503204C00, 0993MR0043950230503205C00,
0993MR0043950240503206C00, 0993MR0043950250503207C00, 0993MR0043950260503208C00,
0993MR0043950270503209C00, 0993MR0043950280503210C00, 0993MR0043950290503211C00,
0993MR0043950300503212C00, 0993MR0043950310503213C00, 0993MR0043950320503214C00,
0993MR0043950330503215C00, 0993MR0043950340503216C00, 0993MR0043950350503217C00,
0993MR0043950360503218C00, 0993MR0043950370503219C00, 0993MR0043950380503220C00,
0993MR0043950390503221C00, 0993MR0043950400503222C00, 0993MR0043950410503223C00,
0993MR0043950420503224C00, 0993MR0043950430503225C00, 0993MR0043950440503226C00,
0993MR0043950450503227C00, 0993MR0043950460503228C00, 0993MR0043950470503229C00,
0993MR0043950480503230C00, 0993MR0043950490503231C00, 0993MR0043950500503232C00,
0993MR0043950510503233C00, 0993MR0043950520503234C00, 0993MR0043950530503235C00,
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0993MR0043950810503263C00, 0993MR0043950820503264C00, 0993MR0043950830503265C00,
0993MR0043950840503266C00, 0993MR0043950850503267C00, 0993MR0043950860503268C00,
0993MR0043950870503269C00, 0993MR0043950880503270C00, 0993MR0043950890503271C00,
0993MR0043950900503272C00, 0993MR0043950910503273C00, 0993MR0043950920503274C00,
0993MR0043950930503275C00, 0993MR0043950940503276C00, 0993MR0043950950503277C00,
0993MR0043950960503278C00, 0993MR0043950970503279C00, 0993MR0043950980503280C00,
0993MR0043950990503281C00, 0993MR0043951000503282C00, 0993MR0043951010503283C00,
0993MR0043951020503284C00, 0993MR0043951030503285C00, 0993MR0043951040503286C00,
0993MR0043951050503287C00, 0993MR0043951060503288C00, 0993MR0043951070503289C00,
0993MR0043951080503290C00, 0993MR0043951090503291C00, 0993MR0043951100503292C00,
0993MR0043951110503293C00, 0993MR0043951120503294C00, 0993MR0043951130503295C00,
0993MR0043951140503296C00, 0993MR0043951150503297C00, 0993MR0043951160503298C00,
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0993MR0043951290503311C00, 0993MR0043951300503312C00, 0993MR0043951310503313C00,
0993MR0043951320503314C00, 0993MR0043951330503315C00, 0993MR0043951340503316C00,
0993MR0043951350503317C00, 0993MR0043951360503318C00, 0993MR0043951370503319C00,
0993MR0043951380503320C00, 0993MR0043951390503321C00, 0993MR0043951400503322C00,
0993MR0043951410503323C00, 0993MR0043951420503324C00, 0993MR0043951430503325C00,
0993MR0043951440503326C00
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Text A.2

To ensure that the Dynamic Albedo of Neutrons (DAN) measurements
coadded for this work have fields of view (FOV) which are representative of each
other, we examined rover camera imagery using OnSight, a multi-platform
visualization system developed for the Mars Science Laboratory (MSL) team to
explore the surface of Mars in an immersive, full-scale, 3D terrain reconstruction
(Abercrombie et al., 2019). OnSight uses an integrated mesh reconstruction of Mars,
incorporating rover images overlain on surface topography. Using the OnSight tool,
we are able to co-locate DAN active footprints. For this study, measurement data
were only coadded when they were proximal both laterally (within 2 - 3 m) and
topographically (within 2 - 3 cm vertically), and there is no significant visible change
in the material exposed at the surface. Die-away curves for each coadded
measurement are also compared to ensure similar thermal neutron peak location,
relative peak height, etc. Figure 2.5 in Chapter 2 is an example showing the
individual die-away curves of the two DAN active measurements coadded for Site 4,
as well as the coadded die-away curve. DAN active measurements that had a signal-
to-noise (SNR) ratio less than 5 for any time bin used in our analysis and could not
be coadded to improve SNR, were not included in our results. Sites that had
significant sand/rubble cover within the DAN FOV, or with a surface bedrock
geochemistry that was inconsistent with the macroscopic thermal neutron absorption
cross section (Zabs) of the best-fit one-layer models, were analyzed using one or both
of the two-layer model grids (Table 2.2, Chapter 2).

Text A.3

Ca-sulfate veins are present throughout the Murray formation. We calculated
the change in Zabs after adding 5 vol.% Ca-sulfate to the geochemistries in Table 2.1
(Chapter 2). Anhydrite was the only Ca-sulfate phase in the Buckskin sample
(Vaniman et al., 2018), so this was the only phase added to the high-SiO2
geochemistry. The only other Pahrump Hills sample with Ca-sulfate, Telegraph Peak,
contained both bassanite and anhydrite (Vaniman et al., 2018), so we added a 50/50
mix of these two phases to the Baseline Marias Pass Murray Bedrock geochemistry.
The addition of Ca-sulfate yielded a slight increase in Zabs for each geochemistry
(~0.003 cm?/g per 5 vol.% Ca-sulfate) that is within 10 uncertainties of our
simulated geochemistries (Table 2.1, Chapter 2) and of our derived results (Table
2.3, Chapter 2). As such, our simulations do not include Ca-sulfate.

Text A.4

DAN acquired a total of 28 active measurements in Marias Pass from sol 991 -
1067. 16 DAN active measurements were coadded into six coadded measurements
(Sites 4, 5, 10, 12, 15, and 16) and ten other DAN active measurements met our
SNR criteria individually (Sites 1 - 3, 6 - 9, 11, 13, and 14). Results from these sites
are included in Table 2.3 (Chapter 2). Two DAN active measurements did not meet
the SNR or coaddition requirements and were not further analyzed.

DAN acquired six active measurements at Site 16 on the south side of Marias
Pass during the 2015 solar conjunction when the rover was stationary for > 1 month.
The Chemistry and Camera (ChemCam) target “Mission” is near the center of the
DAN FOV at Site 16 and has a geochemistry representative of the Baseline Marias
Pass Murray Bedrock (Table 2.1, Chapter 2), which is well-exposed at this site. Site
16 is located ~25 meters southwest of the high-SiO2 material exposed at the surface
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in the Lion area and is at the same elevation (~-4447 meters). Markov-Chain Monte
Carlo (MCMC) optimization of model grid 1 (Table 2.2, Chapter 2) with Site 16 data
produced a Zabs significantly lower than the surface geochemistry of the Mission
target. This motivated the creation of a 2-layer model grid (model grid 2A) with a top
layer of Baseline Marias Pass Murray Bedrock geochemistry and a bottom layer that
varied Zabs from the lowest-Zabs bedrock geochemistry in Marias Pass (High-SiO2
Murray in Table 2.1, Chapter 2) to the highest-Zabs bedrock geochemistry in Marias
Pass (Baseline Marias Pass Murray Bedrock). The parameter ranges of model grid 2A
span the reasonable water-equivalent hydrogen (WEH) and Zabs values for Sites 15
and 16 and were used for MCMC analyses at these sites.

Sites 1 - 10, in northeastern Marias Pass, are covered by sand/rubble of
unknown composition. MCMC optimization of model grid 1 with these sites indicated
that high-SiO2/low-FeOt material was present in the subsurface at all but one of
these sites, motivating the creation of a 2-layer model grid (model grid 2B) with low-
Zabs material in the lower layer. The top layer geochemistry of the sand/rubble at
these sites was unknown, but it potentially contained not only regional wind-blown
sand, but also eroded Murray and Stimson material from the local area. Model grid
2B has a top layer Zabs variable over a range which encompasses the average
Stimson from ChemCam targets in Marias Pass, the Baseline Marias Pass Murray
Bedrock from ChemCam targets, and regional wind-blown sand averaged from the
Alpha-Particle X-ray Spectrometer (APXS) targets “Kelso” and “"Dumont” in the
Pahrump Hills area (the closest sand targets to Marias Pass). The bottom layer of
this model grid contains the high-SiO2 composition observed at the surface in the
Lion area and consistent with the subsurface at Site 16. The parameter ranges of
model grid 2B span the reasonable WEH and Zabs values for Sites 1 - 10 and were
used for MCMC analyses at these sites. MCMC optimization of model grid 2B with Site
5, 6, 8, and 10 data resulted sand/rubble layer thicknesses greater than 10 cm, and
this optimization was used in our final analyses at these sites. MCMC optimization of
model grid 2B with Sites 1, 3, 4, 7, and 9 data indicated a surface sand/rubble layer
thickness of less than 5 cm, so the simpler model grid 1 was used for final analyses
at these sites. MCMC optimization of model grid 1 with Site 2 is not consistent with
high-SiO2 material. This site is located in a small topographic depression, which may
have accumulated a thick deposit of unconsolidated sand/rubble. Although visual
evidence is not conclusive on the thickness of such a surface deposit, the DAN
passive count rates and DAN active results from Sites 1 and 3 - 10 indicate high-SiO2
bedrock underlies surface deposits in this area of Marias Pass.

Sites 11 - 13 in northwestern Marias Pass are also covered by sand/rubble of
unknown composition. MCMC optimization of model grid 1 with data from these sites
produced high Zabs, indicating that there is no significant low-Zabs material in the top
50 cm of the subsurface. An examination of rover imagery via the OnSight tool
shows that the northwestern section of Marias Pass contains thick sand with large
broken bedrock blocks at various orientations, indicating that this material has been
transported. ChemCam compositions from these broken blocks (“Edith”, “Scheffer”,
and “Finley”) are consistent with the Stimson target “Ronan drt 2” in Marias Pass,
and they are likely remnants of the Stimson transported to fill in a topographic low.

Text A.5

To quantify the mean best-fit parameter values (WEH, Zabs, and depth) and
associated uncertainties for our DAN active measurements, we employ a Markov-
Chain Monte Carlo analysis routine as in Gabriel et al. (2018) that utilizes the EMCEE
package (Foreman-Mackey et al., 2013) for the Python Programming Language and
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the corner plotting package to visualize results (Foreman-Mackey, 2013). Our MCMC
analyses compare simulation results with multiple variable parameters to a single (or
coadded) DAN active measurement. The likelihood function value (a measure of
goodness-of-fit) is computed for each model simulated compared to the DAN active
data product. Then 40 “walkers” are created according to a priori parameter
estimates. The walkers then traverse the parameter space according to the affine-
invariant ensemble sampler algorithm (Goodman & Weare, 2010) in an effort to
maximize the negative log of the likelihood function. We set the number of iterations
(walker steps) to 20000. The walker positions after 18000 iterations are used to
eliminate effects from a priori or to remove “burn-in” steps. We also performed
MCMC optimizations at a greater number of iterations in several cases with
insignificant changes to the results.

The results of our MCMC analyses of all DAN active measurements analyzed
for this work are provided as corner plots in Figures A.1 - A.16, where Figure A.1
corresponds to Site 1, Figure A.2 corresponds to Site 2, etc. Parameter values
sampled by each walker for steps 18001 - 20000 are represented by a point in each
scatter plot. In areas with points beyond a density threshold, contour lines are
plotted in which the darker pixels represent areas of greater point density. The
histogram at the top of each column shows the binned counts for that column’s
parameter. The f parameter is a measure of underestimated uncertainty. Parameter
values with uncertainties in Table 2.3 (Chapter 2) were determined by fitting a
Gaussian to the corresponding histogram distribution. Reported uncertainties are one
standard deviation from the Gaussian mean. For more details concerning MCMC
analysis see Foreman-Mackey et al. (2013) and Gabriel et al. (2018).

Text A.6

Mastcam multispectral images are calibrated based on pre-flight calibration
coefficients and calibration target observations. The resulting I/F-calibrated images
are converted to relative radiance (also called R*) by dividing by the cosine of solar
incidence angle (Bell III et al., 2017). In each observation, representative Mastcam
spectra of each lithology in the scene are extracted by manually selecting pixels from
common regions of interest (ROIs) in the right and left camera images (Rice et al.,
2019; Starr et al., 2019). Spectra from the two cameras are joined by normalizing to
the average R* value of the overlapping left- and right-eye bands at 1013 nm. Errors
in band parameters calculated from R* values are calculated from uncertainties in
the relative band-to-band derived reflectance, which are estimated as 1 - 2% from
the pre-flight calibration of the Mastcam instruments (Bell III et al., 2017).

Table A.1. Mastcam observations in Figure 2.7 (Chapter 2)

Location Target Name Sol Sequence ID
Marias Pass Red Horn 994 mcam04398
(Site a) Red Sleep 994 mcam04399
Marias Pass Elk 1041 mcam04560
(Elk area) Lamoose 1041 mcam04561

Mosquito_Frog 1041 mcam04562
Marias Pass Buckskin Drill Tailings 1062 mcam04672
(Lion area) Buckskin Presieve Dump 1066 mcam04689
Bridger Basin Greenhorn Full Drill 1138 mcam05095
(fracture halos) Big Sky Post Sieve Pile 1138 mcam05096
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Figure A.1. Corner plot showing MCMC results of Site 1 DAN active measurement
compared to model grid 1. Plotted at upper right are the Site 1 DAN die-away curve
and best-fit simulation die-away curve. The f histogram trends toward a non-zero
value. Taken with the shifted peak position shown in the inset data-model
comparison plot, this suggests that the assumptions of this model grid don’t exactly
reflect the subsurface characteristics of this site. At this location, the rover was on a
talus slope with aeolian sand, Stimson and Murray rubble, and Murray bedrock within
the surface footprint of DAN. These complexities, which could not be accurately
modeled, are likely responsible for the less-than-ideal model precision. Numerical
results with uncertainties are summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.2. Corner plot showing MCMC results of Site 2 DAN active measurement
compared to model grid 1. Plotted at upper right are the Site 2 DAN die-away curve
and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.3. Corner plot showing MCMC results of Site 3 DAN active measurement
compared to model grid 1. Plotted at upper right are the Site 3 DAN die-away curve
and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.4. Corner plot showing MCMC results of Site 4 DAN active measurement
compared to model grid 1. Plotted at upper right are the Site 4 DAN die-away curve
and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.5. Corner plot showing MCMC results of Site 5 DAN active measurement

compared to model grid 2B. Plotted at upper right are the Site 5 DAN die-away curve

and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.6. Corner plot showing MCMC results of Site 6 DAN active measurement
compared to model grid 2B. Plotted at upper right are the Site 6 DAN die-away curve
and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.7. Corner plot showing MCMC results of Site 7 DAN active measurement
compared to model grid 1. Plotted at upper right are the Site 7 DAN die-away curve
and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.8. Corner plot showing MCMC results of Site 8 DAN active measurement
compared to model grid 2B. Plotted at upper right are the Site 8 DAN die-away curve
and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.9. Corner plot showing MCMC results of Site 9 DAN active measurement
compared to model grid 1. Plotted at upper right are the Site 9 DAN die-away curve
and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.10. Corner plot showing MCMC results of Site 10 DAN active measurement
compared to model grid 2B. Plotted at upper right are the Site 10 DAN die-away
curve and best-fit simulation die-away curve. Numerical results with uncertainties
are summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.11. Corner plot showing MCMC results of Site 11 DAN active measurement
compared to model grid 1. Plotted at upper right are the Site 11 DAN die-away curve
and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.12. Corner plot showing MCMC results of Site 12 DAN active measurement
compared to model grid 1. Plotted at upper right are the Site 12 DAN die-away curve
and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.13. Corner plot showing MCMC results of Site 13 DAN active measurement
compared to model grid 1. Plotted at upper right are the Site 13 DAN die-away curve
and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.14. Corner plot showing MCMC results of Site 14 DAN active measurement
compared to model grid 1. Plotted at upper right are the Site 14 DAN die-away curve

and best-fit simulation die-away curve. Numerical results with uncertainties are
summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.15. Corner plot showing MCMC results of Site 15 DAN active measurement

compared to model grid 2A. Plotted at upper right are the Site 15 DAN die-away

curve and best-fit simulation die-away curve. Numerical results with uncertainties
are summarized for all sites in Table 2.3 (Chapter 2).
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Figure A.16. Corner plot showing MCMC results of Site 16 DAN active measurement
compared to model grid 2A; reprinted from Figure 2.6 (Chapter 2) without
annotation. Plotted at upper right are the Site 16 DAN die-away curve and best-fit
simulation die-away curve. Numerical results with uncertainties are summarized for
all sites in Table 2.3 (Chapter 2).
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Table C.1. DAN Markov-Chain Monte Carlo (MCMC) results used in Chapter 3.
Material classifications are those from Figure 3.11 (Chapter 3). Coadded
measurements (*) list the sol range within which the coadded measurements
were acquired. All coadded measurements are from the same rover location. The
sol 1659 measurement is from a sand dune encountered prior to the main study
area (Gabriel et al., 2018). This data is also archived on Zenodo (Czarnecki et
al., 2022). PPm = Pettegrove Point member, Jm = Jura member, KHm =
Knockfarril Hill member, Gm = Glasgow member, Sf = Stimson formation, VRR
Vera Rubin ridge, GT = Glen Torridon, WEH = Water-equivalent hydrogen, Zabs
Macroscopic thermal neutron absorption cross section

WEH 2 abs
Sol Coggged WEH Error Zebs  Error Unit Material
[wt.%] [103 cm?/g]
1659 0.6800 0.1500 N/A N/A Bagnold sand
1814%* 1814-1815 3.1251 0.4995 11.8 0.6 PPm/VRR bedrock
1819* 3.2780 0.5326 11.7 0.5 PPm/VRR bedrock
1822* 1822-1826 3.4005 0.5754 13.5 0.7 PPm/VRR bedrock
1827 3.3915 0.6370 13.5 0.9 PPm/VRR bedrock
1828 2.8028 0.5499 11.5 0.7 PPm/VRR bedrock
1830%* 1830-1833 3.6019 0.5426 13.6 0.7 PPm/VRR bedrock
1834 3.2493 0.5285 10.8 0.5 PPm/VRR bedrock
1837 4.1399 0.7006 12.8 0.6 PPm/VRR bedrock
1843 3.4183 0.7272 13.2 0.9 PPm/VRR bedrock
1846 2.7563 0.4751 12.4 0.8 PPm/VRR bedrock
1848%* 1848-1849 3.5311 0.5701 12.3 0.5 PPm/VRR bedrock
1850 1.6952 0.3763 9.5 0.6 PPm/VRR bedrock
1864 3.5412 0.8783 12.5 1.0 PPm/VRR bedrock
1867 2.4350 0.5136 10.0 0.7 PPm/VRR bedrock
1869* 1869-1870 2.7116 0.4236 11.5 0.6 PPm/VRR bedrock
1871 2.1060 0.3696 10.0 0.6 PPm/VRR bedrock
1877 2.2455 0.4198 11.2 0.7 Jm/VRR regolith
1894 2.4342 0.4203 12.7 0.8 Jm/VRR regolith
1903* 1903-1905 4.1560 0.9890 18.7 1.2 Jm/VRR regolith
1905 2.4464 0.6741 18.2 1.8 Jm/VRR regolith
1910 2.8617 0.7418 15.8 1.6 Jm/VRR regolith
1923 2.6680 0.4910 13.9 0.9 Jm/VRR regolith
1928 2.6167 0.5262 14.6 1.2 Jm/VRR regolith
1930%* 1930-1934 3.5359 0.6724 16.6 1.0 Jm/VRR bedrock
1944 3.2797 0.5708 12.6 0.7 Jm/VRR regolith
1946 3.3545 0.6510 11.5 0.6 Jm/VRR regolith
1949 3.7739 0.7138 14.0 0.9 Jm/VRR regolith
1950%* 1950-1957 3.6335 0.7936 18.1 1.4 Jm/VRR regolith
1962* 1962-1983 3.3234 0.6324 16.4 1.1 Jm/VRR regolith
1998 2.1831 0.3940 11.7 0.8 Jm/VRR regolith
1999 3.4606 0.7294 12.1 0.8 PPm/VRR regolith
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WEH Zabs
Sol Coggged WEH Error Zabs  Epror Unit Material
[wt.%] [103 cm?/g]
2003 3.0914 0.5824 | 11.7 0.7 PPm/VRR regolith
2009 2.7412 0.4985 | 11.7 0.8 PPm/VRR regolith
2012 1.9562 0.4310 | 10.0 0.7 PPmM/VRR regolith
2017* 2017-2018 | 3.5172 0.7917 | 13.6 1.0 Jm/VRR regolith
2020 2.9051 0.5358 | 10.0 0.6 PPm/VRR regolith
2023 2.8226  0.5428 | 11.9 0.7 PPm/VRR regolith
2027 2.8416 0.5534 | 12.4 0.8 PPm/VRR regolith
2039 3.5818 0.7102 | 12.9 0.7 PPm/VRR  bedrock
2040 3.4435 0.5738 | 11.7 0.6 PPm/VRR  bedrock
2044 2.6187 0.4595 | 11.9 0.7 PPm/VRR  bedrock
2157* 2157-2161 | 2.6693 0.5308 | 12.5 0.7 Jm/VRR regolith
2163* 2163-2166 | 2.9325 0.4418 | 14.2 0.6 Jm/VRR regolith
2222%* 2222-2245 | 3.4170 0.6417 | 16.6 0.9 Jm/VRR regolith
2298 2.3431 0.4321 | 12.7 0.9 Jm/VRR regolith
2299 3.6957 0.7016 | 12.3 0.7 KHm/VRR regolith
2300 3.0275 0.5253 | 11.6 0.7 KHm/VRR regolith
2302 3.9058 0.7454 | 11.4 0.6 Jm/GT regolith
2304 3.7999 0.6520 | 11.6 0.6 Jm/GT regolith
2306 4.4788 0.7255 | 11.3 0.5 Jm/GT regolith
2309 4.6738 0.7022 | 11.1 0.5 Jm/GT regolith
2311 3.2511 0.6093 | 11.2 0.6 Jm/GT regolith
2313 3.8153 0.5949 | 11.6 0.5 Jm/GT regolith
2316% 2316-2319 | 3.9237 0.6303 | 12.5 0.5 Jm/GT regolith
2320% 2320-2333 | 3.6896 0.5877 | 10.5 0.4 Jm/GT regolith
2338 4.4807 0.7256 | 10.4 0.5 Jm/GT regolith
2350 3.6186 0.6312 | 10.9 0.5 Jm/GT regolith
2352 3.5262 0.6318 | 11.1 0.6 Jm/GT regolith
2354 4.7177 0.9166 | 11.4 0.7 Jm/GT regolith
2357 3.3409 0.5986 | 11.2 0.6 Jm/GT regolith
2359 4.7483 1.0368 | 11.3 0.7 Jm/GT regolith
2361 4.3778 0.8494 | 11.8 0.6 Jm/GT regolith
2364 4.0449 0.6671 | 11.8 0.6 Jm/GT regolith
2381* 2381-2404 | 3.4663 0.6009 | 12.5 0.6 Jm/GT regolith
2407* 2.9144 0.4984 | 10.6 0.6 Jm/GT regolith
2408* 2408-2411 | 4.1042 0.5640 | 10.4 0.4 Jm/GT regolith
2412 3.9219 0.7534 | 10.8 0.6 Jm/GT regolith
2413 2.7169  0.4855 9.9 0.6 Jm/GT regolith
2414 4.2123 0.7585 | 10.7 0.6 Jm/GT regolith
2416 5.0451 0.8907 | 12.0 0.7 Jm/GT regolith
2429 4.5659 0.7640 | 12.1 0.6 Jm/GT regolith
2432 3.0435 0.5739 | 10.4 0.6 Jm/GT regolith
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WEH Zabs
Sol Coggged WEH Error Zabs  Erpor Unit Material
[wt.%] [103 cm?/g]
2435 3.9870 1.0528 | 12.3 0.9 Jm/GT regolith
2436 3.8765 0.8213 | 11.4 0.7 Jm/GT regolith
2439%* 2439-2446 | 4.5512 0.7604 | 12.8 0.5 Jm/GT regolith
2448 3.4458 0.6660 | 11.4 0.7 Jm/GT regolith
2454* 2454-2458 3.5143 0.6220 13.1 0.7 KHm/GT regolith
2459 3.0712 0.6335 | 11.1 0.7 KHm/GT regolith
2463* 2463-2466 | 3.6440 0.7130 | 13.2 0.8 KHm/GT regolith
2466 4.9327 0.8934 | 13.7 0.7 KHm/GT regolith
2468* 2468-2472 | 4.5631 0.7751 15.1 0.7 KHm/GT regolith
2473 3.5926 0.6381 | 12.0 0.7 KHm/GT regolith
2475 4.2469 0.8214 12.2 0.7 KHm/GT regolith
2476 4.1791 0.6687 10.7 0.5 KHm/GT regolith
2480 4.5637 0.7795 | 12.3 0.6 KHm/GT regolith
2555 3.6697 0.7271 | 11.3 0.7 KHm/GT regolith
2556* 2556-2559 | 3.8909 0.5081 | 11.3 0.4 KHm/GT regolith
2559% 2559-2562 | 3.9992 0.5951 | 10.3 0.5 KHm/GT regolith
2565%* 2565-2568 | 4.2902 0.8018 | 14.5 0.7 KHm/GT regolith
2577* 2577-2579 | 3.0270 0.5695 | 12.0 0.8 KHm/GT  bedrock
2595%* 2595-2601 | 4.2561 0.8326 | 15.2 0.8 KHm/GT regolith
2618%* 2618-2631 | 2.8526 0.4834 | 11.6 0.7 Gm/GT  bedrock
2633* 2633-2636 | 2.7050 0.6307 | 13.2 1.2 Gm/GT  bedrock
2639%* 2639-2641 | 2.5886 0.4690 | 12.8 0.6 Gm/GT  bedrock
2643* 2643-2645 | 3.4271 0.5400 | 13.6 0.6 Gm/GT  bedrock
2645%* 2645-2647 | 3.6508 0.7886 | 14.5 1.1 Gm/GT  bedrock
2657 3.6807 0.7727 | 12.4 0.8 Gm/GT  bedrock
2661%* 2661-2663 | 2.3403 0.5685 | 15.6 1.2 Gm/GT regolith
2664* 2664-2684 | 3.2533 0.6019 | 15.2 0.9 Gm/GT regolith
2693* 2693-2695 | 3.0207 0.7524 | 12.7 1.0 Gm/GT regolith
2702%* 2702-2725 | 1.6890 0.5410 | 15.1 1.6 Sf/GP regolith
2732%* 2732-2733 | 3.6232 0.9316 | 18.1 1.5 Sf/GP regolith
2734%* 2734-2736 | 1.5945 0.3408 | 10.2 0.7 Gm/GT regolith
2783* 2783-2784 | 4.5722 1.0574 14.4 1.0 Gm/GT bedrock
2804* 2804-2811 | 3.9252 0.7498 | 11.4 0.7 Gm/GT  bedrock
2817* 2817-2819 | 4.7179 0.8529 | 13.3 0.6 KHm/GT regolith
2830%* 2830-2902 | 4.1787 0.5213 | 13.0 0.4 KHm/GT  bedrock
2904* 2904-2916 | 4.1019 0.5861 | 12.2 0.5 KHm/GT  bedrock
2944* 2944-2947 | 4.3316 0.7885 | 12.4 0.6 KHm/GT  bedrock
2967* 2967-2970 | 3.9712 0.7993 | 14.3 0.7 Gm/GT  bedrock
2972%* 2972-2976 | 4.8809 0.8387 | 16.2 0.9 Gm/GT  bedrock
2995%* 2995-2998 | 3.2074 0.6325 | 12.0 0.7 Gm/GT  bedrock
3000* 3000-3001 | 5.3329 1.1843 | 18.1 1.4 Gm/GT  bedrock
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WEH S abs
WEH >3
Sol Coggged Error S Error Unit Material
[wt.%] [103 cm?/g]
3005*  3005-3007 | 4.2747 0.8557 | 14.0 0.8 Gm/GT  bedrock
3008*  3008-3009 | 3.7151 0.6437 | 13.6 0.8 Gm/GT  bedrock
3015*  3015-3017 | 4.1857 0.8568 | 14.3 0.9 Gm/GT  bedrock
3018*  3018-3019 | 3.6103 0.7031 | 13.2 0.7 Gm/GT  bedrock
3022*  3022-3025 | 3.8655 0.6393 | 11.0 0.6 Gm/GT  bedrock
3028*  3028-3032 | 3.3891 0.8167 | 13.4 1.0 Gm/GT  bedrock
3032*  3032-3034 | 3.3881 0.9110 | 14.2 1.2 Gm/GT  bedrock
3042%  3042-3044 | 4.6798 2.4509 | 13.3 1.9 Gm/GT  bedrock
3049%  3049-3052 | 4.9745 1.3460 | 16.8 1.5 Gm/GT  bedrock
3052*  3052-3069 | 4.0276 0.7260 | 159 0.9 Gm/GT  bedrock
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Text E.1. Error Estimations for Amorphous Fractions of CheMin Data

Abundances of X-ray amorphous materials in drill samples are determined via
FULLPAT analysis of Chemistry and Mineralogy instrument (CheMin) X-ray diffraction
(XRD) patterns. FULLPAT uses linear least-squares minimization with a library of
individual XRD patterns from crystalline and amorphous materials to fit a CheMin
XRD pattern (Chipera & Bish, 2002; 2013). To facilitate quantitative analysis of
CheMin patterns, individual phases spiked with an internal standard (beryl or
corundum) were measured on a lab version of CheMin to determine their reference
intensity ratios. Measuring library patterns on a flight-like CheMin instrument allows
for the removal of instrumental and sample-related effects during FULLPAT analysis.
Library patterns include silicate minerals (e.g., plagioclase and potassium feldspars,
clinopyroxene, orthopyroxene, olivine, quartz, smectite, illite), oxides and hydroxides
(e.g., magnetite, hematite, goethite), sulfates (e.g., gypsum, starkeyite), carbonates
(e.g., calcite, siderite), phosphate (fluorapatite), and X-ray amorphous materials
(basaltic and rhyolitic glasses, opal-A, opal-CT, ferrihydrite, allophane, amorphous
Mg-sulfate, and Fe-Si and Al-Si gels).

The 20 errors (i.e., 95% confidence level) on mineral abundances determined
from FULLPAT have already been determined as + 3.4 wt.% (Chipera & Bish, 2002),
but the errors associated with the amorphous abundance have not been well
constrained. The 20 errors on amorphous abundances determined from FULLPAT
analyses of Mars Science Laboratory (MSL) CheMin patterns are typically reported as
50% of the total modeled amorphous content. For example, if the amorphous
content was modeled as 50 wt.%, the 20 error would be reported as £ 25 wt.%
(e.g., Rampe et al., 2020b). This value is based on experience from Dr. Steve
Chipera, a co-creator of FULLPAT and a Co-Investigator on the CheMin team.

To better quantify errors associated with the amorphous component, we used
a laboratory version of CheMin to acquire XRD patterns of physical mixtures of
basaltic igneous minerals and silica glass in known quantities, then performed
FULLPAT analyses on these XRD patterns. Basaltic igneous minerals in these
mixtures included plagioclase feldspar (40 wt.% of the basaltic mineral fraction),
diopside (40 wt.%), and olivine (20 wt.%). Silica glass from a crushed borosilicate
glass slide was added to the basaltic mineral mixture in the following amounts: 10
wt.%, 20 wt.%, 40 wt.%, 60 wt.%, 70 wt.%, 80 wt.%, 85 wt.%, and 90 wt.%.
Particle sizes were <150 ym. These mineral-glass mixtures and the basaltic mineral
mixture and glass end members were measured on the CheMin IV instrument at
NASA Johnson Space Center. CheMin XRD patterns were analyzed using the FULLPAT
program tailored for the MSL CheMin instrument. The end member library included
phases typically used to analyze MSL CheMin patterns (i.e., plagioclase, sanidine,
clinopyroxene, orthopyroxene, olivine, magnetite, hematite, clay minerals, Ca-
sulfate, carbonate, basaltic glass, rhyolitic glass, and ferrihydrite).

Modeled amorphous abundances were compared to actual abundances to
derive absolute and relative errors (Table E.1, Figures E.1 and E.2). The highest
absolute and relative errors are associated with high (90 - 100 wt.%) and low (0 -
10 wt.%) amorphous abundances. FULLPAT analyses of CheMin patterns typically
identify ~30 - 70 wt.% amorphous materials (e.g., Rampe et al., 2020b), suggesting
an actual amorphous abundance of ~20 to 80 wt.%. In this range, absolute and
relative errors are typically <5 wt.% and <5%, respectively. As such, for this
manuscript, we assume a 5% relative error for CheMin amorphous abundances.

Acknowledgement: We are grateful to Dr. Michael Rowe for providing mineral
and amorphous mixtures on which to test errors associated with amorphous
abundances in FULLPAT analyses.
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Text E.2. Assumptions Regarding Chemistry of Phases in Section 4.2.5

We assume a 1:1 ratio of OH:Cl in akaganeite by default because this ratio is
unconstrained by CheMin and at least one sample is consistent with Cl in the
structure (Rampe et al., 2020a). We assume apatite in all samples is fluorapatite
because although CheMin is not always able to identify the specific variety of apatite,
it has never identified hydroxylapatite or chlorapatite, but has sometimes identified
fluorapatite (Rampe et al., 2017; Rampe et al., 2020a). We assume that opal-CT is
hydrated at 6.3 wt.% water-equivalent hydrogen (WEH), the same abundance used
for opal-A, and note that only three samples (TP, BK, OU) in this study have opal-CT
bulk abundances > 5 wt.%. For all but one sample in Table 4.1 (Chapter 4), CheMin
and Sample Analysis at Mars instrument (SAM) studies have been most consistent
with a specific clay mineral. But the clay mineral phase in the MJ] sample is
unconstrained. In this case, we use the mean structural WEH abundance (4.57 wt.%
WEH) of other clay minerals in Gale crater samples (saponite, montmorillonite,
nontronite) and illite, a clay mineral suggested as a possible fit for the MJ diffraction
pattern. We note that the range of possible structural WEH abundances in these clay
minerals is relatively small (3.71 - 4.97 wt.%) and that the clay mineral bulk
abundance of MJ is also small (5 wt.%).

We do not include some minor/trace elements (Cl, Ti, Cr, Mn, P) in our
analyses, despite being reported in the literature, because these elements could be
unrealistically concentrated in the amorphous fraction during amorphous chemistry
calculations, and could be in the crystalline fraction (Rampe et al., 2020b; Smith et
al., 2021). Although perchlorates are likely contributors to the reported amorphous
chemistry, SAM results indicate that their abundances are low (Sutter et al., 2017).

Candidate amorphous phase chemistries are reported in Table 4.2 (Chapter
4). Our rhyolitic glass composition is a mean Chassigny martian meteorite glass
inclusion composition from Varela et al. (2000), and our basaltic glass composition
comes from Filiberto et al. (2008), which is based on a Gusev crater, Mars basaltic
material (as in Gabriel et al., 2018). Our Fe-sulfate is ferric with hydration based on
Sklute et al. (2015) as in Gabriel et al. (2018). Our Mg-sulfate hydration is based on
Vaniman et al. (2004) as in Gabriel et al. (2018). Our opal-A uses a mean Gale
crater opal-A hydration value from Rapin et al. (2018). We use a hisingerite
composition from the Mars analog Duluth Complex in Minnesota (Evans et al., 2017),
and allophane and ferrihydrite compositions from Rampe et al. (2016). Glass,
allophane, hisingerite, and ferrihydrite hydration are from Gabriel et al. (2018) and
references therein. We use a relative uncertainty of 30% for oxides in glass,
allophane, and hisingerite. Relative uncertainties for oxides in Fe- and Mg-sulfate,
opal-A, and ferrihydrite are 30% of the WEH abundance for that phase.

The very low abundance or absence of some cations in the amorphous
chemistry of some samples requires the adjustment or removal of some candidate
amorphous phases from our models. Rather than modeling unusual compositions
(e.g., basaltic glass with no Mg), we do not include a glass phase in some cases. For
MB (no Mg), we do not model basaltic glass, Mg-sulfate, or “excess” Mg, and remove
Mg from rhyolitic glass and hisingerite. For MJ and OU (no Ca), we do not model
basaltic glass or “excess” Ca, and remove Ca from rhyolitic glass and hisingerite. For
CH (no K), we remove “excess” K and remove K from rhyolitic and basaltic glass. For
BK (no Al and K), we do not model allophane or “excess” K and remove Al and K
from rhyolitic and basaltic glass. Although an Al-free rhyolitic glass is unusual, the
low-WEH/high-silica BK composition limits the maximum abundance of the more
hydrated opal-A (see Section 4.3.2 of the main text). Of the candidate amorphous
phases, only rhyolitic glass is a suitable fit for the BK silica.
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Table E.1. Quantification of X-ray amorphous uncertainties.
Actual and modeled abundances in mixtures, and absolute and
relative errors of modeled abundances.

Relative

Error [%]

Actual Amorphous  Modeled Amorphous Absolute
Abundance [wt.%]  Abundance [wt.%] Error [wt.%]
0 4.9 4.9
10 21.2 11.2
20 26.5 6.5
40 39.3 0.7
60 59.5 0.5
70 68.8 1.2
80 74.1 5.9
85 80.4 4.6
90 82.4 7.6
100 88.2 11.8

112.0
32.5
1.8
0.8
1.7
7.4
5.4
8.4
11.8

Table E.2. Dynamic Albedo of Neutrons instrument (DAN) data products used in
Chapter 4. Data are available on the PDS (Mitrofanov, 2013). Markov-Chain Mone
Carlo (MCMC) corner plots are provided in Figures E.3 - E.23 below. WEH results
for each sample site are listed in Table 4.1 (Chapter 4).

Sample(s) DAN Data Products Distance to Drill

ic John Klein & DNB_423679520EAC02950060094 M2 Over drill hole

Cumberland DNB_423680770EAC02950060112 M2 Over drill hole
CH  Confidence Hills DNB_464342017EAC07530421020 M1 ~4 meters
DNB_465594567EAC07670421020 M1 ~4 meters
MJ Mojave DNB_469140928EAC08070441432 M1 ~4 meters
DNB_467990524EAC07940440568 M1 ~4 meters
TP Telearaph Peak DNB_471625260EAC08350442336 M1 ~4 meters
grap DNB_477664541EAC09030450450 M1 ~4 meters
DNB_478647287EAC09140450450 M2 ~4 meters
BK? Buckskin DNB_490974595EAC10530482518 M1 ~4 meters
DNB_491242423EAC10560482542 M1 ~4 meters
ou Oudam DNB_517961251EAC13570542280 M1 ~3 meters
MB Marimba DNB_523287221EAC14170561236 M2 ~3 meters
QL Quela DNB_526666616EAC14550572798 M1 ~3 meters
SB Sebina DNB_529508126EAC14870581986 M2 ~2 meters
DNB_586766657EAC21320721316 M1 ~3 meters
DNB_587470297EAC21400721316 M1 ~3 meters
DNB_587978084EAC21460721316 M1 ~3 meters
ST Stoer DNB_588177033EAC21480721316 M1 ~3 meters
DNB_588184978EAC21480721316 M1 ~3 meters
DNB_588248470EAC21490721316 M1 ~3 meters
DNB_588266275EAC21490721316 M1 ~3 meters
DNB_588297294EAC21490721316 M1 ~3 meters
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DNB_571667399EAC19620680580 M1 ~4 meters

DNB_572891265EAC19760680580 M1 ~4 meters
DNB_573537718EAC19830680580 M1 ~4 meters
HF Highfield DNA_594754184EAC22220730550 M1 ~3 meters
DNA_595369115EAC22290730550 M1 ~3 meters
DNA_596172040EAC22380730550 M1 ~3 meters
DNA_596813232EAC22450730550 M1 ~3 meters
DNA_597857175EAC22570731206 M1 ~3 meters
DNA_597960327EAC22580731206 M1 ~3 meters
DNA_598039783EAC22590731206 M2 ~3 meters
DNA_598090406EAC22600731206 M1 ~3 meters
RH Rock Hall DNA_598575706EAC22650731206 M1 ~3 meters
DNA_599551815EAC22760731206 M1 ~3 meters
DNA_600145740EAC22830731206 M1 ~3 meters
DNA_600770507EAC22900731206 M1 ~3 meters
DNA_601065704EAC22930731206 M1 ~3 meters
DNB_607358079EAC23640751350 M1 ~5 meters
DNB_608872674EAC23810751398 M1 ~3 meters
DNB_609348049EAC23860751398 M1 ~3 meters
DNB_609395029EAC23870751398 M1 ~3 meters
Aberlady DNB_609944021EAC23930751398 M1 ~3 meters
AK & DNB_610473902EAC23990751398 M1 ~3 meters
Kilmarie DNB_610924911EAC24040751398 M1 ~3 meters
DNB_611268106EAC24080751564 M1 ~6 meters
DNB_611345891EAC24090751564 M1 ~6 meters
DNB_611450120EAC24100751564 M1 ~6 meters
DNB_611537695EAC24110751564 M2 ~6 meters
Ge ClenEtivel& - pyp 617650029EAC24800762930 M1 ~5 meters
Glen Etive 2
DNB_641365366EAC27470792008 M1 ~3 meters
DNB_641719479EAC27510792008 M1 ~3 meters
GG Glasgow DNB_642339247EAC27580792008 M1 ~3 meters
DNB_642965098EAC27650792008 M1 ~3 meters
DNB_643584447EAC27720792008 M1 ~3 meters
DNB_655308354EAC29040822188 M1 ~3 meters
Mary Anning 1 DNB_655736279EAC29090822188 M1 ~3 meters
MA & DNB_656179711EAC29140822188 M1 ~3 meters
Mary Anning 3 DNB_656253883EAC29150822188 M1 ~3 meters
DNB_656371191EAC29160822188 M1 ~3 meters

3The WEH value for BK was published in Czarnecki et al. (2020) using the listed data products.
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Figure E.1. Modeled amorphous abundances from FULLPAT analyses compared to
actual amorphous abundances in the mixtures. The dashed line is a 1:1 line, where
points closer to the line represent more accurate models.
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Figure E.2. Relative percent errors of amorphous abundances from FULLPAT
analyses compared to the actual amorphous abundances in the mixtures. The most
accurate models have the lowest relative percent error.
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Figure E.3. Dynamic Albedo of Neutrons (DAN) Markov-Chain Monte Carlo (MCMC)

results for John Klein/Cumberland (JC) measurement
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Figure E.4. DAN MCMC results for John Klein/Cumberland (JC) measurement
DNB_423680770EAC02950060112 M2
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Figure E.5. DAN MCMC results for Confidence Hills (CH) coadded measurements
DNB_464342017EAC07530421020 M1, DNB_465594567EAC07670421020
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Figure E.6. DAN MCMC results for Mojave (MJ]) measurement
DNB_469140928EAC08070441432 M1
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Figure E.7. DAN MCMC results for Telegraph Peak (TP) measurement
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Figure E.8. DAN MCMC results for Telegraph Peak (TP) measurement
DNB_471625260EAC08350442336 M1
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Figure E.9. DAN MCMC results for Telegraph Peak (TP) coadded measurements
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Figure E.10. DAN MCMC results for Oudam (OU) measurement
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Figure E.11. DAN MCMC results for Marimba (MB) measurement
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Figure E.12. DAN MCMC results for Quela (QL) measurement
DNB_526666616EAC14550572798 M1
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Figure E.13. DAN MCMC results for Sebina (SB) measurement
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Figure E.14. DAN MCMC results for Stoer (ST) coadded measurements
DNB_586766657EAC21320721316 M1, DNB_587470297EAC21400721316 M1,
DNB_587978084EAC21460721316 M1, DNB_588177033EAC21480721316 M1,
DNB_588184978EAC21480721316 M1, DNB_588248470EAC21490721316 M1,
DNB_588266275EAC21490721316 M1, DNB_588297294EAC21490721316 M1
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Figure E.15. DAN MCMC results for Highfield (HF) coadded measurements
DNB_571667399EAC19620680580 M1, DNB_572891265EAC19760680580 M1,

DNB_573537718EAC19830680580 M1
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Figure E.16. DAN MCMC results for Highfield (HF) coadded measurements
DNA_594754184EAC22220730550 M1, DNA_595369115EAC22290730550 M1,
DNA_596172040EAC22380730550 M1, DNA_596813232EAC22450730550 M1
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Figure E.17. DAN MCMC results for Rock Hall (RH) coadded measurements
DNA_597857175EAC22570731206 M1, DNA_597960327EAC22580731206 M1,
DNA_598039783EAC22590731206 M2, DNA_598090406EAC22600731206 M1,
DNA_598575706EAC22650731206 M1, DNA_599551815EAC22760731206 M1,
DNA_600145740EAC22830731206 M1, DNA_600770507EAC22900731206 M1,
DNA_601065704EAC22930731206 M1
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Figure E.18. DAN MCMC results for Aberlady/Kilmarie (AK) measurement
DNB_607358079EAC23640751350 M1
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Figure E.19. DAN MCMC results for Aberlady/Kilmarie (AK) coadded measurements
DNB_608872674EAC23810751398 M1, DNB_609348049EAC23860751398 M1,
DNB_609395029EAC23870751398 M1, DNB_609944021EAC23930751398 M1,
DNB_610473902EAC23990751398 M1, DNB_610924911EAC24040751398 M1
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Figure E.20. DAN MCMC results for Aberlady/Kilmarie (AK) coadded measurements
DNB_611268106EAC24080751564 M1, DNB_611345891EAC24090751564 M1,
DNB_611450120EAC24100751564 M1, DNB_611537695EAC24110751564 M2
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Figure E.21. DAN MCMC results for Glen Etive 1,2 (GE) measurement
DNB_617659029EAC24800762930 M1
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Figure E.22. DAN MCMC results for Glasgow (GG) coadded measurements
DNB_641365366EAC27470792008 M1, DNB_641719479EAC27510792008 M1,
DNB_642339247EAC27580792008 M1, DNB_642965098EAC27650792008 M1,
DNB_643584447EAC27720792008 M1
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Figure E.23. DAN MCMC results for Mary Anning 1,3 (MA) coadded measurements
DNB_655308354EAC29040822188 M1, DNB_655736279EAC29090822188 M1,
DNB_656179711EAC29140822188 M1, DNB_656253883EAC29150822188 M1,

DNB_656371191EAC29160822188 M1
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Figure E.24. John Klein/Cumberland (JC) modeled amorphous phase and “excess”

cation distributions.

= 1200 1400
=]
g 1000 1200
2 w0 1000
= 800
o 600
g 600
8 400 400
G 200 200
#* ol 0 0
0 25 50 75 100 125 150 17.5 200 0 1 2 0 2 4 6 8 10
yol\tlc Glass [wt.% of Bulk Sample] Basaltic Glass [wt.% of Bulk Samp\e] Fey(S04)3 [wt.% of Bulk Sample] M9504 wt % of Bulk Samp\e]
e 1200 T T .
] | 1 1 1 ]
3 1000 1 1 1
[} 1
E 800 1 1
B ]
py 600 1
o
8 400
‘G 200
#
OU 0.5 1.0 15 20 25 o 2 a 6 8 10 12
Opal A wt. % of Bu\k Sample] Allophane [wt.% of Bulk Sample] Hisingerite [wt.% of Bulk Sample] Femhydnte wt % of Bulk Sample]
" ' ' ' ' ' 10
1] 1 1 1 700 1
3 1 ! 600 ! 0.8
s 1 1 1
= 1 1 500 08
= 1 1
- 800 ] 400
S o0 300 04
E’ 400 20 02
S 200 100
* 0 00
00 02 04 06 08 10 12 14 16 %00 o005 o0l 015 020 o % o1 o2 03 o4 05 20 60 80 100

"Excess" Mg [wt.% of Bulk Sample

1

"Excess" Ca [wt.% of Bulk Sample]

"Excess" Na [wt.% of Bulk Sample]

"Excess" K [wt % of Bulk Sample]

Figure E.25. Confidence Hills (CH) modeled amorphous phase and “excess” cation
distributions. CH contained negligible K in the amorphous fraction, so “excess” K was

not modeled.
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Figure E.26. Mojave (MJ) modeled amorphous phase and “excess” cation
distributions. MJ contained negligible Ca in the amorphous fraction, so basaltic glass
and “excess” Ca were not modeled.
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Figure E.27. Telegraph Peak (TP) modeled amorphous phase and “excess” cation

distributions.
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Figure E.28. Buckskin (BK) modeled amorphous phase and “excess” cation
distributions. BK contained negligible Al and K in the amorphous fraction, so
allophane and “excess” K were not modeled.
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Figure E.29. Oudam (OU) modeled amorphous phase and “excess” cation
distributions. OU contained negligible Ca in the amorphous fraction, so basaltic glass
and “excess” Ca were not modeled.
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Figure E.30. Marimba (MB) modeled amorphous phase and “excess” cation
distributions. MB contained negligible Mg in the amorphous fraction, so basaltic glass
and “excess” Mg were not modeled.
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Figure E.31. Quela (QL) modeled amorphous phase and “excess” cation
distributions.
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Figure E.32. Sebina (SB) modeled amorphous phase and “excess” cation

distributions.
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Figure E.33. Stoer (ST) modeled amorphous phase and “excess” cation

distributions.
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Figure E.34. Highfield
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Figure E.35. Rock Hall (RH) modeled amorphous phase and “excess” cation
distributions.
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Figure E.36. Aberlady/Kilmarie (AK) modeled amorphous phase and “excess” cation
distributions.
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Figure E.37. Glen Etive 1,2 (GE) modeled amorphous phase and “excess” cation
distributions.
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Figure E.39. Mary Anning (MA) modeled amorphous phase and

distributions.
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Figure E.40. Bassanite vs. modeled “excess” WEH. No correlation is evident,
indicating that if gypsum has dehydrated to bassanite prior to CheMin analyses, this
difference is not a significant source of the “excess” WEH modeled here. Bassanite
abundances from CheMin XRD (Rampe et al., 2017; Bristow et al., 2018; Rampe et
al., 2020a; Thorpe et al., 2022). “Excess” WEH error bars extend from Qi to Qs.
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Figure E.41. Modeled opal-A vs. modeled “excess” WEH. OU, ST, and HF have
abundant opal-A and “excess” WEH in our models, but contain ferripyrophyllite, a
non-expandable clay mineral that cannot accommodate as much “excess” WEH as
smectites. GG has higher modeled opal-A and “excess” WEH than other Glen
Torridon (GT) samples. “Excess” WEH for OU, ST, HF, and GG may indicate greater
opal-A hydration than that used in our models. Error bars extend from Qi to Qs.
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